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Editorial on the Research Topic 


Tumor Microenvironment: Molecular Mechanisms and Signaling Pathways Involved in Metastatic Progression



Role of Different Components of the TME in Breast Cancer Metastatic Process

Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer death in women worldwide due to the onset of metastases (7). Here, several articles focus on how the TME impacts breast cancer progression. Our growing understanding of the implications of the TME, in terms of different stromal cell, hypoxic microenvironment, and epigenetic modifications, in the metastatic spread of breast cancer (1) contributes to improving therapeutic approaches to this highly hetereogenous carcinoma in terms of response to treatments, relapse, and metastasis.

The review by D’Esposito et al. addresses the role of the adipose tissue microenvironment in the progression of breast cancer and the involvement of obesity and diabetes in metastasis formation. Obesity is a major risk factor in the development of breast cancer in postmenopausal women. Acheva et al. provide evidence of a possible causal link between these two complex diseases. The authors show that leptin-activated leptin receptors in co-operation with mechanosensitive Ca2+ channels, play a role in the development of breast carcinomas through the regulation of actomyosin dynamics. Liu et al. highlight that the interaction between bone marrow stromal cells and cancer cells plays an important role in breast cancer metastasis to the bone which is the most common metastatic site of this cancer type. Broggi et al. show that the expression of the histone variant macroH2A was higher in metastatic breast cancer compared to non-metastatic cases suggesting this epigenetic regulator as a diagnostic marker. Wu et al. provide evidence for another mechanism underlying hypoxia-related metastasis and resistance to the treatment with paclitaxel in Triple-Negative Breast Cancer through the HIFα-mediated upregulation of Complement 1q Binding Protein (C1QBP). Noted by Gentile et al. in their original research article, depletion of the MAPK kinase kinase MEKK1 in fibroblasts impairs the invasion of breast tumor cells, an effect shown to be associated with reduced basal and tumor cell-induced expression of the chemokine CCL5.

Another original research study authored by Xiong et al. investigates the mechanism by which depletion of NOTCH3 interferes with mammary gland development in mice. RNA Sequencing revealed that the expression of chemokine ligand 2 (CCL2) was reduced in mammary gland tissues from mice with heterozygous or homozygous germline deletion of Notch3. Notch3-dependent CCL2 expression is postulated as an important event in mammary gland development and as a target for breast cancer therapy.



Epithelial-Mesenchymal Transition (EMT) and Cancer Stem Cells (CSCs) as Drivers of Metastasis

EMT is a basic developmental process that converts epithelial cells to mesenchymal cells. Although the correlation of EMT with cancer metastasis is well-known, the molecular mechanisms for it remain to be fully clarified. There is a strong relationship between EMT and CSCs in promoting cancer progression as well as inducing drug resistance and metastases (8, 9). In this Research Topic, a number of authors address this issue and elucidate the roles of EMT and CSC in the aggressiveness of several tumors. The phosphatidylinositol 3−kinase (PI3K)/protein kinase B (AKT) and Wnt/β-catenin are reported as the main signaling pathway involved in the regulation of EMT and CSCs.

Wang et al. show that the expression of the Kinesin Family Member 3B (KIF3B) was up-regulated in breast cancer tissues and cell lines, while its knockdown suppressed tumor cell proliferation and migration. The authors conclude that the inhibition of KIF3B suppresses the Wnt/β-catenin signaling pathway and EMT in breast cancer. The original research study authored by Kiran et al. reports another mechanism involved in EMT. The authors provide evidence that overexpression of the NAD+ dependent deacetylase sirtuins 7 (SIRT7) in mesenchymal cells induces EMT accompanied by N- to E- cadherin transition, stabilization of β-catenin, and the downregulation of Snail, Slug, and Zeb1, transcription factors responsible for maintenance of mesenchymal phenotype. Tumor-associated hypoxia and in particular hypoxia-inducible factor-1α (HIF-1α) signaling have been linked to tumor aggressiveness, EMT, and metastasis. The review article by Tam et al. summarizes recent reports on hypoxia-induced EMT by HIF-1α or other potential mediators. Similarly, aberrant PI3K/AKT signaling is considered one of the most frequent events in human tumors and is known to be involved in key features of cancer aggressiveness. Park et al. contribute an original research article providing evidence that PI3K/AKT signaling may be linked to multiple CSC characteristics in colorectal cancer, such as radio-resistance, stem-like property, and tumorigenic potential. The study shows that caffeic acid effectively targets colorectal CSC populations by inhibiting the growth and/or self-renewal capacity of colorectal CSCs through PI3K/AKT signaling in vitro and in vivo. A central hub in this signaling pathway is the serine/threonine kinase AKT that regulates the activity of other signaling proteins by phosphorylation. One member of the ever-growing list of AKT substrates is β-catenin. Lee et al. show in their study that the rate-limiting, glycolytic enzyme, phosphofructokinase 1 platelet isoform (PFKP) promotes epidermal growth factor receptor (EGFR) activation and subsequent AKT-mediated β-catenin phosphorylation. This event leads to the nuclear translocation and activation of β-catenin, thereby enhancing the expression of its downstream genes CCND1 and MYC in human glioblastoma cells. Similarly, Liu et al. establish a link between the Nuclear factor-κB activating protein (NKAP) and the PI3K/AKT pathway. NKAP acts as an oncoprotein in various cancers and is associated with a poor prognosis. The authors find NKAP overexpressed in recurrent neuroblastomas (NBs) when compared with non-recurrent NBs and that NKAP silencing attenuated PI3K/AKT signaling inhibiting proliferation and promoting apoptosis. The cytosolic tyrosine phosphatase Shp1 has emerged as a tumor suppressor in several cancer types. In their mini-review, Varone et al. highlight that the tumor suppressor activity of Shp1 is due to its ability to attenuate or terminate signaling pathways controlling cell proliferation, survival, migration, and invasion.



TME Involvement in Malignant Evolution of Gastrointestinal Carcinomas

Gastrointestinal cancers represent a heterogeneous complex class that is characterized by a critical interplay of genetic and environmental factors that drive the conversion of normal tissue to premalignant lesions, and finally to malignancy (10). Two interesting reviews elucidate the crucial role played by colorectal CSCs in promoting metastasis, particularly to the liver, by discussing the main signal pathways involved, their ability to escape immunosurveillance, and innovative therapeutic approaches targeting CSCs (Lin et al.; Gonzalez-Villareal et al.). CD44 is a well-known CSC marker and the variant CD44v9 has been closely associated with cell proliferation, metastasis, and tumor invasiveness through EMT in human cholangiocarcinoma (Suwannakul et al.). Similarly, Martincuks et al. report an in-depth examination of the role of CD44 in ovarian cancer and the importance of functional crosstalk between CD44 and STAT3. Li et al. report that in colorectal cancer cells and animal models, miR-1224-5p represses the EMT program, migration, and invasion exerting its function by directly targeting the SP1-mediated NF-kB pathway.

A comprehensive analysis of the diverse roles of mucin genes in the diagnosis, treatment, and prognostic evaluation of patients with colorectal cancer (CRC) is also discussed in this special issue (Gan et al.). The receptor for advanced glycation end-products (RAGE) pathway is strongly related to the abundant malignant behavior of CRC cells, including chemoresistance, invasion, and proliferation. These findings propose RAGE as a crucial player in the connection between inflammation and colon carcinogenesis (Azizian-Farsani et al.). Luo et al. report that an immune prognostic model (IPM) could identify subgroups of metastatic CRC (mCRC) with different recurrence risks and stratify the mCRC samples sensitive to Immuno-/chemotherapy with biologically explainable evidence. Furthermore, they also highlight the importance of MHC class-II molecules in immunotherapy of mCRC.

Esophageal squamous cell carcinoma (ESCC) is another group of gastrointestinal carcinomas with high metastatic potential. Fu et al. demonstrate that the WNT2 ligand could stabilize and phosphorylate the FZD2 receptor by attenuating FZD2 ubiquitination, leading to the activation of STAT3 signaling and the initiation of esophageal cancer cell metastasis. Maternal embryonic leucine zipper Kinase, MELK, enhances tumorigenesis, migration, invasion, and metastasis of ESCC cells via activation of the FOXM1 signaling pathway, suggesting MELK is a potential therapeutic target for ESCC patients, even those in an advanced stage (Chen L et al.). Through lipidomic methods, Li et al. identify the specific lipid metabolites in tumor tissues and blood plasma samples of patients with ESCC and evaluate the effects of angustoline on viability, migration, and invasion of cancer cells as well as the impact of angustoline on the LKB1/AMPK/ELAVL1/LPCAT2 pathway. Based on the results of the circRNA array on ESCC plasma samples, Wang et al. first identify a circular RNA generated from the ZDHHC5 gene, which is termed circ-ZDHHC5, and elucidate how it could impact ESCC progression by sponging miR-217 with ZEB1, an EMT associated transcription factor. In their review, Chen et al. describe the main mechanisms underlying the ability of gastrointestinal cancer to metastasize to ovarian tissue thus giving rise to metastatic ovarian cancer (MOC). Lei et al. demonstrate that the number of Nanog-positive cells positively correlates with poor prognosis in patients with hepatocellular carcinoma (HCC); whereas another study performed by Liu et al. shows that Secreted Protein Acidic And Cysteine Rich (SPARC) can facilitate proliferation and metastasis of HCC via modulation of the ERK1/2-MMP2/9 signaling pathway.



Contribution of the TME to the Progression of Other Tumor Types

Lung cancer and osteosarcoma are carcinomas with high metastatic potential. Many studies are therefore focusing on examining the molecular mechanism underlying the invasiveness of tumor cells. Zhu et al. report an overview of current research on lung cancer metastasis, including molecular pathways, anatomical features, and the genetic traits that make lung cancer intrinsically metastatic. The proliferation-inhibiting role of calcium sensing receptor in lung adenocarcinomas is demonstrated by Li’s group as well as the involvement of GSK3b/Cyclin D1 pathway (Li et al.). Ren et al. show that targeting the miR-1260b/SFRP1/Wnt signaling axis might provide a novel strategy for overcoming chemotherapy resistance in lung adenocarcinoma. An epigenetic change in the promoter region of miR-199a contributes to the aggressive behavior of papillary thyroid carcinoma via the miR-199a-3p/DNMT3a regulatory circuit and directly targets RAP2a (Wu et al.).

The findings by Luo et al. highlight small extracellular vesicles packaging of miR-19a-3p as a potential target for prevention and treatment of bone destruction and cancer progression in osteosarcoma patients. Interestingly, Zheng et al. report that the vascular endothelial growth factor receptor-2 (VEGFR2) can affect both osteosarcoma cell metastasis and immune escape through the deactivation of STAT3 and the RhoA-ROCK-LIMK2 pathway. High expression of DDX19A is positively correlated with metastasis and poor clinical outcome in cervical squamous cell carcinoma (Jiang et al.). A gain of function mutation in MyD88 (MyD88 L265P) enhances the NF-kB and JAK-STAT signaling pathways and is associated with dysregulation of Toll-like receptor (TLR) signaling in the pathogenesis of Diffuse large B cell lymphoma (An et al.). Broggi et al. show in uveal melanoma that high levels of Beclin-1 correlate with a lower risk of metastasis and higher disease-free survival times, indicating a positive prognostic role for Beclin-1. Santagata et al. focus on the crucial role played by CXCR4 and CXCR7 in promoting tumor progression and immune-stromal cell recruitment in multiple human cancers. Arora and Pal shed light on the diversity of stromal and immune cell populations, whose subtypes create the complexity of TME, leading primary tumors towards advanced stage cancers. Many studies reviewed by Wang et al. show that nerves infiltrate the TME enhancing cancer growth and metastasis and perineural invasion is a process by which cancer cells invade the surrounding nerves.

Taken together, the articles published in this Research Topic provide an overview of the complex interplay of cellular and acellular components such as malignant and non-malignant cell types, components of the ECM, and the signaling cascades and secreted factors involved that are capable of driving metastasis in different tumor types, in particular in breast and gastrointestinal cancers. This special issue collects original research and review articles on recent achievements in understanding TME biology with particular attention to the crucial role played by the EMT program and niche of CSCs in contributing to the metastatic process and on the development of therapeutic strategies to target these processes for improving the clinical outcome of anticancer therapies.
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Esophageal squamous cell carcinoma (ESCC) is a common gastrointestinal malignancy and is one of the most important cause of cancer related mortalities in the world. However, there is no clinically effective targeted therapeutic drugs for ESCC due to lack of valuable molecular therapeutic targets. In the present study, we investigated the biological function and molecular mechanisms of maternal embryonic leucine zipper kinase (MELK) in ESCC. The expression of MELK mRNA and protein was determined in cell lines and clinical samples of ESCC. MTT, focus formation and soft agar assays were carried out to measure cell proliferation and colony formation. Wound healing and transwell assays were used to assess the capacity of tumor cell migration and invasion. Nude mice models of subcutaneous tumor growth and lung metastasis were performed to examine the function of MELK in tumorigenecity and metastasis of ESCC cells. High expression of MELK was observed in ESCC cell line and human samples, especially in the metastatic tumor tissues. Moreover, overexpression of MELK promoted cell proliferation, colony formation, migration and invasion, and increased the expression and enzyme activity of MMP-2 and MMP-9 in ESCC cells. More importantly, enhanced expression of MELK greatly accelerated tumor growth and lung metastasis of ESCC cells in vivo. In contrast, knockdown of MELK by lentiviral shRNA resulted in an opposite effect both in vitro and in animal models. Mechanistically, MELK facilitated the phosphorylation of FOXM1, leading to activation of its downstream targets (PLK1, Cyclin B1, and Aurora B), and thereby promoted tumorigenesis and metastasis of ESCC cells. In conclusion, MELK enhances tumorigenesis, migration, invasion and metastasis of ESCC cells via activation of FOXM1 signaling pathway, suggesting MELK is a potential therapeutic target for ESCC patients, even those in an advanced stage.
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INTRODUCTION

Esophageal cancer (EC) is one of the most common gastrointestinal malignancies and ranks as the sixth most important cause of cancer mortalities globally, with an estimated 509,000 new deaths every year (1, 2). As one of the most common histologic subtypes of EC, ESCC usually composes over 90% of all EC cases in parts of Asia and Sub-Saharan Africa (1, 3). Although remarkable advances in surgical treatments, chemotherapy, and radiotherapy for ESCC, the 5-year overall survival rate is still <20%, due to the high incidences of tumor metastasis (4, 5). Recent advances demonstrated that understanding the molecular mechanisms of malignant development and progression is very important for the development of novel targeted therapeutic agents for the treatment of human cancer (6). However, up to now, ESCC is still one of the least studied malignancies in the world, and the critical signaling pathways and molecular mechanisms involved in the initiation, development and progression of ESCC are not fully elucidated (7). Therefore, there is an urgent need to identify the potential molecules involved in ESCC tumorigenesis and metastasis.

MELK is a serine/threonine kinase that belongs to the member of the AMP-activated protein kinase (AMPK)/sucrose non-fermenting kinase 1 (SNF1) family (8). Unlike most members of this family, MELK is not involved in cellular energy metabolism balance (9). MELK, also known as murine MPK38, was originally discovered by Heyer et al. as a signal transduction factor and was predominantly expressed in the mouse egg and preimplantation embryo (10). Simultaneously, Gil et al. found that MELK was mainly expressed in T lineage and macrophage/monocyte cells of thymus and spleen tissues, suggesting an important role of this gene product in hematopoietic cell function and development (11). Subsequently, mounting evidence demonstrated that MELK plays a crucial role in diverse cellular processes including cell cycle progression, mitosis, proliferation, RNA processing, and spliceosome assembly (12). High expression of MELK was observed in less differentiated human acute myeloid leukemia (AML) cell lines and AML blasts with complex karyotypes and was associated with worse clinical outcome (13). Moreover, MELK overexpression was also found in chronic lymphocytic leukemia (CLL) cells, and positively correlated with advanced stage, higher WBC count, increased β2-MG level, elevated LDH, unmutated IGHV, deletion of 17p13, positive ZAP-70 and inferior prognosis of CLL patients (14). Besides hematologic malignancies, mounting evidence showed that MELK is frequently up-regulated in a wide range of malignant solid tumors. By using bioinformatic and oligonucleotide microarray analyses to compare gene expression between human normal and tumor tissues, Gray et al. provided evidence that MELK expression was elevated in 13, 23, and 96% of ovarian, lung and colorectal tumor samples, respectively (15). The expression of MELK was also upregulated in other human malignant tumors such as hepatocellular carcinoma (HCC) (16), gastric cancer (GC) (17), neuroblastoma (18, 19) and breast cancer (20–22). High MELK protein expression was significantly related with tumor number, tumor size and recurrence. Furthermore, elevated MELK protein expression was correlated with decreased overall survival and disease-free survival in various types of human cancer (9, 17–19). Notably, it revealed that high MELK protein expression was also significantly associated with higher pathological tumor-nodule-metastasis stage, vascular invasion (16). Moreover, the abnormal expression of MELK was related to cervical cancer metastasis at early stage (9). Speers and colleges identified MELK as a potential biomarker of radioresistance and target for radiosensitization in triple-negative breast cancer (TNBC) (20). These studies indicated that MELK may function as an oncogene in multiple types of cancer. Indeed, ectopic expression of MELK drastically promoted gastric cancer cell proliferation, migration and invasion in vitro and accelerated tumor growth and peritoneal spreading and metastasis in nude mice (8). Additionally, MELK overexpression confers radioresistance in ER-positive breast cancer cells with low baseline MELK expression (20). In contrast, knockdown of MELK significantly suppressed tumor cell proliferation, colony formation, stemness, and tumorigenicity, and induced apoptosis, mitosis, and DNA damage both in vitro and in nude mice models in gastric cancer (8), hepatocellular carcinoma (21) and cervical cancer (9). Li et al. found that targeting MELK by specific molecule inhibitor drastically diminished gastric cancer cell growth in preclinical GC patient-derived xenograft (PDX) mouse models (14, 17). In addition, inhibition of MELK resulted in suppression of migration, invasion and metastasis in gastric cancer (8, 17). Furthermore, in human TNBC, genetical or pharmacological inhibition of MELK induces radiation sensitivity in vitro and significantly delays xenograft tumor growth in combination with radiation therapy in multiple models (20). Therefore, the above studies suggest that MELK may be a predicting marker of poor prognosis or therapeutic target for human malignant tumors. However, up to now, the function of MELK in the development and progression of ESCC and its underlying molecular mechanisms remain unexplored.

In the current study, we detected MELK expression at mRNA and protein levels in cell lines and clinical specimens of ESCC, and determined the connection between MELK expression and metastasis in ESCC. By gain- and loss-of function, we explored the biological function of MELK in cell growth, migration, invasion and metastasis, and elucidated the possible underlying mechanisms in vitro and in animal models.



MATERIALS AND METHODS


Cell Culture

Human ESCC cell lines TE-1, EC109, KYSE70, KYSE30, KYSE450, KYSE150, and EC9706 and one immortalized normal esophageal epithelial cell line Het-1A were obtained and cultured as our previously described (23). All cells were maintained in a humidified atmosphere (5% CO2) at 37°C and were recently tested for STR profiling and mycoplasma contamination.



Human Tissue Specimens

A total 63 pairs of paraffin-embedded ESCC tissues (41 cases of primary and 22 cases of metastasis) used in this study were obtained from January 2015 to November 2018 in the First Affiliated Hospital of Henan University. Moreover, fresh tissues from 18 ESCC patients were collected and used for Western blotting analyses. None of the patients enrolled in the research received radiation or chemotherapy treatment prior to surgery. All patients signed the written informed consent documents prior to enrollment in the study, and the use of human tissues was approved by the Ethics Committee of the First Affiliated Hospital of Henan University.



Quantitative Real-Time PCR (qRT-PCR)

qRT-PCR was performed as our previously described by using an Applied Biosystems 7900HT sequence detection system (Applied Biosystems) and SYBR Premix Ex Taq II (TaKaRa, Dalian, China) (23). PCR was conducted in a 20-μL volume reaction system containing 20 ng cDNA, 0.4 μmol/L paired primers and 10 μL SYBR Premix Ex Taq II according to the manufacture's manual. Relative expression differences were calculated with GAPDH by using the 2−−ΔCt method. The primer sequences used in this study were listed as follows: GAPDH-F, 5′-GAAGGTGAAGGTCGGAGTC-3′ and R, 5′-GAAGATGGTGATGGGATTTC-3′; MELK-F, 5′-CATTAGCCCTGAGAGGCGGTGC-3′ and R, 5′-GCCCGTCTCTGGCAGAACCCTT-3′. GAPDH was used as internal control.



Cell Viability Assay

Cell viability was determined by 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bromide (MTT) assay according to the manufacturer's instruction (24). Briefly, cells (1,000 per well) were seeded in 96-well plates and incubated for 1 d, 2 d, 3 d, 4 d and 5 d. Twenty μL of MTT solution (5 mg/ml) was added to each well and the plates were maintained at 37 °C for another 4 h. The formed formazan crystals in each well were dissolved in 100 μl of DMSO. The Absorbance values was measured at a wavelength of 570 nm with a spectrophotometric plate reader (Synergy HT; BioTek, Winooski, VT).



Focus Formation Assay

ESCC cells were plated in six-well plates (500/well) and cultured for 14 days. Colonies were fixed and stained with 0.1% crystal violet in 20% methanol for 20 min. Microscopic colonies composing more than 50 cells were counted (25).



Soft Agar Assay

Soft agar assay was conducted as described in our previous study (26). Briefly, two thousand ESCC cells mixed with 0.4% bacto-agar (Sigma-Aldrich, Shanghai, China) medium containing 10% FBS were plated on a bottom layer of solidified 0.8% agar in 24-well plates (Corning). After incubation in a humidified incubator at 37° C for 2 weeks, the surviving colonies containing ≥50 cells were determined by microscope counting.



Western Blotting Analysis

Western blotting analysis was performed using the whole cell lysates prepared in RIPA buffer containing 1 × protease inhibitor cocktail (Roche, Indianapolis, IN), 1 mM phenylmethylsulfonyl fluoride, 10 mM β-glycerophosphate and 10 mM NaF (26). The concentration of total protein was quantified by using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, #23250). Thirty ug of total proteins were separated by using 10–15% SDS-PAGE, and then transferred onto nitrocellulose membranes. After incubation with TBST buffer containing 5% dried skimmed milk for 1 h at room temperature, the membranes were hybridized with the indicated primary antibodies overnight. Finally, membranes were incubated with the corresponding HRP-conjugated secondary antibodies. Protein bands were detected using enhanced chemiluminescence (ECL) detection reagent (Beyotime, Shanghai, China) on a FluorChem M system (Protein Simple, USA). Antibodies used in this study are as follows: Antibodies against p-FOXM1 (Thr600, Cat. #14655), FOXM1 (Cat. #20459), phospho-SQSTM1 (Thr269/Ser272, Cat. #13121), SQSTM1 (Cat. #88588), phospho-eIF4B (Ser406, Cat. #5399) and eIF4B (Cat. #13088), S-phase kinase-associated protein 2 (SKP2) (Cat. #2652), Cyclin B1 (Cat. #4183), PLK1 (Cat. #4513), Aurora B (Cat. #3094), MMP-9 (Cat. #3852) and MMP-2 (Cat. #4022) were obtained from Cell Signaling Technology (Beverly, MA). Primary antibodies against MELK (Cat. #HPA017214) and Actin (clone AC-40, Cat. #A4700) were purchased from Sigma-Aldrich (Shanghai, China).



Gelatin Zymography

The enzyme activity of MMP-2 and MMP-9 was measured by using gelatin zymography as previously described (27). Briefly, ESCC cells (1 × 105) were plated in 12-well plates, Twenty-four hours later, the medium was changed with 500 μl serum-free medium, and continued to culture for 24 h. Tumor cell-conditioned medium (TCM) was collected and then stored at −80° C until used. The number of ESCC cells in each corresponding well was trypsinized and subsequently counted to allow appropriate correction of TCM loading for cell equivalents. To analyze the gelatinolytic activity of MMP-2 and MMP-9, aliquots of TCM were mixed with 4 × non-reducing sample buffer (250 mM Tris, 2.5% SDS, 12.5% glycerol, 0.1% bromophenol blue) and directly applied to a 10% SDS-PAGE gel containing 1% gelatin. After electrophoresis, the gel was soaked in 2.5% Triton X-100 to remove SDS and then incubated at 37°C overnight in the development buffer (50 mM Tris-HCl, pH 7.4, 0.2 M NaCl, 5 mM CaCl2, 0.02% NaN3), followed by staining with Coomassie Brilliant Blue R-250. After washing with decolorizing solution (20% methanol, 10% acetic acid), the gel was scanned with a FluorChem M system (Protein Simple, USA).



Wound Healing Assay

ESCC cells were pretreated with 10 μg/mL mitomycin C (Selleck, Shanghai, China) for 2 h to inhibit cell proliferation (28). Cells were then collected and plated in 6-well plates (Corning) and grown to form a confluence cell monolayer for overnight. After scratching with a sterile pipette tip, the wells were washed with PBS to remove the floating cells. Cells were then cultured in serum-free medium and recorded at 0 h, 24 h, and 48 h post-scratching by using an inverted microscope. The percentage of wound closure was calculated by the following formula: wound closure (%) = (original gap distance—gap distance at the indicated time)/original gap distance × 100% as our previously described (23, 29).



Transwell Assays

Transwell assays were performed by using transwell chambers (8 μm pore size, Corning) to examine the migration and invasion of ESCC cells as previously described (30). Briefly, tumor cells were pretreated with 10 μg/mL mitomycin C (Selleck, Shanghai, China) for 2 h. For the migration experiment, Approximately 5 × 104 cells were placed into the upper chamber with 200 μl serum-free DMEM medium, The lower compartment filled with DMEM medium supplement with 20% FBS was used as the chemoattractant. For the invasion assay, the upper surface of chamber membrane were coated with 50 μL Matrigel (Cat. #354234, BD Biosciences, CA) to form a matrix barrier, and then 1 × 105 tumor cells were added to the upper chamber. After incubation for 24 h in a humidified incubator containing 5% CO2 at 37°C, the cells on the lower surface of the chamber membrane were fixed with 4.0% paraformaldehyde prior to 0.1% crystal violet staining. Pictures were then captured under a light microscope at 10 × and the mean number of migrated or invaded cells were counted in five random fields.



Transfection of Short Hairpin RNA (shRNA) and Plasmids

Plasmids including pCMV-Flag-His-puro-MELK (MELK), pCMV-Flag-His-puro-FOXM1 (FOXM1) and the empty vector pCMV-Flag-His-puro (Vector) were purchased from Transheep (Shanghai, China). For MELK overexpression, cells were transfected with 2 μg plasmids (MELK or Vector) for 48 h by using the Lipofectamine 2000 reagent (Invitrogen, Thermo Fisher Scientific, Inc.) following the manufacturer's manual (23). Cells were then selected in the presence of 1.5 μg/mL puromycin (Sigma-Aldrich). After selection for 3 weeks, the stable colonies were picked up and expanded. For ectopic expression of FOXM1, the MELK-silenced KYSE30 and EC9706 cells were transfected with 2 μg plasmids (FOXM1 or Vector) for 48 h by using the Lipofectamine 2000 reagent. The cells were then exposed to puromycin (1.5 μg/mL) for 3 weeks.

Specific shRNAs targeting MELK (shMELK#1 and shMELK#2) or FOXM1 (shFOXM1#1 and shFOXM1#2) and a scramble shRNA (shNC) were obtained from Sigma-Aldrich. The indicated sequences were described in Table S1. Lentiviruses production and subsequently tranfection were performed as our previously described (23). The cells were then cultured with puromycin for 3 weeks to establish stable cells.



Mouse Models of Tumorigenesis and Metastasis

Male BALB/c nude mice (5 week-old, 18–20 g) were purchased from Beijing Vital River Laboratory Animal Technology Co (Beijing, China). All mice were bred and maintained in barrier system at the animal facility of Henan University with controlled humidity (40–50%), temperature (20 ± 2 °C) and a lighting cycle of 12 h light/darkness. The standard pellet food and water were provided ad libitum during the experimental period. All the animal studies were approved by the Henan University Institutional Animal Care and Use Committee.

For tumorigenic model, mice (6 mice per group) were subcutaneously implanted with the indicated ESCC cells with MELK overexpression or knockdown (5 × 106 per mice) into the left dorsal flank of each mouse (26). The formed tumors were measured with calipers every other day and calculated by the formula as follows: tumor volume (mm3) = (W2 × L)/0.5, where W represents the smallest diameter and L is the diameter perpendicular to W. All mice were anesthetized with isoflurane before killed by cervical dislocation after injection for about 3 weeks. Tumors were immediately removed, weighed, fixed in formalin or kept at −80 °C.

For the experimental metastasis assay, Approximately 1 × 106 ESCC cells were intravenously injected into the nude mice (6 mice/group) via the lateral tail vein (31). After injection for 8 weeks, all of the mice were killed by cervical dislocation, the lungs were dissected and fixed in Bouin's solution as previously described (26). Twenty-four hours later, metastatic colonies on the surface of the lungs in each group were counted, and the tumor lesions within the lungs was further confirmed by hematoxylin and eosin (H&E) staining.



Immunohistochemistry (IHC) Staining

The procedure of IHC staining was performed as described in our previous studies (29). Briefly, After deparaffinization and rehydration, the tissue slides were treated with 3% H2O2 for 10 min to exhaust the endogenous peroxidase, and the antigens were retrieved with a microwave oven for 15 min in the presence of 10 mM citrate solution (pH 6.0). After blocking in 5% bovine serum albumin for 20 min, the slides were incubated with the indicated primary antibodies in a humidified container at 4°C for 12 h. Sides were developed with the reagents of EnVision + System-HRP (DAB; DAKO) according to manufacturer's protocol, and then counterstained with hematoxylin. Represent images were captured by using a phase contrast microscope (Leica, Germany).

For human ESCC samples, IHC scoring was carried out as our previously described (29). The intensity score was defined according to the four grades as follows: 3, strong staining; 2, moderate staining; 1, weak staining; 0, no staining. The percentage of positively stained cells was scored as 0–100%. The percentage score multiplied by the intensity scores to obtain the overall score (0–3), which represented the expression of MELK protein.



Statistical Analysis

All experiments were carried out for at least five independent experiments, and results were presented as mean ± standard deviation (SD). Statistical comparisons between two groups were performed with the used of Student's t-test; Three or more groups were compared by using a one-way ANOVA with Tukey's post hoc test. The value of P < 0.05 (two-sided) was considered as statistically significant. GraphPad Prism software version 7.0 (San Diego, CA) was conducted for all the statistical analyses.




RESULTS


MELK Is Highly Expressed in ESCC

To determine MELK expression in human ESCC, we firstly analyzed the transcript expression of MELK in two cohorts of ESCC patients from GEO database, the results showed that the mRNA level of MELK in GSE20347 dataset (32) was much higher in ESCC tissues than that in the corresponding normal tissues (Figure 1A); Similar results were observed in GSE23400 dataset (33), which composes of 53 pairs of ESCC specimens (tumor and matched normal cases) (Figure 1B). Next, we detected the expression of MELK in ESCC cell lines by using qRT-PCR and western blotting analysis. As illustrated in Figure 1C, the mRNA expression of MELK was elevated in all tested ESCC cells, compared to that in immortalized esophageal epithelial Het-1A cells. Consistently, the levels of MELK protein were obviously higher in ESCC cells, especially in TE-1, KYSE30, KYSE450 and EC9706 cells (Figure 1D). We also determined MELK protein in 18 pairs of ESCC tumors and the corresponding normal tissues by using immunoblotting analysis. The data displayed that the expression of MELK protein was elevated in all tested ESCC tissues, compared to the matched controls (Figure 1E). In addition, we also detected the protein level of MELK in 63 pairs of human ESCC and the matched normal specimens by using IHC staining. As illustrated in Figure 1F, compared to that in the adjacent normal esophageal tissues, the expression of MELK was markedly upregulated in ESCC tissues. Interestingly, the levels of MELK protein in the metastatic ESCC tissues were much higher than those in primary tissues. The above data demonstrated that MELK is highly expressed in ESCC and might play a critical role in tumorigenicity and metastasis. Given that the expression of MELK was lower in KYSE70 and EC109 cells, they were used for gain-of-function analysis. In contrast, KYSE30 and EC9706 cells with higher expression of MELK were used for loss-of-function experiments.


[image: Figure 1]
FIGURE 1. MELK is highly expressed in ESCC. (A,B) MELK mRNA expression was calculated from two Gene Expression Omnibus (GEO) cancer datasets, GSE20347 (n = 17 pairs) (A) and GSE23400 (n = 53 pairs) (B), both of which were examined cDNA microarray from primary ESCC and the corresponding normal tissues. The levels of MELK in one immortalized esophageal epithelial cell line Het-1A and several ESCC cell lines were determined by qRT-PCR (C) and immunoblotting analysis (D). (E) Western blotting analysis was used to determine MELK expression in 18 pairs of ESCC tumor and matched normal tissues. (F) Representative IHC micrographs (left) and summary bar chart (right) of MELK protein expression in 63 pairs of ESCC tissues (all ESCC cases had paired normal tissues; 41 cases of primary and 22 cases of metastasis). Scale bars, 50 μm. **P < 0.01 and ***P < 0.001 by one-way ANOVA, post-hoc intergroup comparisons, Tukey's text.




MELK Promotes the Growth ESCC Cells

To examine the oncogene function of MELK in ESCC, a MELK plasmid was stably transduced into KYSE70 and EC109 cells (Figure 2A). MTT assay showed that the cell viabilities were greatly increased by MELK in both KYSE70 and EC109 cells, compared with their corresponding control (Figure 2B). In addition, the focus formation assay in solid plates indicated that ectopic expression of MELK significantly promoted the colony formation of the tested cell lines of ESCC (Figure 2C). Furthermore, we also performed soft agar assay to determine the effect of MELK on ESCC cell growth. As shown in Figure 2D, the number of individual colonies was much larger in MELK-expressing KYSE70 cells than that of KYSE70-Vector group; Similar phenomenon was found in EC109 cells (Figure 2D, right). We next explored whether silencing MELK suppresses in vitro tumorigenicity of ESCC cells. KYSE30 and EC9706 cells were stably transduced by using lentiviral constructs with two different shRNA oligonucleotides targeting the coding sequence of human MELK (shMELK#1 and shMELK#2). The silencing efficiency was confirmed by immunoblotting analysis, and the results showed that the expression of MELK was specifically downregulated by both shRNAs (Figure 2E). Interestingly, knockdown of MELK drastically inhibited the cell viabilities in both KYSE30 and EC9706 cells (Figure 2F). In addition, silencing MELK also effectively attenuated the colony formation abilities of ESCC cells in both solid plates and soft agar assays, compared to those cells transfected with shNC (Figures 2G,H). Collectively, these data confirmed that MELK enhanced the growth of ESCC cells in vitro.


[image: Figure 2]
FIGURE 2. MELK accelerates ESCC cell growth. (A) Western blotting analysis of MELK expression in ESCC cells (KYSE70 and EC109) stably transfected with MELK plasmid (MELK) or the empty vector (Vector). (B) MTT assay was used to measure the viabilities of cells with MELK overexpression (n = 5). Representative images (left) and statistics (right) of focus formation assay (n = 6) (C) and colony formation in soft agar assay (n = 6) (D) in ESCC cells stably transfected with MELK or empty vector. Scale bars, 100 μm. **P < 0.01 and ***P < 0.001 by Student's t-test. (E) The effect of MELK-targeting shRNAs was confirmed by immunoblotting analysis. KYSE30 and EC9706 cells were stably transfected with two shRNAs (shMELK#1 and shMELK#2) against MELK or the scrambled shRNA (shNC). (F) The viabilities of ESCC cells with stable MELK depletion was measured by MTT assay (n = 5). Silencing MELK could significantly decrease the number of focus formation (n = 6 per group) (G) and colony formation in soft agar (n = 6 per group) (H). Quantification of colonies were shown in the bar chart. Scale bars, 200 μm. *P < 0.05, **P < 0.01, ***P < 0.001 vs. shNC; P-values were obtained by one-way ANOVA with post-hoc intergroup comparison with the Tukey's test.




MELK Enhances ESCC Cell Migration and Invasion

We then explored whether MELK contributes to enhancing the abilities of ESCC cell migration and invasion. As shown in Figure 3A, overexpression of MELK drastically promoted the migration of ESCC cells at 24 h, compared to that of the control cells transduced with Vector, this phenomenon was more obvious at 48 h. To further demonstrate these findings, transwell assay was conducted to examine the effects of MELK on ESCC cell migration. As illustrated in Figure 3B, the number of tumor cells that migrated through the membrane of transwell chamber was significantly increased by MELK in both KYSE70 and EC109 cells. We then investigated whether ectopic expression of MELK promotes ESCC cell invasion. As shown in Figure 3C, overexpression of MELK remarkably increased the number of invaded cells in both tested cell lines of ESCC. Next, We determined whether knockdown of MELK attenuates the abilities of ESCC cell migration and invasion in vitro. The data showed that the migration abilities of KYSE30 and EC9706 cells were obviously inhibited by MELK shRNAs in a wound healing assay (Figure 3D). Besides, transwell assay also showed that knocking down MELK by shRNAs drastically diminished the numbers of migration cells (Figure 3E). Consistently, the number of tumor cells invaded through Matrigel were decreased in MELK-depleted KYSE30 cells, compared to that of the control group with shNC transfection (Figure 3F); A similar phenomenon was also observed in EC9706 cells (Figure 3F). Additionally, immunoblotting analysis showed that the levels of MMP-2 and MMP-9 protein were markedly unregulated in MELK-expressing KYSE70 and EC109 cells, but were drastically reduced by MELK shRNAs in cell lysates derived from KYSE30 and EC9706 cells, compared to their corresponding controls (Figure 3G). Gelatin zymography also showed that, compared with TCM obtained from control cells, those from MELK-overexpressing KYSE70 and EC109 cells displayed a significant upregulation in the enzyme activity of MMP-2 and MMP-9 (Figure 3H), whereas TCM from MELK-depleted KYSE30 and EC9706 cells revealed an obvious reduction in MMP-2 and MMP-9 activity (Figure 3H).
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FIGURE 3. MELK promotes the migration and invasion of ESCC cells. (A) Wound-healing assay was conducted to determine the effect of MELK on ESCC cell migration. Column and error bar represents mean ± SD (n = 5 per group, right). (B,C) Representative images (left) and summary bar chart (right) of cells that migrated through a membrane (B) or invaded through a Matrigel-coated membrane (C) n = 5, Scale bars: 100 μm. *P < 0.05 and **P < 0.01 vs. Vector group; P-values wereobtained by Student's t-test. (D) knockdown of MELK dramatically reduced the migratory ability of ESCC cells in a wound-healing assay. (E,F) Transwell analysis was performed to detect the migratory (E) and invasive (F) abilities of ESCC cells with MELK deletion. Representative images (left) and summary bar chart (right) are shown. Column and error bar represents mean ± SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001 compared with shNC, one-way ANOVA, post-hoc intergroup comparisons, Tukey's text. (G) The protein levels of MMP-2 and MMP-9 were measured by immunoblotting assay in ESCC cells with MELK overexpression (left) or knockdown (right). (H) Analysis of MMP-2 and MMP-9 activity in TCM by gelatin zymography. TCM was collected from tumor cells with MELK overexpression (left) or knockdown (right).


Altogether, these data indicated that MELK conferred ESCC cell migration and invasion, probably via promoting the expression and activity of MMP-2 and MMP-9.



MELK Promotes the Malignant Phenotypes of ESCC Cells Through Activation of FOXM1 Signaling Pathway

We subsequently investigated the underlying molecular mechanisms of MELK involved in the malignant phenotypes of ESCC cells. Previous studies demonstrated that MELK interacts with and phosphorylates its downstream substrates including FOXM1, eukaryotic translation initiation factor 4B (eIF4B) and SQSTM1, and thus promotes the malignant phenotype of human cancer (34–36). We then investigated whether MELK affects the phosphorylation of these candidate substrates in ESCC cells. Intriguingly, immunoblotting analysis showed that overexpression of MELK obviously promoted the expression of phospho-FOXM1 (Thr600) in both KYSE70 and EC109 cells (Figure 4A, left). In contrast, knockdown of MELK by both specific shRNAs drastically inhibited the phosphorylation of FOXM1 (Thr600) (Figure 4A, right); But, overexpression or knockdown of MELK hardly influenced the protein levels of FOXM1 (Figure 4A), phospho-eIF4B (Ser406), phospho-SQSTM1 (Thr269/Ser272), SQSTM1 and eIF4B (Figure S1). These data suggested that MELK might promoted ESCC cell growth, migration and invasion via phosphorylation and activation of FOXM1 signaling pathway. To further identify these results, we also detected its downstream targets including PLK1, Cyclin B1, Aurora B and SKP2 by using Western blotting analysis. Interestingly, ectopic expression of MELK drastically upregulated the protein levels of PLK1, Cyclin B1 and Aurora B, but not SKP2 (Figure 4A, left); Vice versa, silencing MELK led to an opposing results (Figure 4A, right). To determine whether knockdown of FOXM1 attenuates the oncogene function of MELK in ESCC cells, two different shRNA oligonucleotides targeting the coding sequence of human FOXM1 (shFOXM1#1 and shFOXM1#2) were stably transduced into MELK-overexpressing KYSE70 and EC109 cells. The efficiency of FOXM1 shRNAs was measured by immunoblotting analysis, and the data indicated that FOXM1 expression was specifically downregulated by both shRNAs (Figure 4B, left). As expected, silencing FOXM1 drastically inhibited the protein levels of p-FOXM1 (T600), FOXM1, PLK1, Cyclin B1, Aurora B, but not MELK in both tested cell lines with MELK overexpression (Figure 4B, left). Consistently, knockdown of FOXM1 in KYSE70-MELK and EC109-MELK cells obviously decreased the number of colonies in solid plates (Figure 4B, middle) and attenuated the colony formation abilities in soft agar assays (Figure 4B, right). Moreover, the wound-healing and Boyden chamber assays displayed that the migration and invasion of MELK-overexpressing KYSE70 and EC109 cells were obviously inhibited by FOXM1 shRNAs (Figure 4C). Furthermore, knocking down of FOXM1 drastically suppressed MMP-2 and MMP-9 expression in MELK-overexpressing ESCC cells, compared to the corresponding control group (Figure 4D).
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FIGURE 4. MELK promotes the growth, migration and invasion through activation of FOXM1 signaling. (A) Immunoblotting analysis was used to determine the protein levels of p-FOXM1 (Thr600), FOXM1, PLK1, Cyclin B1, Aurora B and SKP2 in ESCC cells with MELK-overexpression (KYSE70 and EC109) or knockdown (KYSE30 and EC9706). Actin served as an internal control. (B) Western blotting analysis was carried out to measure the efficiency of FOXM1 shRNAs (shFOXM1#1 and shFOXM1#2) in MELK-depleted ESCC cells (left). Knockdown of FOXM1 drastically inhibited the frequency of focus formation (middle) and colony formation in soft agar (right). Column and error bar represents mean ± SD (n = 6 per group). **P < 0.01, ***P < 0.001, P-values were obtained by one-way ANOVA, post-hoc intergroup comparisons, Tukey's text. (C) Knocking down FOXM1 significantly attenuated the migratory ability of MELK-overexpressing KYSE70 and EC109 cells in a wound-healing assay (left). Downregulation of FOXM1 reduced the migratory (middle) and invasive abilities (right) of ESCC cells with MELK overexpression. Column and error bar represents mean ± SD (n = 5). **P < 0.01, ***P < 0.001, one-way ANOVA with post-hoc intergroup comparison with the Tukey's test. (D) Silencing FOXM1 attenuated the protein levels of MMP-2 and MMP-9 in MELK-overexpressing ESCC cells. (E) Western blotting analysis was used to detect the expression of FOXM1 in shMELK-depleted KYSE30 and EC9706 cells after transfection of FOXM1 plasmid or empty vector. Ectopic expression of FOXM1 promoted the number of focus formation (middle) and colony formation in soft agar (right). Column and error bar represents mean ± SD (n = 6 per group). (F) Enforced expression of FOXM1 enhanced the migratory ability of shMELK-silenced ESCC cells in a wound-healing assay (left). Ectopic expression of FOXM1 rescued the migration (middle) and invasion (right) of shMELK-depleted ESCC cells. Column and error bar represents mean ± SD (n = 5 per group). *P < 0.05, **P < 0.01 and ***P < 0.001 by Student's t-test. (G) Overexpression of FOXM1 restored MMP-2 and MMP-9 expression in shMELK-silenced KYSE30 and EC9706 cells.


Next, we investigated whether ectopic expression of FOXM1 rescued the loss of MELK function in ESCC cells. FOXM1-overexpressing plasmid was stably transduced into MELK-depleted KYSE30 and EC9706 cells, and then the expression of FOXM1 was detected by Western blotting (Figure 4E, left panel). As shown in Figure 4E, the protein levels of p-FOXM1 (T600), FOXM1 and its downstream targets including PLK1, Cyclin B1, Aurora B were drastically upregulated by FOXM1 in both tested cell lines with MELK depletion. Enforced expression of FOXM1 in MELK-silenced KYSE30 and EC9706 cells also attenuated the inhibitory effects on the colony formation abilities in both solid plates and soft agar assays (Figure 4E, middle and right panels). Additionally, the data from wound-healing and Boyden chamber assays indicated that the migration and invasion were obviously rescued by FOXM1 in KYSE30 and EC9706 cells with MELK downregulation (Figure 4F). Immunoblotting analysis also showed that ectopic expression of FOXM1 remarkably restored MMP-2 and MMP-9 expression in MELK-silenced ESCC cells (Figure 4G).

The above data suggested that FOXM1 is required for the function of MELK in ESCC cells.



MELK Enhances Tumor Growth in ESCC

Considering that MELK promoted cellular growth and colony formation of KYSE70 and EC109 cells, we next determine whether MELK promotes the tumorigenisis of ESCC cells in nude mice. The tumor growth curve of EC109-MELK group was much higher than that of the EC109-Vector group (Figure 5A), suggesting that MELK promoted the tumor growth of ESCC cells in vivo. Consistent with these data, the size and weight of tumor in MELK-overexpressing mice were obviously increased, compared with those of the corresponding control mice (Figure 5B). Additionally, IHC staining showed that Ki67 expression (a proliferation marker) was remarkably enhanced by MELK (Figure 5C). Moreover, the expression of MELK and PLK1 was greatly upregulated in MELK-overexpressing group, compared to that derived from the Vector-treated mice (Figure 5C). Furthermore, immunoblotting assay also showed that the protein levels of MELK, phospho-FOXM1 (T600), and its downstream targets (PLK1, Cyclin B1 and Aurora B) were much higher in tumor cell lysates derived from MELK-overexpressing mice than those from the control group (Figure 5D). We then determined whether knockdown of MELK inhibits ESCC cell growth in animal models using KYSE30 cells. As illustrated in Figure 5E, the growth rate of solid tumors in MELK-depleted mice was slower, compared with that of the control group. Similarly, the size and weight of tumors were also obviously inhibited by MELK shRNA (Figure 5F), suggesting that silencing MELK suppressed the tumor growth of ESCC cell in nude mice. Consistently, IHC staining displayed that the levels of Ki67, MELK, and PLK1 were significantly impaired by MELK shRNA (Figure 5G). In addition, immunoblotting analysis also displayed that the protein levels of MELK, p-FOXM1 (T600), PLK1, Cyclin B1 and Aurora B were drastically diminished in cell lysates derived from MELK-depleted mice, compared to those from the shNC group (Figure 5H).
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FIGURE 5. MELK promotes ESCC cell growth in nude mice. (A) The growth curves of subcutaneous xenografts of MELK-overexpressing EC109 cells are shown. Data represents mean ± SD. (B) Upper, representative tumors derived from EC109 cells with or without MELK overexpression are presented; Lower, comparison of tumor weights in control (Vector) and MELK-overexpressing group (n = 6). (C) Immunohistochemical analysis of Ki67, MELK, and PLK1 in xenograft tissues from mice. H&E-stained tissues of the same xenografts are shown. (D) Immunoblotting analysis was used to detect the protein levels of MELK, p-FOXM1 (Thr600), FOXM1, PLK1, Cyclin B1 and Aurora B proteins in xenograft tissues. (E) The growth curves of subcutaneous xenografts of KYSE30-shNC and KYSE30-shMELK cells are shown. (F) Top, representative tumors from the control and experiment group are shown; bottom, comparison of tumor weights in control (shNC) and MELK-depleted group (n = 6 per group). (G) IHC staining showing the expression of MELK, PLK1 and Ki67 in xenograft tissues from mice. H&E-stained tumor tissues of the same xenografts are presented. (H) Immunoblotting analysis was used to detect the protein levels of MELK, p-FOXM1 (Thr600), FOXM1, PLK1, Cyclin B1 and Aurora B proteins in xenograft tissues derived from control (shNC) and MELK-deleted group. Scale bars: 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001 by Student's t-test.




MELK Promotes ESCC Cell Metastasis

Given that ectopic expression of MELK significantly enhanced the abilities of migration and invasion of KYSE70 and EC109 cells in vitro, we next investigate whether MELK promotes the lung metastasis of tumor cells in nude mice. EC109 cells with or without MELK overexpression were intravenously injected into the nude mice. Eight weeks later, the lung tissues derived from mice were dissected and fixed in Bouin's solution. As shown in Figure 6A, the average numbers of metastatic foci in the lungs were 12.7 and 27.5 in control and MELK-overexpressing groups, respectively. Likewise, H&E staining also showed that the number and size of metastatic tumors were significantly upregulated in the lungs of MELK-overexpressing mice (Figure 6B). These results indicated that MELK significantly promoted ESCC cell metastasis in vivo. To further confirm this conclusion, we then examined whether silencing MELK suppresses ESCC cell metastasis in nude mice. KYSE30-shNC and KYSE30-shMELK#1 cells were intravenously injected into the nude mice. As illustrated in Figure 6C, the number of metastatic tumor nodules in the lungs was much smaller in MELK-downregulated group than that of the control group. Likewise, H&E staining also showed that the number and size of metastatic tumors were significantly decreased in the lungs derived from MELK-depleted mice, compared to those from the shNC group (Figure 6D). Taken together, these data indicate that MELK functions as a pro-metastatic factor in ESCC in vivo.
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FIGURE 6. MELK enhances ESCC cell metastasis in nude mice. (A) EC109 cells with or without MELK overexpression were intravenously injected into nude mice (n = 6 per group) through the tail vein. (Left) Representative images of excised lungs after 8 weeks injection are shown (arrows indicate the metastatic foci). (Right) Graph showing the number of surface metastatic nodules in the lungs. (B) Lung metastases in each mice were stained with H&E. Arrows indicate the metastatic colonization of tumor cells in the lung tissues (left). The number of lung tumor nests in each group was counted (right). (C) Effects of MELK depletion on the location of KYSE30 cells in the lung of nude mice after injection of cells via tail-vein at 8 weeks. (Left) Representative images of excised lungs. (Right) Graph showing the number of surface metastases in the lung tissues. (D) Lung metastases in each mice were confirmed by H&E staining. Arrow indicates the metastatic colonization of tumor cells in the lung tissues (left). (Right) The number of lung tumor nests in each group was counted and presented by mean ± SD. Scale bars, 500 μm. **P < 0.01 and ***P < 0.001 by Student's t-test.





DISCUSSION

In the present work, we discovered that MELK was overexpressed in clinical ESCC samples, especially in those with metastasis, suggesting that MELK might function as an oncogene in ESCC. As expected, overexpression of MELK enhanced the abilities of ESCC cell proliferation, colony formation, migration and invasion. More importantly, enforced expression of MELK also promoted tumor growth and metastasis in animal models. Vice versa, knocking down MELK led to an almost completely opposing effect. Mechanistic analysis revealed that aberrant activation of FOXM1 signaling pathway might be one crucial mechanism for MELK to induce the aggressive malignant phenotypes of ESCC cells. To the best of our current knowledge, we are the first to detect the expression of MELK, and to elucidate its biological role and underlying mechanism in ESCC cell growth and metastasis, using in vitro and xenograft models in nude mice.

Accumulating evidence has shown that MELK was highly expressed in various kinds of human cancer and this expression was correlated with the development and progression of malignancy tumors (9, 19). In this study, we discovered that MELK was upregulated in all tested seven ESCC cell lines at both mRNA and protein levels. In addition, we also found that MELK was aberrantly expressed in clinical specimens of ESCC patients. Consistent with our findings, Janostiak et al. found that MELK was highly overexpressed in melanoma and played a critical role in promoting melanoma growth (36). Besides, MELK is also abundantly expressed in glioblastoma multiforme (GBM) and is essential for the proliferation of cancer cells and cancer stem cells (34). Consistently, we also confirmed that enforced expression of MELK in ESCC cells by transfection with MELK-overexpressing plasmid significantly promoted the tumor cell proliferation, colony formation, anchorage-independent growth in vitro, and also enhanced the tumor growth in nude mice models. More importantly, knocking down of MELK by lentiviral shRNA resulted in an opposite phenomenon. Considering that MELK knockout mice are viable and display no obvious adverse phenotypes (37), therefore, MELK might be a potential druggable target for ESCC treatment. However, a few reports have demonstrated that MELK was not required for cell division in basal-like breast cancer, melanoma and colorectal cancer (38, 39). This findings suggest that MELK might play a role as oncogene or not, depending on the tumor type context.

FOXM1 is one of the most important members of the Forkhead box (FOX) superfamily that contains more than 50 members with a conserved winged-helix DNA binding domain (40, 41). As a transcription factor, FOXM1 crosstalk with multiple proteins including PLK1, Cyclin B1 and Aurora B, and thus plays a central role in tumor aggressiveness. Overexpression of FOXM1 has been found in a variety of human malignancies including ESCC (42–45). High expression levels of FOXM1 was positively correlated with large tumor size, poor differentiation degree, deep invasion, and low survival rate and might serve as an independent prognostic indicator for determining prognosis of ESCC patients (42, 43). Moreover, ectopic expression of FOXM1 drastically enhanced the capability of invasion and migration (45) and silencing of FOXM1 obviously inhibited the proliferation and migration in ESCC cells (46). In this study, we found that FOXM1 was a critical phosphorylation target of MELK. By activating FOXM1, MELK significantly promoted the malignant phenotypes of ESCC cells, this conclusion was based on the following facts: (1) Ectopic expression of MELK promoted, while lentiviral shRNA mediated gene silencing diminished the expression of p-FOXM1 (T600) and its downstream targets including Cyclin B1, PLK1, Aurora B and Survivin both in vitro and in vivo; (2) Overexpression of FOXM1 diminished the inhibitory effect of MELK shRNAs on ESCC cell growth, migration and invasion. In contrast, silencing FOXM1 by shRNAs dramatically attenuated the tumor-promoting effects of MELK on ESCC cells; (3) Overexpression or knockdown of FOXM1 hardly changed the protein levels of MELK. Consistent with our results, Joshi et al. found that MELK-driven FOXM1 phosphorylation plays a pivotal role in proliferation of glioma stem cells (34).

Tumor metastasis is a complex process in which the tumor cells move from a primary site to progressively colonize distant organs, and is one of the most important contributors to the deaths of patients with multiple types of malignant tumors including ESCC (47). Previous studies demonstrated that highly expressed MELK correlated with the histopathological grading and tumor metastasis in patients with cervical cancer (9). Overexpression of MELK was also associated with distant metastasis, lymph node involvement and poor prognosis in GC patients (17). In HCC, high MELK protein expression was not only related with short disease-free survival and overall survival but also correlated with vascular invasion and higher pathological tumor-nodule-metastasis stage (16). Consistently, we observed that the expression of MELK was much higher in metastatic ESCC tissues, compared to that from primary tumors. These studies suggested that MELK might played a crucial role in tumor metastasis. In addition, we also confirmed that overexpression of MELK greatly promoted the capacity of migration and invasion, and upregulated the expression and enzyme activity of MMP-2 and MMP-9 in all two tested ESCC cell lines. More importantly, ectopic expression of MELK also enhanced the lung metastasis of EC109 cells in animal model. Vice versa, the migration, invasion and metastasis of ESCC cells were remarkably inhibited after knocking down of MELK by lentiviral shRNA. In line with our findings, ectopic expression of MELK remarkably facilitated the migration, invasion and metastasis of GC cells (8); Vice versa, inhibition of MELK by shRNA or pharmacology inhibitor significantly suppressed GC cell migration and invasion, and inhibited the peritoneal spreading and metastasis in nude mice (8). Additionally, MELK depletion also greatly downregulated the expression of mesenchymal markers such as N-cadherin, Vimentin and Snail, but upregulated epithelial marker E-cadherin expression, suggesting targeting MELK suppressed the process of GC cell epithelial–mesenchymal transition (EMT), which is an important step for the initiation of tumor metastasis (17). However, Cheng et al. reported that knocking down MELK in the presence of TGF-β promoted EMT and cell migration in the lung cancer A549 cells (48). These data suggested that the role of MELK in tumor cell metastasis may vary in different types of human cancer.

In summary, this study demonstrated that MELK was highly expressed in ESCC and played an important role in regulating cancer development and progression. Mechanistically, we demonstrated that high expression of MELK may function to promote ESCC cell growth and metastasis at least in part by aberrantly activating FOXM1 signaling pathway. Collectively, these findings indicated MELK is a potential therapeutic target and small molecule inhibitors targeting MELK might be effective for the treatment of ESCC patients, even among those patients with advanced-stage disease.
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Metabolism plays a critical role in direct regulation of a variety of cellular activities via metabolic enzymes and metabolites. Here, we demonstrate that phosphofructokinase 1 platelet isoform (PFKP), which catalyzes a rate-limiting reaction in glycolysis, promotes EGFR activation-induced nuclear translocation and activation of β-catenin, thereby enhancing the expression of its downstream genes CCND1 and MYC in human glioblastoma cells. Importantly, we showed that EGFR-phosphorylated PFKP Y64 has a critical role in AKT activation and AKT-mediated β-catenin S552 phosphorylation and subsequent β-catenin transactivation and promotion of tumor cell glycolysis, migration, invasion, proliferation, and brain tumor growth. These findings highlight a novel mechanism underlying a glycolytic enzyme-mediated β-catenin transactivation and underscore the integrated and reciprocal regulation of metabolism and gene expression, which are two fundamental biological processes in tumor development.

Keywords: PFKP, β-catenin, c-Myc, cyclin D1, migration, invasion, proliferation


INTRODUCTION

Increased transcriptional activity of β-catenin, which is essential for cell proliferation, migration, invasion, and survival (1, 2), has been detected in many types of human cancer (3–6). β-catenin transactivation leads to enhanced T-cell factor (TCF)/lymphoid enhancer factor (LEF)-driven transcription of genes, such as CCND1 (encoding cyclin D1) and MYC (encoding c-Myc) (7–9). β-catenin can be activated not only by Wnt ligands but also by receptor tyrosine kinases, such as epidermal growth factor receptor (EGFR), whose mutation or overexpression of EGFR gene occurs in many types of human cancer, including more than 50% of glioblastoma (GBM) (10, 11). We previously showed that EGFR-induced β-catenin transactivation is regulated by mechanisms distinct from Wnt-dependent canonical signaling (12–14). EGFR activation-induced and CK2α-mediated α-catenin phosphorylation releases β-catenin from the β-catenin/α-catenin protein complex whereas nuclear pyruvate kinase M2 (PKM2) associates with β-catenin and induces gene expression by direct phosphorylation of histone H3 (12–17). In addition, AKT directly phosphorylates β-catenin at Ser552 (S552), which promotes nuclear translocation and transactivation of β-catenin (18).

Metabolic enzymes in cancer cells can possess non-metabolic functions and play critical roles in a variety in cellular functions (19–23). In the glycolytic pathway, phosphofructokinase 1 (PFK1), governing a rate-limiting step of glycolysis, catalyzes the conversion of fructose 6-phosphate and ATP to fructose-1,6-bisphosphate and ADP (24). PFK1 has PFK1 platelet (PFKP), PFK1 muscle (PFKM), and PFK1 liver (PFKL) isoforms, expressed differentially in different tissues and organs (24, 25). Our previous report showed that PFKP is the prominent PFK1 isoform in GBM cells and is overexpressed in human GBM specimens (26). Upon EGFR activation, K395-acetylated PFKP binds to EGFR, leading to EGFR-mediated phosphorylation of PFKP Y64, which in turn binds to an SH2 domain of p85 subunit of phosphoinositide 3-kinases (PI3K) and recruits PI3K to the plasma membrane. The activated PI3K and AKT enhances PFK1 activation and GLUT1 expression, thereby promoting aerobic glycolysis in cancer cells and brain tumorigenesis (27). However, the role of PFKP in the EGFR activation-induced β-catenin transactivation of GBM cells remains unknown.

In this study, we demonstrate that PFKP plays an instrumental role in EGFR activation-induced β-catenin transactivation in a PFKP Y64 phosphorylation-dependent manner, thereby regulating migration, invasion, and proliferation of GBM cells and brain tumor growth.



MATERIALS AND METHODS


Materials

Mouse monoclonal antibodies for PFKM (sc-67028, 1:1,000 for immunoblotting), β-catenin (E-5, sc-7963, 1:200 for immunoblotting and 1:50 for immunofluorescence), and c-Myc (9E10, sc-40, 1:200 for immunoblotting) and polyclonal antibody for cyclin D1 (H-295, sc-753, 1:200 for immunoblotting) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal antibodies recognizing PFKP (12746, 1:1,000 for immunoblotting), PFKL (8175, 1:1,000 for immunoblotting), and β-catenin pS552 (9566, 1:1,000 for immunoblotting) were purchased from Cell Signaling Technology (Danvers, MA). Mouse monoclonal antibody for tubulin (clone B-5-1-2, T6074, 1:5,000 for immunoblotting) was purchased from Sigma (St. Louis, MO). Mouse monoclonal antibody for PCNA (610665, 1:1,000 for immunoblotting was purchased from BD Biosciences (San Jose, CA). Human recombinant EGF (01-407) was obtained from EMD Millipore (Billerica, MA). Hygromycin (400053), puromycin (540222), and G418 (345810) were purchased from EMD Biosciences (San Diego, CA). HyFect transfection reagents (E2650) were obtained from Denville Scientific (Metuchen, NJ). DAPI and Alexa Fluor 594 goat anti-mouse antibody were purchased from Molecular Probes (Eugene, OR).



Cell Culture and Transfection

Non-small cell lung cancer A549 cells and GBM cells including U251, LN229, U87, and EGFRvIII-overexpressing U87 (U87/EGFRvIII) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% bovine calf serum (HyClone, Logan, UT); these cells are routinely tested for mycoplasma. U87 and U251 cells were authenticated using short tandem repeat profiling at The University of Texas MD Anderson Cancer Center Characterized Cell Line Core Facility. Cells were plated at a density of 4 × 105 per 60-mm dish or 1 × 105 per well of a 6-well plate 18 h before transfection. Transfection was performed using HyFect transfection reagent (Denville Scientific) according to the manufacturer's instructions.



DNA Constructs and Mutagenesis

Polymerase chain reaction (PCR)-amplified human PFKP was cloned into pcDNA3.1/hygro(+)-Flag vector. pLV/β-catenin deltaN90 (CA β-catenin) was purchased from Addgene (Cambridge, MA). pcDNA3.1/hygro(+)-Flag PFKP Y64F was created using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). shRNA-resistant (r) PFKP contained a448c, g450c, c453t, and c456g mutations.

The following pGIPZ shRNAs were used: control shRNA oligonucleotide, GCTTCTAACACCGGAGGTCTT; PFKP shRNA oligonucleotide, AGGAACGGCCAGATCGATA; PFKL shRNA oligonucleotide, AGTCTCTGAGATCTTACCT; PFKM shRNA oligonucleotide, TGATTTTCCCAGACATCCA.



Quantitative Real-Time PCR Analysis

Total RNA isolation, reverse transcription (RT), and real-time PCR were conducted as described previously. The following primer pairs were used for quantitative real-time PCR: CCND1, 5′-TGCATGTTCGTGGCCTCTAA-3′ (forward) and 5′-TCGGTGTAGATGCACAGCTT-3′ (reverse); MYC, 5′-AAAGGCCCCCAAGGTAGTTA-3′ (forward) and 5′-GCACAAGAGTTCCGTAGCTG-3′ (reverse); GLUT1, 5′-CTGCTCATCAACCGCAAC-3′ (forward) and 5′-CTTCTTCTCCCGCATCATCT-3′ (reverse); PKM2, 5′-ATCGTCCTCACCAAGTCTGG-3′ (forward) and 5′-GAAGATGCCACGGTACAGGT-3′ (reverse); LDHA, 5′-TTGACCTACGTGGCTTGGAAG-3′ (forward) and 5′-GGTAACGGAATCGGGCTGAAT-3′ (reverse).



Subcellular Fractionation

Nuclei were isolated using the Nuclear Extract Kit from Active Motif North America (Carlsbad, CA) and the ProteoExtract Subcellular Proteome Extraction Kit from Calbiochem (San Diego, CA), according to the manufacturers' instructions.



Immunoblot Analysis

Extraction of proteins from cultured cells was performed using a lysis buffer (50 mM Tris-HCl, [pH 7.5], 0.1% SDS, 1% Triton X-100, 150 mM NaCl, 1 mM DTT, 0.5 mM EDTA, 100 μM PMSF, 100 μM leupeptin, 1 μM aprotinin, 100 μM sodium orthovanadate, 100 μM sodium pyrophosphate, and 1 mM sodium fluoride). Cell extracts were clarified via centrifugation at 13,400 g, and the supernatants (2 mg protein/ml) were subjected to immunoblot analysis with corresponding antibodies. The band intensity was quantified using Image Lab software program (Bio-Rad). Each experiment was repeated at least three times.



Immunofluorescence Analysis

Cells were fixed and incubated with primary antibodies, Alexa Fluor dye-conjugated secondary antibodies, and DAPI according to standard protocols. Cells were examined using a deconvolution microscope (Zeiss, Thornwood, NY) with a 63-A° oil-immersion objective. Axio Vision software from Zeiss was used to deconvolute Z-series images.



Luciferase Reporter Gene Assay

Transcriptional activities of TCF/LEF-1 in U87/EGFR and U87/EGFRvIII cells were measured as described previously. The relative levels of luciferase activity were normalized to the levels of untreated cells or to the levels of luciferase activity of the Renilla control plasmid. Each experiment was performed at least three times.



Measurements of Glucose Consumption and Lactate Production

Cells were seeded in culture dishes, and the medium was changed after 6 h with non-serum DMEM. Cells were incubated for 24 h, and the culture medium was then collected for measurement of glucose and lactate concentrations. Glucose levels were determined by using a glucose (GO) assay kit (Sigma). Glucose consumption was the difference in glucose concentration between the collected culture medium and DMEM. Lactate levels were determined by using a lactate assay kit (Eton Bioscience, San Diego, CA). All results were normalized to the final cell number.



Cell Migration and Invasion Assays

Cell migratory and invasive abilities were assessed by the transwell migration assay and Matrigel invasion assay (BD Biosciences, Franklin Lakes, NJ), respectively. Cells were trypsinized and were resuspended in serum-free DMEM. 1 × 105 cells in 100 μL of serum-free medium were seeded in the upper chamber of transwell chambers (8-μm pore membranes; Corning). Membranes were coated with 0.78 mg/ml Matrigel for invasion assay. After 6 h (migration assay) or 24 h (invasion assay), cells on the upper surface of the filter were wiped off with cotton swabs. Cells on the lower surface of the filter were fixed with methanol and stained with hematoxylin and eosin. More than six views/insert were analyzed under a light microscope (200×), and stained cells were counted. Data represent mean ± standard deviation of three independent experiments.



Cell Proliferation Assay

A total of 3 × 104 cells were plated and counted at day 1, 3, 5, and 7 after seeding in DMEM with 0.5% bovine calf serum. Data represent the means ± SD of three independent experiments.



Intracranial Implantation of GBM Cells in Mice

We injected 5 × 105 U87/EGFRvIII GBM cells (in 5 μl of DMEM per mouse), with or without modulation of PFKP expression or CA β-catenin, intracranially into 4-week-old male athymic nude mice (seven mice/group), as described previously (27). The mice were euthanized 2 weeks after the GBM cells were injected. The brain of each mouse was harvested, fixed in 4% formaldehyde, and embedded in paraffin. Tumor formation and phenotype were determined by histological analysis of hematoxylin and eosin–stained sections. Tumor volume was calculated by 0.5 × L × W2 (L, length; W, width). All of the mice were housed in the MD Anderson Cancer Center (Houston, Texas) animal facility, and all experiments were performed in accordance with relevant institutional and national guidelines and regulations approved by the Institutional Animal Care and Use Committee at MD Anderson Cancer Center.



Statistical Analysis

All quantitative data are presented as the mean ± SD of at least three independent experiments. A 2-group comparison was conducted using a 2-sided, 2-sample Student's t-test. A simultaneous comparison of more than two groups was conducted using 1-way ANOVA (SPSS statistical package, version 12; SPSS Inc.). Values of P < 0.05 were considered statistically significant.




RESULTS


PFKP Expression Is Required for EGFR Activation-Induced Nuclear Translocation and Transactivation of β-Catenin

We previously reported that EGF stimulation results in translocation of β-catenin into the nucleus and increases its transactivation (11, 12). To examine the effect of PFKP expression on EGF-induced regulation of β-catenin in GBM cells, we used EGF to treat EGFR-overexpressing U87/EGFR and human GBM cells with or without expression of PFK1 short hairpin RNA (shRNA). Immunoblotting analysis of nuclear fractions of these cells showed that EGF-induced nuclear translocation of β-catenin was largely inhibited by depletion of PFKP, but not by depletion of PFKL or PFKM, whereas the total expression levels of β-catenin were not altered (Figure 1A). EGF-induced nuclear translocation of β-catenin was also largely inhibited by depletion of PFKP in LN229 GBM cells and A549 non-small cell lung cancer cells (Supplementary Figure S1A). Consistent with these findings, immunofluorescent studies revealed that depletion of PFKP in EGF-treated U87/EGFR cells (Supplementary Figure S1B) and U87 cells expressing the constitutively activated EGFRvIII mutant, which lacks 267 amino acids in its extracellular domain and is commonly found in GBM as well as in breast, ovarian, prostate, and lung carcinomas (28), resulted in decreased nucleus-localized β-catenin (Figure 1B). In addition, the TCF/LEF-1 luciferase reporter analysis showed that depletion of PFKP expression largely inhibited EGF-induced β-catenin transactivation in U87/EGFR, LN229, and A549 cells (Figure 1C and Supplementary Figure S1C). Moreover, immunoblotting and real-time PCR analyses showed that depletion of PFKP inhibited EGF-induced transcription of CCND1 and MYC (Figure 1D and Supplementary Figure S1D) and their protein expression (Figure 1E and Supplementary Figure S1E) in U87/EGFR, LN229, and A549 cells. These results indicate that PFKP expression is required for EGFR activation-induced nuclear translocation and transactivation of β-catenin.
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FIGURE 1. PFKP expression is required for EGFR activation-induced nuclear translocation and transactivation of β-catenin. (A) Serum-starved U87/EGFR cells with the indicated shRNAs (left panel) were treated with or without EGF (100 ng/ml) for 9 h. The cells were harvested for the isolation of nuclear fractions (right panel). Immunoblotting analyses were performed with the indicated antibodies. (B) U87/EGFRvIII cells were stably expressed with control shRNA or PFKP shRNA. Immunofluorescent staining was performed with an anti-β-catenin antibody. (C) U87/EGFR cells with or without PFKP depletion were transfected with TOP-FLASH or FOP-FLASH, which was followed by EGF treatment for 6 h. Luciferase activity was measured. The relative levels of luciferase activity were normalized to the levels of untreated cells and to the levels of luciferase activity in the Renilla control plasmid. Data represent the means ± SD of three independent experiments. *P < 0.001, based on the Student's t-test. (D,E) Serum-starved U87/EGFR cells with or without depleted PFKP were treated with or without EGF for the indicated periods of time. The mRNA expression levels (D) and the protein expression levels (E) of CCND1 and MYC in U87/EGFR cells were determined by real-time PCR and immunoblotting analyses with the indicated primers and antibodies, respectively. Data represent the means ± SD of three independent experiments. *P < 0.001, based on the Student's t-test.




PFKP Y64 Phosphorylation by EGFR Enhances AKT-Mediated β-Catenin S552 Phosphorylation and Nuclear Translocation of β-Catenin and Expression of Its Downstream Genes

We previously reported that EGFR-phosphorylated PFKP Y64 promotes PI3K activation (27). We next investigated the effect of PFKP Y64 phosphorylation on nuclear translocation and transactivation of β-catenin in response to EGFR activation. As expected, depletion of endogenous PFKP resulted in decreased AKT-mediated β-catenin S552 phosphorylation (Figure 2A), nuclear translocation (Figure 2A), and the TCF/LEF-1 transcriptional activity (Figure 2B). These decreases were rescued by reconstituted expression of RNAi-resistant (r) WT Flag-rPFKP, but not rPFKP Y64F mutant, in U87/EGFRvIII cells (Figures 2A,B). Consistent with these results, PFKP depletion-inhibited transcription of CCND1 and MYC and their protein expression were rescued by reconstituted expression of WT Flag-rPFKP, but not rPFKP Y64F mutant, in U87/EGFRvIII cells (Figures 2C,D). Of note, the inhibitory effect of rPFKP Y64F expression on the transcriptional activity of TCF/LEF-1 (Figure 2B), the transcription of CCND1 and MYC (Figure 2C), and their protein expression (Figure 2D) in U87/EGFRvIII cells was abrogated by expression of the constitutively active β-catenin (CA β-catenin) mutant (29). These results indicate that PFKP Y64 phosphorylation enhances EGFR activation-induced nuclear translocation and transactivation of β-catenin and expression of its downstream genes.


[image: Figure 2]
FIGURE 2. PFKP Y64 phosphorylation by EGFR enhances AKT-mediated β-catenin S552 phosphorylation and nuclear translocation of β-catenin and expression of its downstream genes. (A) Nuclear fractions of U87/EGFRvIII cells with or without PFKP depletion and with or without reconstituted expression of WT Flag-rPFKP or Flag-rPFKP Y64F mutant were prepared Immunoblotting analyses were performed with the indicated antibodies. (B) U87/EGFRvIII cells with or without PFKP depletion and with or without reconstituted expression of WT Flag-rPFKP or Flag-rPFKP Y64F mutant in the presence or absence of CA β-catenin expression were transfected with TOP-FLASH or FOP-FLASH. The relative levels of luciferase activity were normalized to the levels of luciferase activity of Renilla control plasmid. Data represent the means ± SD of three independent experiments. *P < 0.001, based on the one-way ANOVA. (C,D) The mRNA expression levels (C) and the protein expression levels (D) of CCND1 and MYC in U87/EGFRvIII cells with or without PFKP depletion and with or without reconstituted expression of WT Flag-rPFKP or Flag-rPFKP Y64F mutant in the presence or absence of CA β-catenin expression were determined by real-time PCR and immunoblotting analyses with the indicated primers and antibodies, respectively. Data represent the means ± SD of three independent experiments. *P < 0.001, based on the one-way ANOVA.




PFKP Y64 Phosphorylation Promotes EGFR Activation-Enhanced GBM Cell Glycolysis, Proliferation, Migration, and Invasion

β-catenin transactivation is critical for EGFR activation-enhanced glycolysis, tumor cell proliferation, migration, and invasion for tumor development (11, 12, 16, 30). β-catenin transactivation enhances glycolysis through c-Myc-mediated upregulation of glucose transporter GLUT1, pyruvate kinase M2 isozyme (PKM2), and lactate dehydrogenase A (LDHA) expression (16). As expected, PFKP Y64F expression reduced mRNA expression of GLUT1, PKM2, and LDHA (Figure 3A), glucose uptake, and lactate production (Figure 3B) in U87/EGFRvIII cells, and this reduction was rescued by CA β-catenin expression in these cells (Figures 3A,B). PFKP Y64 phosphorylation enhances PI3K/AKT-dependent phosphofructokinase 2 (PFK2) phosphorylation and production of fructose-2,6-bisphosphate, which in turn promotes PFK1 activation (27), these results indicate that PFKP Y64 phosphorylation promotes glycolysis through more than one input.


[image: Figure 3]
FIGURE 3. PFKP Y64 phosphorylation promotes EGFR activation-induced GBM cell glycolysis, proliferation, migration, and invasion. (A,B) Endogenous PFKP-depleted U87/EGFRvIII cells with reconstituted expression of WT Flag-rPFKP or Flag-rPFKP Y64F mutant in the presence or absence of CA β-catenin expression were cultured in no-serum DMEM for 24 h. The media were collected for analysis of glucose consumption (A) or lactate production (B). All results were normalized to the final cell number. Data represent the means ± SD of three independent experiments. *P < 0.001, #P < 0.001, based on the one-way ANOVA. (C) U87/EGFRvIII cells with or without PFKP depletion and with or without reconstituted expression of WT Flag-rPFKP or Flag-rPFKP Y64F mutant in the presence or absence of CA β-catenin expression were cultured in 1% serum medium for the indicated periods of time and were harvested for cell counting. Data represent the means ± SD of three independent experiments. *P < 0.001, #P < 0.001, based on the one-way ANOVA. (D) U251 cells were pretreated with DMSO (Control) or 2-DG (10 mM) for 2 h and then the cells were treated with or without EGF (100 ng/ml) for the indicated periods of time. The cell numbers were counted. Data represent the means ± SD of three independent experiments. *P < 0.001, based on the Student's t-test. (E,F) U87/EGFRvIII cells with or without PFKP depletion and with or without reconstituted expression of WT Flag-rPFKP or Flag-rPFKP Y64F mutant in the presence or absence of CA β-catenin expression were placed in serum-free medium in the upper transwell chamber or Matrigel-coated transwell chamber for migration (E) or invasion (F) assays, respectively. Six hours (migration assay) or twenty-four hours (invasion assay) after plating, cells that migrated to the opposite side of the insert were fixed with methanol and stained with hematoxylin and eosin. Representative microphotographs are shown (left panels). Stained cells were counted under a microscope (right panels). Data represent the means ± SD of three independent experiments. *P < 0.001, based on the one-way ANOVA.


We next examined the role of β-catenin regulation by PFKP Y64 phosphorylation in the EGFR activation-induced tumor cell proliferation. As shown in Figure 3C, depletion of PFKP largely inhibited tumor cell proliferation in U87/EGFRvIII cells, and this inhibition was alleviated by reconstituted expression of WT Flag-rPFKP, but not by rPFKP Y64F mutant. Of note, the defect in cell proliferation in U87/EGFRvIII cells expressing rPFKP Y64F was abrogated by expression of the active CA β-catenin mutant. Given that the AKT/β-catenin/c-Myc signaling cascade regulates not only glycolytic genes but also many other genes that contribute to cell proliferation, we examined the effect of inhibition of glycolysis on cell proliferation. As expected, treatment U251 cells with glycolysis inhibitor 2-deoxy-D-glucose (2-DG), which did not reduce EGF-enhanced AKT phosphorylation or c-Myc expression (Supplementary Figure S2), inhibited U251 cell proliferation (Figure 3D). These results suggest that PFKP Y64 phosphorylation-enhanced AKT phosphorylation and β-catenin transactivation induces a broad range of cellular effects that promotes cell proliferation.

In line with this finding, depletion of PFKP resulted in decreased tumor cell migration and invasion in a transwell migration assay (Figure 3E) and a Matrigel invasion assay (Figure 3F); this decrease was abrogated by expression of WT rPFKP, but not rPFKP Y64F (Figures 3E,F). As expected, the defect in cell migration (Figure 3D) and cell invasion (Figure 3F) in U87/EGFRvIII cells expressing rPFKP Y64F was rescued by expression of the CA β-catenin mutant (Figures 3E,F), indicating an essential role of PFKP Y64 phosphorylation-regulated β-catenin transactivation in EGFR activation-induced cell migration and invasion. Given that we measured cell migration at 12 h and cell invasion at 24 h, during which cell proliferation was not altered significantly among the cell lines (Figure 3C), the differences in cell migration and invasion were likely not caused by the differences in cell proliferation rates. These results indicate that PFKP Y64 phosphorylation promotes EGFR activation-enhanced tumor cell glycolysis, proliferation, migration and, invasion in a β-catenin transactivation-dependent manner.



PFKP Y64 Phosphorylation-Induced β-Catenin Transactivation Promotes Brain Tumor Growth

To determine the role of PFKP Y64 phosphorylation-induced β-catenin transactivation in brain tumorigenesis, we intracranially injected U87/EGFRvIII cells, U87/EGFRvIII–PFKP shRNA cells, and U87/EGFRvIII–PFKP shRNA cells with reconstituted expression of WT rPFKP or rPFKP Y64F mutant with or without CA β-catenin mutant into athymic nude mice. Depletion of PFKP significantly reduced the growth of brain tumors (Figures 4A,B), and this effect was abrogated by reconstituted expression of WT rPFKP, but not by that of rPFKP Y64F mutant (Figures 4A,B). Of note, the defect in the tumor growth U87/EGFRvIII cells expressing rPFKP Y64F was abrogated by expression of the active CA β-catenin mutant (Figures 4A,B). These results indicate that β-catenin transactivation induced by PFKP Y64 phosphorylation promotes brain tumor development.
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FIGURE 4. PFKP Y64 phosphorylation-induced β-catenin transactivation promotes brain tumor growth. (A,B) A total of 5 × 105 PFKP-depleted U87/EGFRvIII cells with reconstituted expression of the indicated proteins was intracranially injected into athymic nude mice. After 2 weeks, the mice were euthanized and examined for tumor growth. Hematoxylin-and-eosin–stained coronal brain sections show representative tumor xenografts (A). Tumor volumes were measured (B). Data represent the means ± SD of seven mice (bottom panel). *P < 0.001, #P < 0.001, based on the one-way ANOVA; n.s., not significant. Scale bar, 2 mm. (C) EGFR-phosphorylated PFKP Y64 promotes AKT activation-mediated nuclear translocation of β-catenin, β-catenin transactivation, TCF/LEF-induced transcription of CCND1 and MYC, leading to tumor development.





DISCUSSION

Metabolism plays a critical role in the direct regulation of a variety of cellular activities via metabolic enzymes and metabolites, and deregulation of these metabolic activities has been implicated in human diseases, including cancer (20, 22). PFKP is a glycolytic enzyme that catalyzes the rate-limiting step of glycolysis by conversion of fructose 6-phosphate and ATP to fructose-1,6-bisphosphate and ADP. PFKP is overexpressed in human GBM specimens (26) and is required for EGFR activation-induced activation of PI3K and AKT (27). Here, we demonstrated that PFKP Y64 phosphorylation, which is mediated by EGFR, is required for EGFR activation-induced and AKT activation-dependent nuclear translocation of β-catenin, β-catenin transactivation, and TCF/LEF-induced transcription of CCND1 and MYC and their protein expression. Importantly, PFKP Y64 phosphorylation promotes EGFR activation-induced GBM cell glycolysis, proliferation, migration, invasion, and brain tumorigenesis in a β-catenin transactivation-dependent manner (Figure 4C). These findings highlight the potential to target Y64-phosphorylation of PFKP for GBM treatment.

β-catenin transactivation in response to Wnt ligands and receptor tyrosine kinase activation has been detected in many types of human cancers (3–6). Notably, EGFR activation induces β-catenin transactivation through mechanisms distinct from canonical Wnt-induced signaling (12–14). PFKP functions as a rate-limiting metabolic enzyme in the regulation of glycolysis. We demonstrated that a small portion of PFKP translocates to the plasma membrane and acts as an instrumental signaling molecule in regulating PI3K/AKT activation upon EGFR activation (27). The critical role of PFKP in β-catenin transactivation and expression of its downstream gene targets to enhance aerobic glycolysis (27) and tumor cell growth and invasion underscores the integrated and reciprocal regulation of metabolism and gene expression, two fundamental biological processes in tumor development.



CONCLUSIONS

PFKP promotes EGFR activation-induced nuclear translocation and activation of β-catenin in a PFKP Y64 phosphorylation-dependent manner, thereby enhancing the expression of β-catenin downstream genes CCND1 and MYC. Thus, PFKP Y64 phosphorylation enhances tumor cell migration, invasion, proliferation, and brain tumor growth. These findings highlight the potential to target Y64-phosphorylation of PFKP for GBM treatment.
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Supplementary Figure S1. PFKP expression is required for EGFR activation-induced nuclear translocation and transactivation of β-catenin. (A) Serum-starved LN229 and A549 cells with or without PFKP shRNA (left panel) were treated with or without EGF (100 ng/ml) for 9 h. The nuclear fractions were extracted (right panel). Immunoblotting analyses were performed with the indicated antibodies. (B) U87/EGFR cells expressing with control shRNA or PFKP shRNA were treated with or without EGF (100 ng/ml) for 9 h. Immunofluorescent staining was performed with an anti-β-catenin antibody. DAPI was used for staining DNA. (C) LN229 and A549 cells with or without PFKP depletion were transfected with TOP-FLASH or FOP-FLASH and then treated with EGF for 6 h. Luciferase activity was measured. The relative levels of luciferase activity were normalized to the levels of untreated cells and to the levels of luciferase activity in the Renilla control plasmid. Data represent the means ± SD of three independent experiments. *P < 0.001, based on the Student's t-test. (D,E) Serum-starved LN229 and A549 cells with or without depleted PFKP were treated with or without EGF for 12 h. The mRNA expression levels (D) and the protein expression levels (E) of CCND1 and MYC in LN229 and A549 cells were determined by real-time PCR and immunoblotting analyses with the indicated antibodies, respectively. Data represent the means ± SD of three independent experiments. *P < 0.001, based on the Student's t-test.

Supplementary Figure S2. Inhibition of glycolysis does not reduce EGF-induced AKT phosphorylation or c-Myc expression. U251 cells were pretreated with DMSO (Control) or 2-DG (10 mM) for 2 h and then the cells were treated with or without EGF (100 ng/ml) for the indicated periods of time. Immunoblotting analyses were performed with the indicated antibodies.
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MicroRNAs (miRNAs) are small non-coding RNAs that play pivotal roles in cancer initiation and progression. However, the roles and molecular mechanisms of miRNAs in colorectal cancer (CRC) progression remain unclear. Here, we show that downregulation of miR-1224-5p in CRC is negatively correlated with SP1 expression and metastasis in patients and xenografted mouse models. Gain- and loss-of-function assays reveal that miR-1224-5p suppresses the migration, invasion, and epithelial–mesenchymal transition (EMT) of CRC cells in vitro and in vivo by directly targeting SP1. Moreover, SP1 promotes the phosphorylation of p65, which results in EMT progress in CRC cells. Clinical analysis reveals that miR-1224-5p and SP1 expression are remarkably associated with advanced clinical features and unfavorable prognosis of patients with CRC. Further study confirms that hypoxia accounts for the depletion of miR-1224-5p in CRC. The enhancement of hypoxia during epithelial–mesenchymal transition and metastasis of CRC cells is abolished by miR-1224-5p. Our findings provide the first evidence that miR-1224-5p is a potential therapeutic target and prognostic biomarker for patients with CRC.
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INTRODUCTION

Colorectal cancer (CRC), one of the most common malignant tumors of the digestive tract, is characterized by high incidence, high mortality, and poor prognosis. The incidence and mortality of CRC ranks third and second in cancer, respectively (1, 2). Despite advances in neoadjuvant therapy, radical surgery, post-operative chemoradiotherapy, and immunotherapy, the 5-year survival rate of patients with CRC remains disappointed because of distant metastases (3–7). Hence, revealing the molecular mechanism of CRC progression and metastasis and providing potential therapeutic targets of CRC are critical.

MicroRNAs (miRNAs) are small (~22 nt) non-coding RNAs that regulate gene expression through base pairing mostly with the 3′ untranslated regions (UTRs) of target messenger RNAs (mRNAs) (8). miRNAs have been reported to play crucial roles in tumor biological processes, including proliferation, apoptosis, migration, invasion, and differentiation (9). The association of non-coding RNAs especially miRNA dysregulation with the occurrence and development of cancer has been supported by evidence (10–13).

miR-1224-5p is found in human chromosome 3q27.1. The first study showing the relationship between miR-1224-5p and human cancer demonstrated that downregulated miR-1224 promotes cell proliferation in bladder cancer (14). Later, other studies revealed that miR-1224-5p is greatly decreased in intestinal-type gastric cancer and inhibits cell migration and metastasis by inhibiting focal adhesion kinase in vitro and in vivo (15). Nymark et al. reported that miR-1224-5p is remarkably decreased in asbestos-related lung cancer (16). In addition, miR-1224-5p acts as a tumor suppressor to repress cell proliferation and invasion and promote apoptosis by down-regulating the expression of CREB1 in malignant gliomas (17). Furthermore, the up-regulation of miR-1224-5p inhibits the proliferation and invasion and promotes the apoptosis of keloid cells via the TGF-β1/Smad3 signaling pathway (18). These data indicate that miR-1224-5p plays a tumor suppressor in malignant tumors. However, the function of miR-1224-5p and its potential molecular mechanisms in CRC remain unclear.

Epithelial–mesenchymal transition (EMT) is a process by which epithelial cells transform into invasive mesenchymal cell phenotypes and is involved in the invasion and metastasis of various cancer types (19, 20). A typical EMT is marked by a diminution of the cellular adhesion protein E-cadherin and a rise in the expression of N-cadherin and vimentin. E-cadherin is a key molecule in epithelial intercellular adhesion while vimentin and N-cadherin are markers for mesenchymal components (21). A growing number of research has shown that EMT is strongly associated with CRC invasion and metastasis (22, 23). However, little is known about the relationship between miR-1224-5p and EMT in CRC.

Our results show that the underexpression of miR-1224-5p is related to the poor prognosis of patients with CRC. miR-1224-5p exerts its function by directly targeting Sp1 transcription factor (SP1) to repress the migration, invasion, and EMT development of CRC cells in vitro and in vivo. Moreover, the analysis of clinical data indicates that miR-1224-5p, SP1, and their combination are significant for the prognostic prediction of patients with CRC.



MATERIALS AND METHODS

Tissue Specimens

Eighty paired specimens (tumor and adjacent normal tissues) were obtained from CRC patients who accepted radical surgery at the Department of Colorectal Surgery, the First Affiliated Hospital of Nanjing Medical University (NJMU), China, in 2014–2015. All patients who received preoperative chemotherapy or radiotherapy were excluded. The diagnosis of pathology was confirmed by the Department of Pathology, the First Affiliated Hospital of Nanjing Medical University. The written informed consent of each patient or their relatives was obtained for the collection of specimens. All experiments were approved by the ethics committee of the First Affiliated Hospital of Nanjing Medical University. The study was conducted in accordance with the guidelines set by the Declaration of Helsinki. Samples were all collected within 5 min after resected, then immediately transferred to a −80°C freezer or embedded in paraffin.



Cell Culture

The CRC cell lines, DLD1, HCT116, HT29, LOVO, SW480, and colon epithelium cells NCM460 were obtained from ATCC (Manassas, VA, USA). The cells were cultured in DMEM medium (Winsent, Canada) supplemented with 10% FBS (Gibco, CA, USA), 1% penicillin and streptomycin at 37°C. Cells were routinely examined for Mycoplasma contamination.



Quantitative Real-Time PCR (qRT-PCR) and miRNA RT-PCR

Total RNA from CRC tissues and cells was extracted with TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions. Total RNA quality and quantity was measured by NanoDrop, and then reverse transcribed into cDNA through PrimeScript RT reagent kit (Takara, Dalian, China). cDNA was then amplified with a SYBR® Premix Ex Taq™ kit (Takara) using a 7500 Realtime PCR System (Applied Biosystems, Carlsbad, CA, USA). The results were calculated through relative quantification by the 2−ΔΔCT method. The primers of the target mRNA and internal control were designed as follows: SP1 forward, 5′-TTGAAAAAGGAGTTGGTGGC-3′ and SP1 reverse, 5′-TGCTGGTTCTGTAAGTTGGG-3′; β-actin forward, 5′-CATGTACGTTGCTATCCAGGC-3′ and β-actin reverse, 5′-CTCCTTAATGTCACGCACGAT-3′. The specific Bulge-LoopTM miRNA qRT-PCR primer for miR-1224-5p and U6 were designed by RiboBio (Guangzhou, China). All reactions were run in triplicate.



Cell Transfection

Procedures were described previously (24). LV2-hsa-miR-1224-5p-mimic vector (miR-1224-5p-mimics), LV2-hsa-miR-1224-5p-inhibitor vector (miR-1224-5p-inhibitor), and LV2 empty lentivirus as a negative control (miR-NC) were constructed by lentiviral vectors (GenePharma, Shanghai, China). The cells were seeded in six-well plates and transfected at an appropriate multiplicity of infection. According to protocols, puromycin was used to screen the stable transfected cells. The SP1 overexpression plasmid and empty plasmid as negative control (NC) were designed and synthesized by GenePharma Inc. (Shanghai, China). Small interfering RNAs (siRNA) which for knocking down SP1 were obtained from RiboBio (Guangzhou, China).



Western Blot Analysis

The RIPA kit (Beyotime, Shanghai, China) supplemented with phenylmethanesulfonyl fluoride was used to extract protein lysate from CRC tissues and cells according to the protocols. The BCA Protein Assay Kit (Beyotime, Shanghai, China) was used to quantify the protein concentration. The protein lysate was separated via 10% SDS-PAGE (Beyotime, Shanghai, China), next, it was transferred onto a polyvinylidene fluoride membrane (Millipore, USA). The membranes were blocked with 5% skim milk powder for 2 h and then incubated with the specific primary antibody overnight at 4°C, followed by a wash in TBST. Then, the membrane was incubated with the corresponding secondary antibody for 2 h at room temperature and then rinsed in TBST for three times (10 min each time). The level of protein expression was detected by ECL Plus (Millipore, USA) using a Bio-Imaging System (Bio-Rad, USA). The antibodies against SP1, IκBα, p- IκBα, p65, p-p65, E-cadherin, ZO-1, N-cadherin, Vimentin, HIF-1α, Histone H3, and β-actin were purchased from Abcam (Cambridge, MA, USA).



Immunofluorescence

CRC cells transfected with corresponding miRNA vectors were seeded on glass bottom culture dishes, fixed with 4% paraformaldehyde for 20 min, and perforated with 0.1% Triton X-100 for 4 h at room temperature. After blocking with blocking buffer (Beyotime, Shanghai, China) for 1 h and washing by PBS, the cells were incubated with primary antibodies E-cadherin (1:100; Abcam) or Vimentin (1:250; Abcam) overnight at 4°C. The culture dishes were incubated with a AlexaFluor488-conjugated secondary antibodies (Beyotime, Shanghai, China) for 60 min at room temperature. The nuclei of the enterochromaffin cells were stained with DAPI (Beyotime, Shanghai, China) for 10 min at room temperature. Confocal fluorescence microscopy (Zeiss Germany, Germany) was used to capture fluorescence confocal images.



Wound Healing Assay and Transwell Assays

Cells were seeded into six-well plates at 4 × 105 cells/well until they reached almost 100% confluency, and a 200 μL pipette tip was used to scratch a linear wound. The medium was changed to serum-free DMEM at 0 and 24 h after wounding, and the migrating cells at the wound front were monitored by inverted microscopy.

Transwell inserts with and without Matrigel coating (8 μm pore size; Millipore) were used to perform cell migration and invasion. A total of 3 × 104 cells were suspended in 200 μL of serum-free medium and added into the upper chamber, and 600 μL complete culture medium containing 20% FBS was added into the lower chamber. Cells were incubated for 24 h at 37°C. After fixed in 4% paraformaldehyde, cells were stained with crystal violet dye. A cotton swab was used to gently remove the cells on the inner chamber. Three fields of migrated and invaded cells were selected randomly and counted using light microscopy.



Luciferase Report Assay

Report assay was conducted as previously described (24). The wild-type 3′-UTR sequence of SP1 predicted to interact with miR-1224-5p, referred to as WT-SP1 3′-UTR, together with a matched mutated sequence within potential binding sites, referred to as MUT-SP1 3′-UTR, were synthesized by GenScript (Nanjing, China). These sequences were inserted into the XbaI and SacI sites of the pmirGLO dual-luciferase miRNA target expression vector (Promega, USA). These vectors (WT-SP1 3′-UTR or MUT-SP1 3′-UTR together with miR-1224-5p-mimic/miR-1224-5p-inhibitor or miR-NC) were co-transfected into SW480 and HCT116 cells by using Lipofectamine 2000 reagent (Invitrogen, USA). Luciferase activity was measured with the Luciferase Reporter Assay System (Promega, USA) after transfection at 48 h.



Immunohistochemistry

IHC was conducted as previously described (24). Tissue sections (thickness, 4 μm) were deparaffinized in xylene and rehydrated through graded alcohol. Endogenous peroxidase activity was blocked by incubation in 3% H2O2 for 10 min at room temperature. The specific antibodies (Abcam) were used as the primary antibodies by using a streptavidin peroxidase-conjugated method. And staining scores were observed in terms of staining intensity and percentage of positively stained cells. Staining intensity was divided into 4 grades: 0 (no staining), 1 (weak staining), 2 (intermediate staining), or 3 (strong staining). The staining percentage were divided into the following grades: 0 (<5% positive), 1 (<25% positive), 2 (25–50% positive), 3 for (51–75% positive), and 4 (>75% positive) (25). Ten independent fields (×400) were randomly selected to obtain an average score.



In vivo Experiments

Twenty-four 5-week-old male BALB/c nude mice (23–25 g) were purchased from the Animal Core Facility of Nanjing Medical University, Nanjing, China. The mice were randomly divided into four groups: SW480-miR-1224-5p-inhibitor, SW480-miR-NC, HCT116-miR-1224-5p-mimics, and HCT116-miR-NC. The mice were anesthetized by inhalation of isoflurane (0.5–1.0%). The spleen was exteriorized through a vertical 1–1.5 cm subcostal incision in the left abdominal wall. Cells (1 × 106 suspended in 20 μL phosphate buffered saline) were injected into the distal tip of the spleen with a Hamilton syringe. After 3 min, the spleen vessels were tied off using a suture, and the spleen was removed. The inner wound was closed with Vicryl-40 stitches, and the incision was closed with staples. Mice were sacrificed 6 weeks post-injection, and the liver was dissected and embedded in paraffin. The study was approved by the Institutional Animal Care and Use Committee of NJMU.



Statistical Analysis

The data were shown as mean ± standard deviation. Each experiment was performed in triplicate independently. SPSS software 19.0 (Chicago, USA) and Graphpad Prism 8.0 (CA, USA) performed the analyses, including student t-test (two-tailed), Pearson's correlation analysis, Kaplan–Meier analysis, and log-rank test, based on the experimental design. The significance threshold was set at 0.05 in each test.




RESULTS

Downregulated miR-1224-5p Expression Is Closely Related to the Metastasis of CRC

The expression of miR-1224-5p was more dramatically downregulated in 457 CRC samples than in 7 non-tumor colorectal tissues from TCGA data (Figure 1A). In addition, the low expression of miR-1224-5p was conferred in 80 paired CRC tissues and adjacent normal tissues by qRT-PCR (Figure 1B). We defined the CRC tissues with distant metastasis, lymph node metastasis, and tumor invasion via nerve or venous infiltration as aggressive CRC tissues. Figure 1C shows that the level of miR-1224-5p expression in an aggressive tumor was lower than that in a non-aggressive tumor. The level of miR-1224-5p expression in CRC cell lines and NCM460 were also detected. As expected, the normal epithelial colon cell NCM460 showed a higher level of miR-1224-5p expression compared with the CRC cell lines (Figure 1D). To further investigate the association between miR-1224-5p expression levels and clinical characteristics, this study divided the patients into the high expression group and low expression group on the basis of the expression levels of miR-1224-5p, respectively. The result demonstrates that the expression of miR-1224-5p is inversely related to tumor metastasis (Table 1).
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FIGURE 1. miR-1224-5p is underexpressed in CRC tissues and CRC cell lines. (A) miR-1224-5p expression in 457 CRC and 7 non-tumor colorectal tissues from TCGA data. (B) miR-1224-5p expression in 80 paired CRC tissues and adjacent normal tissues. (C) miR-1224-5p expression in aggressive and non-aggressive CRC tissues. (D) miR-1224-5p expression in CRC cell lines and normal epithelial colon cell NCM460. Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001.



Table 1. Expression of miR-1224-5p and SP1 according to patients' clinical features.
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miR-1224-5p Inhibits CRC Cell Migration and Invasion In vitro

We selected two CRC cell lines, SW480 and HCT116, to transfect the miR-1224-5p-inhibitor and mimics lentivirus via the level of miR-1224-5p expression and investigate the biological function of miR-1224-5p in CRC, respectively. The transfection efficiency depicted in Figure 2A confirms that miR-1224-5p was knocked down in SW480 cells and overly overexpressed in HCT116 cells by qRT-PCR. First, we assessed cell migration and demonstrated that downregulated miR-1224-5p increased the migration of SW480 via wound healing assays, whereas miR-1224-5p overexpression greatly inhibited the migration of HCT116 cells (Figures 2B,C). Transwell assays indicated that the downregulated miR-1224-5p increased the migration and invasion of SW480 cells relative to the control group (Figure 2D). By contrast, the HCT116 cells overexpressed miR-1224-5p revealed a substantial decrease in cell migration and invasion (Figure 2E). Moreover, we evaluated cell proliferation by CCK-8 assays and EdU incorporation and there was no significance after regulating the level of miR-1224-5p expression in CRC cells (Figures S1A,B). These findings suggest that upregulated miR-1224-5p inhibits the migration and invasion of CRC cell.
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FIGURE 2. miR-1224-5p inhibits the migration and invasion of CRC cells in vitro. (A) SW480 and HCT116 cells that were transfected with miR-1224-5p-inhibitor and miR-1224-5p-mimics lentivirus were subjected to qRT-PCR for miR-1224-5p. (B,C) Effects of miR-1224-5p on migration in CRC cell lines were detected by wound healing assay, scale bars: 300 μm. (D). Cell migration and invasion as measured by Transwell assays were promoted by miR-1224-5p knockdown in SW480 cells, scale bars: 100 μm. (E) miR-1224-5p overexpression inhibited migration and invasion of HCT116 cells, scale bars: 50 μm. Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001.




miR-1224-5p Regulates the EMT of CRC Cells

EMT plays an important role in the regulation of metastasis in CRC (26). Further research was performed to verify whether miR-1224-5p inhibits CRC metastasis by modulating EMT. We used qRT-PCR and Western blot analysis to evaluate the roles of abnormal miR-1224-5p in EMT. The results of Figure 3A show that downregulated miR-1224-5p in SW480 decreased the expression of tight junction protein ZO-1 and epithelial marker E-cadherin and increased the expression of the mesenchymal markers N-cadherin and vimentin in mRNA and protein levels, respectively. Conversely, overexpressed miR-1224-5p presented a substantial increase in the expression of E-cadherin and ZO1 and decreased the levels of vimentin and N-cadherin expression in HCT116 (Figure 3C). Furthermore, we also determined the transcription factors of EMT including ZEB-1, Snail and Twist and observed that downregulated miR-1224-5p in SW480 increased the expression of ZEB-1, Snail and Twist in mRNA and protein levels, and overexpressed miR-1224-5p decreased in the expression of ZEB-1, Snail and Twist in HCT116 (Figures S2A,B). The results of immunofluorescence show that downregulated miR-1224-5p promotes EMT progression by reducing E-cadherin expression and increasing the vimentin quantity of SW480, whereas upregulated miR-1224-5p produces the opposite effects in HCT116 (Figures 3B,D). In addition, we further explored the correlation between the expression of miR-1224-5p and EMT markers in CRC tissues. We found that E-cadherin expression in miR-1224-5p high expressing CRC tissues was notably higher than that in low expressing cases. Correspondingly, the level of Vimentin expression in the low-expression group of mir-1224-5p was significantly higher than that in the high-expression group (Figure 3E). These findings demonstrate that miR-1224-5p suppresses the EMT of CRC cells.
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FIGURE 3. miR-1224-5p inhibits the EMT process of CRC cells. (A) Western blot analysis of tight junction protein ZO-1, epithelial marker E-cadherin, and mesenchymal markers N-cadherin and Vimentin after miR-1224-5p knockdown in SW480 cells. (B) IF staining of E-cadherin and Vimentin after miR-1224-5p knockdown in SW480 cells, scale bars: 10 μm. (C) miR-1224-5p overexpression increased ZO-1 and E-cadherin expression, and decreased the levels of N-cadherin and Vimentin in HCT116 cells. (D) IF staining of E-cadherin and Vimentin after miR-1224-5p overexpression in HCT116 cells, scale bars: 10 μm. (E) Immunohistochemistry of E-cadherin and Vimentin were detected and compared between miR-1224-5p high expressing CRC tissues and miR-1224-5p low expressing cases. Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *p < 0.05.




SP1 Is the Direct Target of miR-1224-5p

To illustrate the specific mechanism by which miR-1224-5p exerts its biological effects in CRC, we predicted the potential targets by using bioinformatic tools in public databases, including miRanda and TargetScan. We found a conserved putative miR-1224-5p bound to the 3′-UTR of SP1 mRNA. To validate this hypothesis, luciferase reporter assay was performed and the results confirmed that miR-1224-5p directly bind to 3′-UTR of SP1 mRNA (Figure 4A). Next, qRT-PCR and Western blot analysis confirmed that the downregulated miR-1224-5p increased and that the overexpressed miR-1224-5p decreased the expression of SP1 mRNA and protein in the CRC cells (Figure 4B). We detected the expression of SP1 in CRC tissues and cell lines and its correlation with miR-1224-5p. The level of SP1 expression was more upregulated in the CRC tissues compared to adjacent normal tissues and Pearson's correlation analysis found that the SP1 was negatively correlated with miR-1224-5p (Figure 5A). IHC and Western blot analysis were performed to detect the expression of SP1 in eight paired CRC tissues and adjacent normal tissues (Figure 5B). In order to investigate the association between expression patterns and clinical features, and we discovered that high expression levels of SP1 are closely related with CRC metastasis (Table 1). In addition, the level of SP1 mRNA and protein was increased in the CRC cell lines but not in the NCM460 (Figure 5C). Figure 5D shows that the expression level of SP1 in an aggressive tumor was higher than that in a non-aggressive tumor. Moreover, we found via IHC that the expressions of SP1 in the miR-1224-5p high-expressing tumors were substantially lower than those in the miR-1224-5p low-expressing tumors (Figure 5D). Overall, these data indicate that miR-1224-5p can directly negatively regulate SP1.


[image: Figure 4]
FIGURE 4. SP1 was proved to be a potential target of miR-1224-5p. (A) Luciferase reporter assay was conducted to verify that miR-1224-5p bound to the 3′-UTR region of SP1 directly. miR-1224-5p overexpression significantly suppressed, while miR-1224-5p loss increased the luciferase activity that carried wild-type (wt) but not mutant (mut) 3′-UTR of SP1. (B) miR-1224-5p knockdown increased the expression of SP1 mRNA and protein in SW480 cells and miR-1224-5p overexpression decreased the level of SP1 mRNA and protein in HCT116 cells, respectively. Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *p < 0.05 and **p < 0.01.
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FIGURE 5. Expression pattern of SP1 in CRC. (A) Expression of SP1 was upregulated in 80 paired CRC tissues compared with adjacent normal tissues and Pearson's correlation analysis showed the negative correlation of SP1 with miR-1224-5p. (B) Immunohistochemistry showed the expression level of SP1 in CRC tissues and paired adjacent normal tissues, western blot showed the expression level of SP1 protein in 8 paired CRC tissues and adjacent normal tissues. (C) Expression of SP1 mRNA and protein in CRC cell lines and normal epithelial colon cell NCM460 were detected by qRT-PCR and western blot. (D) The mRNA expression of SP1 in aggressive tumors was significantly higher than that in non-aggressive tumors, as determined by qRT-PCR. Representative immunohistochemical staining showed a weak staining of SP1 in miR-1224-5p high-expressing CRC tissue and strong staining of SP1 in the miR-1224-5p low-expressing tumor. Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001.




miR-1224-5p Inhibits Migration and Invasion by Targeting SP1

In order to evaluate the biological role of SP1 interacting with miR-1224-5p in CRC, we performed the rescue experiments. First, we used siRNA-SP1 and pcDNA3.1-SP1 to downregulate or upregulate SP1 in SW480 and HCT116 cells, respectively. We detected the expression of SP1 via qRT-PCR and Western blot analysis (Figure 6A). In SW480 cells, co-downregulated miR-1224-5p and SP1 cells showed a lower expression of SP1 than the downregulated miR-1224-5p. and in HCT116, co-upregulated miR-1224-5p and SP1 cells showed a higher expression of SP1 than the upregulated miR-1224-5p group (Figure 6B). Subsequently, the wound healing assay indicated that the SP1 knockdown in miR-1224-5p-inhibitor SW480 cells substantially reversed the promotion function induced by miR-1224-5p loss on the migration of SW480 cells (Figure 6C). SP1 restoration eliminated the inhibitory effects of miR-1224-5p on HCT116 cell migration (Figure 6D). Similarly, Transwell assay confirmed that the effects of promoting SW480 migration and invasion made by downregulated miR-1224-5p can be counteracted by downregulated SP1 (Figure 6E). Upregulated SP1 abolished the effects of upregulated miR-1224-5p in suppressing HCT116 cell migration and invasion, as shown in Figure 6F. These findings suggest that miR-1224-5p inhibits metastasis in CRC by targeting SP1 expression.


[image: Figure 6]
FIGURE 6. MiR-1224-5p inhibits migration and invasion by targeting SP1. (A) Expression of SP1 mRNA and protein was verified in transfected CRC cell lines by qRT-PCR and western blot. (B) Expression of SP1 was confirmed by qRT-PCR and western blot in co-transfected CRC cell lines. (C,E) Wound healing assay and Transwell assays confirmed that SP1 knockdown abrogated the effects of miR-1224-5p loss on migration and invasion of SW480 cells, scale bars: 300 μm (C) and 100 μm (E). (D,F) SP1 restoration promoted migration and invasion of miR-1224-5p-overexpressing of HCT116 cells, scale bars: 300 μm (D) and 50 μm (F). Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001.




MiR-1224-5p Inhibits the Cell Metastasis of CRC In vivo

In order to reveal the biological effects of miR-1224-5p in vivo, we injected downregulated miR-1224-5p SW480 cells (SW480-miR-1224-5p-inhibitor) and control cells (SW480-miR-NC) or overexpressed miR-1224-5p HCT116 cells (HCT116-miR-1224-5p-mimics) and control cells (HCT116-miR-NC) into the distal tip of the spleen of nude mice. The miR-1224-5p knockdown group showed the most number of and largest foci in the liver of nude mice (Figure 7A). We also confirmed that the liver sections of the miR-1224-5p knockdown group showed increased expression of SP1 (Figure 7B). By contrast, overexpressed miR-1224-5p in HCT116 cells led to a substantial decrease in liver metastasis nodules and SP1 expression (Figures 7C,D). These findings demonstrate that miR-1224-5p represses the metastatic behaviors of CRC and regulates the level of SP1 expression in vivo.


[image: Figure 7]
FIGURE 7. miR-1224-5p inhibits the liver metastasis of CRC cells in vivo. (A,C). Representative photograph of liver metastases obtained from nude mice transfected with miR-1224-5p-inhibitor, miR-1224-5p-mimics, and miR-NC. (B,D). HE staining and immunohistochemistry of liver metastases in miR-1224-5p-inhibitor, miR-1224-5p-mimics, and miR-NC, scale bars: 50 μm (B,D). Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *p < 0.05.




NF-κB Signaling Is Essential for the Biological Function of miR-1224-5p in CRC Cells

Prevenient researches reported that SP1 participates in the biological function of NF-κB signaling pathways and EMT (27). Transfected SW480 and HCT116 cells were subjected to immunoblotting for SP1, IκBα, phosphorylated IκBα, p65, phosphorylated p65, and EMT proteins (ZO1, E-cadherin, vimentin, and N-cadherin). The results showed that the downregulated miR-1224-5p promoted the phosphorylation of p65 and facilitated EMT, whereas the overexpressed miR-1224-5p decreased the level of phosphorylated p65 and inhibited EMT in CRC cells (Figures 8A–F). These results show that miR-1224-5p suppresses the activation of NF-κB pathways in CRC cells. We confirmed such effect by repressing SP1 in SW480 and upregulating SP1 in HCT116 (Figures 8E,F). Downregulated miR-1224-5p HCT 116 and SW480 cells showed deterred migration and invasion after treatment with NF-κB pathway inhibitor HY-10257 (Figures 8B,C). Western blot analysis revealed the same results for HY-10257 causing the inhibition of NF-κB pathways and EMT in SW480 and HCT116 cells transfected with corresponding miRNA lentivirus (Figure 8D).


[image: Figure 8]
FIGURE 8. NF-κB signaling is essential for the biological function of miR-1224-5p in CRC. (A) SW480 and HCT116 cells that were transfected with corresponding miRNA lentivirus were subjected to immunoblotting for SP1, IκBα, phosphorylated IκBα, p65, phosphorylated p65, and EMT. (B,C) NF-κB inhibitor HY-10257 treatment abrogated the effect of miR-1224-5p loss on mobility of HCT116 and SW480 cells, scale bars: 50 μm (B) 100 μm (C,D) Western blot analysis indicated that modulating p65 phosphorylation reversed the effects of miR-1224-5p alteration on EMT process of CRC cells. (E) Expression of protein in co-transfected and transfected CRC cells was detected by western blot. (F) IκBα, phosphorylated IκBα, p65 and phosphorylated p65 protein levels in whole cell lysate, cytosol and nucleus were analyzed by Western blot. Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *p < 0.05, ***p < 0.001.




Clinical Significance of miR-1224-5p and SP1 Expression in Patients With CRC

Kaplan–Meier survival curves showed a substantial reduction in the overall survival (OS) and disease-free survival (DFS) of patients with CRC with low expression of miR-1224-5p (Figures 9A,B), whereas patients with high expressions of SP1 showed substantially worse OS and DFS (Figures 9C,D). Further combinatorial analysis revealed that the patients with low expression of miR-1224-5p and high expression of SP1 had the worst OS and DFS (Figures 9E,F). Aforementioned results indicate that the combination of miR-1224-5p and SP1 can be a potential effective biomarker for clinical prognosis in patients with CRC.


[image: Figure 9]
FIGURE 9. The prognostic value of miR-1224-5p and SP1 in patients with CRC. (A,B) Comparison of overall survival (OS) and disease-free survival (DFS) between patients with high expression of miR-1224-5p and low expressing cases in CRC via Kaplan–Meier analysis. (C,D). Comparison of OS and DFS between patients with high expression of SP1 and low expressing cases in CRC. (E,F). Comparison of OS and DFS between four subgroups of CRC patients (subgroup I: high miR-1224-5p and low SP1; subgroup II: high miR-1224-5p and high SP1; subgroup III: low miR-1224-5p and low SP1; subgroup IV: low miR-1224-5p and high SP1). Log-rank test was used to determine statistical significance: *p < 0.05.




miR-1224-5p Reverses the Facilitation of Hypoxia on Metastasis and EMT of CRC Cells

Hypoxia is the main feature of cancer microenvironments (23). To induce hypoxic conditions (<1% O2), we cultured SW480 cells at 37°C in an AnaeroPack™ jar with AnaeroPack™-Anaero (Mitsubishi, Japan) according to the manufacturer's instruction. The effect of hypoxia was evaluated by the expression of HIF-1α after 24 and 48 h of hypoxia treatment (Figure 10A). The relative expressions of miR-1224-5p in the SW480 cells declined after hypoxia treatment in a time-dependent manner (Figure 10B). The migration and invasion of the SW480 cells after hypoxia treatment were greatly enhanced, whereas this increased metastasis was rescued in overexpressed miR-1224-5p SW480 cells (Figures 10C,D). The data of the Western blot analysis demonstrated that overexpressed miR-1224-5p rescued the hypoxia-induced EMT progression of the decreased expressions of SP1, p- IκBα, p-p65, N-cadherin, and vimentin and the increased levels of ZO1 and E-cadherin in SW480 cells (Figures 10E,F). These findings demonstrate that miR-1224-5p reverses the promotion of hypoxia in the metastasis and EMT of CRC cells.


[image: Figure 10]
FIGURE 10. miR-1224-5p mediates the promoting effects of hypoxia on metastasis and EMT of CRC cells. (A) The expressions of HIF-1α in different time points in normoxia and hypoxia condition. (B) The levels of miR-1224-5p in SW480 cells cultured in normoxia and hypoxia. (C,D) Transwell assays and Wound healing assay revealed that hypoxia promoted migration and invasion of SW480 cells, while miR-1224-5p overexpression abolished the effects of hypoxia, scale bars: 100 μm (C) and 300 μm (D,E). Hypoxia facilitated the EMT process of SW480 cells and miR-1224-5p restoration showed an opposite effect. (F) IκBα, phosphorylated IκBα, p65, and phosphorylated p65 protein levels in whole cell lysate, cytosol and nucleus were analyzed by Western blot. Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *p < 0.05, and **p < 0.01.





DISCUSSION

Considerable research has shown that aberrantly expressed miRNAs are closely related to the initiation and progression of CRC (22, 28). In addition, miRNAs are novel prognostic biomarkers and potential therapeutic targets for CRC (29). For the first time, this study found that miR-1224-5p is remarkably downregulated in CRC tissues and cell lines. Furthermore, the aggressive phenotype of CRC presented a lower level of miR-1224-5p expression than non-aggressive tumor. In addition, we found that HCT116 showed the higher metastatic ability with the lower expression level of miR-1224-5p compared with SW480. These data show that miR-1224-5p exerts a tumor suppressor in CRC.

Distant and local metastases are the leading causes of poor prognosis in patients with CRC. Increasing evidence suggests that miRNAs play a key role in regulating the metastasis of cancer, including CRC (30). In the present study, gain- and loss-of-function experiments verified that overexpressed miR-1224-5p inhibits the migration and invasion of CRC cells, whereas down-regulated miR-1224-5p promotes the metastatic behaviors of CRC cells. EMT is a key process in regulating the progression of metastasis in CRC (31). In this research, we investigated that upregulated miR-1224-5p inhibits EMT in CRC cells. We also detected that miR-1224-5p overexpressing CRC cells show upregulated E-cadherin and downregulated vimentin. These data indicate that miR-1224-5p inhibits CRC metastatic behaviors by repressing EMT.

In order to investigate the specific mechanism of miR-1224-5p in CRC, bioinformatic tools were used to find the putative targets of miR-1224-5p. We chose to study SP1 through preliminary validation in CRC tissues via qRT-PCR, which is dysregulated in different cancers (27, 32, 33). Moreover, SP1 acts a critical part in the EMT of CRC (27, 34). Then we demonstrated that miR-1224-5p directly targets SP1 and exercises its biological function in CRC. First, miR-1224-5p represses SP1 abundance in CRC cells. Second, the complementary base of miR-1224-5p is found in the 3′UTR of SP1 mRNA. The luciferase activity of WT 3′UTR of SP1, and not that of MUT 3′UTR, is changed by the overexpression and knocking down of miR-1224-5p. Third, SP1 is negatively correlated with miR-1224-5p expression in CRC tissues. SP1 mediates the miR-1224-5p regulation of CRC cell migration, invasion, and EMT. Previous studies have demonstrated that SP1 is involved in the up-regulation of p65 (NF-κB subunit) through binding to its promoter region and then enhancing its transcriptional activity (27, 35, 36). We first investigated whether SP1 is directly targeted by miR-1224-5p to verify whether SP1 participating in up-regulation of p65 expression. We found that the overexpression of miR-1224-5p significantly inhibited the expression of SP1, thereby reducing the expression of p65. The overexpression of SP1 abolished the changes of mir-1224-5p-induced EMT phenotype and related EMT markers. To further verify whether the activation of NF-κB is dependent on SP1 expression in miR-1224-5p-induced EMT, the expression levels of p-IκB, and p-p65 in miR-1224-5p-induced CRC cells were blocked when we decreased the expression of SP1. ZEB1 and TWIST1, which are the major transcription factors and regulators in the EMT, are reported to be regulated by NF-κB (37, 38). In addition, the expression of Vimentin is directly regulated by NF-κB through binding to its promoter region (39). The activation of the NF-κB signaling pathway is related to the malignant transformation and progression of CRC and the regulation of malignant characteristics of cancer cells (40, 41). In addition, NF-κB plays a critical role in CRC EMT (42). Here, we demonstrated that NF-κB inhibitors terminate the stimulation of miR-1224-5p knockdown during CRC cell migration, invasion, and EMT. Therefore, the role of miR-1224-5p in CRC cells might be associated with the SP1/NF-κB pathway.

Whether miR-1224-5p and SP1 are valuable predictors for the diagnosis and prognosis of patients with CRC must be proven. We discovered that the low-expression of miR-1224-5p and high-expression of SP1 are remarkably related to unfavorable clinical features in patients with CRC. Furthermore, low levels of miR-1224-5p and overexpression of SP1 and their combination are significantly related with poor prognosis in patients with CRC. Abovementioned results indicate that miR-1224-5p and SP1 may be promising biomarkers to predict prognosis in patients with CRC.

Previous studies confirmed that a hypoxic environment leads to the abnormal expression of miRNAs and promotes CRC metastasis (43, 44). Therefore, we attempted to determine the association between hypoxic environment and miR-1224-5p in CRC. A substantial drop of miR-1224-5p expression was observed after hypoxia treatment. In addition, overexpressed miR-1224-5p reversed the stimulation of hypoxia during the metastasis and EMT of CRC cells. Abovementioned data indicate that hypoxia-induced miR-1224-5p depletion promotes the migration, invasion and EMT of CRC (Figure 11).


[image: Figure 11]
FIGURE 11. Proposed model of miR-1224-5p-induced EMT via targeting SP1-mediated NF-κB signaling pathway in CRC cells.


Taken together, this study firstly confirms that the level of miR-1224-5p decreases in both CRC tissues and cell lines and that decreased the level of miR-1224-5p expression is associated with advanced clinicopathological features. Moreover, miR-1224-5p inhibits the metastasis and EMT of CRC cells by directly targeting the SP1-mediated NF-κB pathway. miR-1224-5p under expression, SP1 over expression, and the combination of them are promising prognostic biomarker for CRC patients. In addition, hypoxia is one of the key factors of miR-1224-5p reduction in CRC cells. In conclusion, the abnormal of miR-1224-5p act a vital role in tumor migration and invasion and may be a novel biomarker of prognosis and promising target of therapy for CRC.
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Figure S1. miR-1224-5p does not regulate the cell growth in CRC cells. (A) CCK-8 was used to detect the cell growth after modulating miR-1224-5p expression in CRC cells. (B) Effects of miR-1224-5p on proliferation in CRC cell lines were detected by EdU, scale bars: 50 μm. Student's t-test and log-rank test were used to determine statistical significance.

Figure S2. miR-1224-5p suppresses EMT process of CRC cells. (A) SW480 cells that were transfected with miR-1224-5p-inhibitor and miR-NC, respectively, were subjected to qRT-PCR and immunoblotting for the expression of EMT-related markers including ZEB-1, Snail and Twist. (B) Overexpressed miR-1224-5p decreased the levels of ZEB-1, Snail, and Twist in HCT116 cells. Data represent the mean ± SD from three independent experiments. Student's t-test was used to determine statistical significance: *P < 0.05.
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Metastasis is the main cause of cancer-related mortality. Although the actual process of metastasis remains largely elusive, epithelial-mesenchymal transition (EMT) has been considered as a major event in metastasis. Besides, hypoxia is common in solid cancers and has been considered as an important factor for adverse treatment outcomes including metastasis. Since EMT and hypoxia potentially share several signaling pathways, many recent studies focused on investigate the issue of hypoxia-induced EMT. Among all potential mediators of hypoxia-induced EMT, hypoxia-inducible factor-1α (HIF-1α) has been studied extensively. Moreover, there are other potential mediators that may also contribute to the process. This review aims to summarize the recent reports on hypoxia-induced EMT by HIF-1α or other potential mediators and provide insights for further investigations on this issue. Ultimately, better understanding of hypoxia-induced EMT may allow us to develop anti-metastatic strategies and improve treatment outcomes.
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INTRODUCTION

Metastasis is the major cause of cancer-associated deaths (1). It is a sequential event of uncontrolled cell proliferation, angiogenesis, detachment, motility, invasion into bloodstream, settle in the microvasculature, and finally extravasation from the blood vessel and proliferation in secondary sites. It is a complicated process involving multiple genes and signaling pathways for each step (2–4). Although much of the exact mechanism remains unknown, epithelial-mesenchymal transition (EMT), which is a cellular process that enables a polarized epithelial cell to undergo changes to be a mesenchymal cell phenotype, has been regarded as an important event for metastasis (4). Apart from EMT, hypoxia, which is cell having a lower oxygen tension than normal condition, is a common phenomenon in most solid tumors (5). Hypoxia could trigger various signaling pathways which may lead to adverse clinical outcomes in cancer including higher invasiveness and tendency to metastasize (5–7). Studies in the field of cancer biology have linked these two important tumorigenesis events together when unraveling the process of metastasis (8). Among different hypoxia-related pathways, hypoxia-inducible factor-1α (HIF-1α) has been studied extensively (9). In this review, we summarize previous researches and recent findings of the effect of hypoxia on EMT induction with emphasis in various hypoxia-related mediators.



EMT IN CANCER

EMT is involved during the implantation of the embryo and the initiation of placenta formation (Type 1), inflammation and fibrosis (Type 2), and in the change of primary epithelial cancer cell to invasive and metastatic mesenchymal cell (Type 3) (10). Type 3 EMT (hereby referred as EMT) comprises activation of transcription factors, expression of specific cell surface proteins, reorganization and expression of cytoskeletal proteins, production of extracellular matrix (ECM)-degrading enzymes and changes in the specific microRNA (miRNA) expressions (10). This leads to increased invasiveness, migratory capacity, production of ECM components and resistance to apoptosis of cancer cells (10). Furthermore, EMT could affects the immune cell functions in the tumor microenvironment and promotes an immunosuppressive tumor microenvironment to escape immune surveillance by immune cells (11).

Epithelial cells are held together by various cell adhesion molecules including claudins and E-cadherin for attachment to both the basement membrane and adjacent cells and maintenance of epithelial phenotype. The loss of function or expression of E-cadherin and tight junction proteins, and also the increase of mesenchymal markers including vimentin, fibronectin, and N-cadherin, have been considered as the main molecular events of EMT (12). Cadherins are transmembrane components of the adherens junction, which play important role in cell-cell adhesion and actin cytoskeleton (13). E-cadherin is pre-dominantly expressed by normal epithelial tissues. However, many epithelial cancer cells have reduced E-cadherin expression and the loss of E-cadherin is correlated to poor prognosis in a variety of cancers (14). While N-cadherin is typically expressed in mesenchymal cells, which are more spindle-shaped and less polarized than epithelial cells (13). Hence, the transition from E-cadherin to N-cadherin is considered as the major process in EMT induction. Nonetheless, the disintegration of adherens junctions between cells changes the cytoskeletal composition and cell polarity to a more spindle-shaped form. In cancer cells undergoing EMT, the actin cytoskeleton is reorganized from cortical thin bundles into thick contractile stress fibers at the ventral cell surface (15). The monomers of actin, i.e., globular-actin (G-actin), polymerize to form filamentous-actin (F-actin) to start the formation of various migratory protrusions including podosomes, invadopodia, filopodia, and lamellipodia. This process is known as dynamic actin reorganization (16). It is a prerequisite for the morphology change, migration and invasion of cancer cells (16, 17). Another protein, vimentin, is a Type III intermediate filament protein that is a major cytoskeletal component of mesenchymal cells (18). Whereas, fibronectin is a stromal ECM protein that binds to integrin receptors to link the ECM with cytoskeleton (19). The up-regulations of these mesenchymal markers also mark the EMT induction process. Moreover, cells undergoing EMT could degrade and invade basal extracellular matrix by matrix metalloproteinases (MMPs) (11).

There are several EMT transcription factors including the zinc-finger binding transcription factors: Snail1 (Snail) and Snail2 (Slug), zinc finger E-box-binding homebox 1/2 (ZEB1/2), TWIST, and lymphoid enhancer-binding factor-1 (LEF-1). They bind to the promoter region of cell adhesion genes and repress their transcription. The reduced cell adhesion initiates EMT. These core EMT transcription factors have non-redundant functions yet they may cooperate to promote EMT (20). Snail and Slug bind to the promoter of cadherin-1 (CDH1), which encodes E-cadherin, to repress its transcription. The other molecules, ZEB1 and ZEB2, mediate the bipartite E-box regions of DNA for flanking the CDH1 gene, resulting in E-cadherin repression. Both Twist-related protein 1 (TWIST1) and Twist-related protein 2 (TWIST2) belong to the basic helix-loop-helix (bHLH) transcription family. They also flank the CDH1 gene to repress E-cadherin. In addition, it has been reported that TWIST1 binds with Slug promoter to stimulate EMT in human mammary cells (21). LEF-1 could also directly repress E-cadherin and induce EMT (22). Its overexpression in colon carcinoma cell lines could promote EMT by nuclear β-catenin activation (23). In general, these factors are usually associated with poor prognosis in different types of cancer (24–35).

Multiple signaling pathways that are involved in these EMT-inducing factors have been reviewed recently (12). Furthermore, miRNA-transcription factor regulatory circuits, along with long non-coding RNAs, have also been proposed recently for complex control of EMT process (11, 36). In this review, we focus on the pathways related to hypoxia.



TUMOR HYPOXIA

Hypoxia is a common phenomenon in most solid tumors (5). Even though tumors are developed by clonal expansion, the cells are in different stages of maturation and differentiation. Tumor cells are also arranged in different geometry. Therefore, each individual tumor is a heterogeneous population of cells and each individual tumor cell has its own microenvironment (37). Although tumor cells can promote angiogenesis that stimulate the growth of endothelial cells from neighbor blood vessels for the supply of nutrients, over-population, increase in oxygen diffusion distances of cells, anarchic tumor vasculature with irregular blood flow and low oxygen diffusion are common causes of poor oxygenation (37–39). In addition, hypoxia could be more prominent due to tumor-induced or treatment-induced anemia and low hemoglobin levels in blood (39). In normal tissues, the oxygen tension (pO2) is normally 10–80 mmHg, while tumors often contain low oxygen concentration regions of severe hypoxia (<0.5 mmHg) and intermediate hypoxia (0.5–20 mmHg) (5). Hypoxia could pose a variety of adverse clinical outcome during the treatment of cancer. It has been reported to increase radioresistance at pO2 level of <1–10 mmHg, genomic instability, angiogenesis, vasculogenesis, invasiveness, boosted stem cell properties. Most importantly, cells under hypoxia may have higher tendency to metastasize and improved survival in nutrient deprived environment (5, 7).

Hypoxia-inducible factors (HIFs) are the major transcriptional regulators in response to hypoxia, which consist of an oxygen-regulated HIF-α subunit (HIF-1α or HIF-2α) dimerizing with HIF-1β in hypoxia. It activates target gene transcription with CREB-cAMP-response element binding protein (CBP) in hypoxia responsive elements (HRE). In normoxia, HIF-1α is hydroxylated at proline 402 and 531 while HIF-2α is hydroxylated at proline 405 and 531 by HIF-α prolyl hydroxylases (PHDs) and factor inhibiting HIF (FIH) proteins within its oxygen-dependent degradation domain (ODD) of PHDs. This process regulates the binding of von Hippel-Lindau (VHL) tumor suppressor E3 ligase for Lys48-linked polyubiquitination of HIF-α and finally results in proteasomal degradation. Whereas, FIH hydroxylates HIF-1α and HIF-2α at asparagine 803 and 847 within the C-terminal transactivation domain, respectively. This action blocks HIF interaction with p300 or CBP and prevents transcription of target genes (40–42).

HIF-1α and HIF-2α have distinct physiological roles though they are similar in overall amino acid sequence, domain structure and activation mechanisms (43). HIF-1α is usually up-regulated more prominently in shorter time interval (2–24 h) and lower oxygen level (<0.1% O2) whereas HIF-2α is usually up-regulated in a higher oxygen level (<5% O2) with longer maintenance time (48–72 h) in some cell lines (39, 40). HIF-1α regulates a variety of tumor processes for adaptation, such as metabolism, erythropoiesis, angiogenesis, invasion, cell survival and proliferation (40, 44). HIF-1α could regulate various EMT transcription factors, histone modifiers [e.g., histone lysine-specific demethylase 4B (KDM4B)], enzymes [e.g., lysyl oxidase (LOX), MMP1, MMP3], chemokine receptors 1 and 4 (CX3CR1, CXCR4), adhesion molecules [e.g., angiopoietin-like 4 (ANGPTL4), L1 cell adhesion molecule (L1CAM)], and miRNA targets to promote metastasis (45). Its expression was associated with poor treatment outcome in different types of cancer (44, 46, 47).

Apart from hypoxia-induced HIF-1α activation, HIF-1α could be controlled by oxygen-independent oncogenic regulation, which includes growth factor signaling pathways such as phosphatidylinositol-3-kinase (PI3K) activation, mouse double minute 2 homolog (Mdm2) pathway and heat shock protein 90 (Hsp90) (48). In addition, HIF-1α activation is associated with the Warburg metabolites including glucose transporters and glycolytic enzymes (49). Furthermore, reactive oxygen species (ROS) could stabilize HIF-1α under normoxia via several proposed models (50).

Though HIF-1α has been intensively researched, HIF-2α was less studied. A recent study by Li et al. (51) found that HIF-2α was significantly expressed in the cancer stem cell population but not in other tumor cells. Moreover, HIF-2α was proposed to promote stem cell marker expression, a stem cell phenotype and tumorosphere formation in hypoxic conditions (38). Therefore, HIFs are required for cancer stem cell survival and tumor progression (38). In fact, HIF-1α and HIF-2α may have antagonistic roles in some cellular functions including cell growth. For example, HIF-1α promoted the growth of SW-480 colon cancer cells while HIF-2α suppressed the tumor growth (41). It is important not to generalize because HIF-1α and HIF-2α may have different effect in other tumor cell lines (43). Recent studies also showed HIF-1α and HIF-2α regulate various non-coding RNAs for facilitating tumorigenesis (52).



HIF-MEDIATED EMT

Initially, both EMT and hypoxia are considered as separate events promoting invasion and metastasis of various types of cancer. Recently, the term hypoxia-induced EMT has been proposed because the signaling pathways are inter-related. Among all the signaling pathways involved in hypoxia, the HIF pathway was proposed to be the most important one for hypoxia-induced EMT though it may also be regulated by oxygen-independent mechanisms (Figure 1). In earlier studies, HIF-1α has been linked with transforming growth factor β (TGF-β) activation in hepatocyte during liver fibrosis and human umbilical vein endothelial cells (53, 54). TGF-β can also suppress both mRNA and protein expressions of PHD2 and consequently increases HIF-1α stability (55). TGF-β is the most studied EMT signaling pathway, which includes the HIF-1α related mothers against decapentaplegic homologs (SMAD) signaling and non-SMAD signaling. For SMAD signaling, the phosphorylation of TGF-βRI activates SMAD signaling after binding to TGF-βRII and TGF-βRIII. Then the oligomerization of SMAD2/3 with SMAD4 and the nuclear import of the R-SMAD/SMAD4 complex are enabled for binding regulatory elements inside the nucleus and inducing the transcription of EMT associated genes. While non-SMAD signaling involved various mitogen-activated protein kinases (MAPKs) and PI3K- protein kinase B (Akt)- mechanistic target of rapamycin (mTOR), which will be introduced in later parts of this review (56). HIF-1α was found to regulate TGF-β-SMAD3 pathway in breast cancer patients (57). Apart from the crosstalk between HIF-1α and TGF-β, another important EMT pathway Wnt/β-catenin could also enhance hypoxia-induced EMT by potentiating with HIF-1α signaling in hepatocellular carcinoma (58). Moreover, HIF-1α is linked to the expression of immunosuppressive molecules in tumor cells, which could potentiate EMT induction through TGF-β signaling (59, 60). EMT could in turn elicit multiple immune-regulatory effects causing natural killer (NK) and T-cell apoptosis and increase of regulatory T and B cells (61). Furthermore, HIF-1α was found to mediate hedgehog signaling for EMT and invasion in pancreatic cancer cells and the silencing of HIF-1α would reverse hypoxia-induced hedgehog signaling activation (62). Therefore, there were definitive cross-talks between HIF-1α and other EMT signaling pathways yet the relationship could be tumor-type and context-dependent.
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FIGURE 1. HIF-1α mediated EMT. HIF-1α promotes EMT induction in various cancer types by multiple ways. Various pathways promote EMT induction, resulting in loss of cell-cell adhesion and dynamic actin reorganization.


Aside from the studies concerning the cross-talks between HIF-1α and other EMT pathways, more researches have focused on HIF-1α modulation of various EMT transcription factors including TWIST, Snail, Slug, SIP1, and ZEB1 (Table 1). For HIF-1α-TWIST interaction, HIF-1α could bind directly to TWIST by HRE in the TWIST proximal promoter in hypopharyngeal and breast cancer cell lines. It also promoted metastasis and the over-expression of TWIST was essential for HIF-1α-mediated EMT and non-redundant when compared with other EMT inducers such as Snail (63). The co-expression of HIF-1α, TWIST, and Snail in primary tumors of head and neck cancer patients correlated with the poorest prognosis (63). The up-regulation of TWIST by HIF-1α was also found among clinical samples of ovarian epithelial cancers and was associated with lower overall survival rate (26).


Table 1. HIF-1α-EMT transcription factors association studies in different cancer types.
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For HIF-1α-Snail interaction, HIF-1α first activates histone deacetylase 3 (HDAC3). HDAC3 could then bind to the promoters of CDH1 and junction plakoglobin (JUP) and eventually promote transcription of Snail (12, 72). In an in silio analysis by Luo et al. (73), HIF was found to bind with a putative HRE within minimal Snail promoter of mouse, demonstrating possible direct interaction between HIF and Snail. HIF-1α-induced Snail activation was found in liver and lung cancers (34, 64). Zhang et al. (34) found both HIF-1α and Snail overexpression were correlated with pathological classification, TNM staging, and tumor volume in hepatocellular carcinoma patients. The disease-free survival was also significantly shorter in HIF-1α positive group than HIF-1α negative group. This study also showed the elevation of Snail mRNA expression level after HIF-1α stabilization accompanied with E-cadherin repression plus vimentin and N-cadherin up-regulation. Meanwhile, in a shorter path, HDAC3 also regulates the formation of histone methyltransferase complexes by WD repeat-containing protein 5 (WDR5) recruitment to induce vimentin and N-cadherin expression (12, 72). As a chromatin modifier, HDAC3 could directly deacetylate histone H3 Lys4 acetylation (H3K4Ac) for promotion of EMT marker genes and indirectly increased the levels of histone H3 Lys4 di/trimethylation (H3K4me2/3) through WDR5, yet the exact molecular mechanisms remained to be explored (74).

For another important zinc-finger binding transcription factor Slug, HIF-1α was associated with its expression in head and neck squamous carcinoma, lung, and pancreatic cancer cells (33, 64, 66, 67). Similar to Snail, Slug was also suggested to contain HRE in its promoter for direct interaction between HIF-1α and Slug (75). SIP1 activation, together with Snail activation and E-cadherin repression, were found to be HIF-1α-mediated in VHL−/− renal clear-cell carcinoma cell line (65). The reintroduction of wild-type VHL could suppress SIP1 and Snail but not Slug, and removed the suppression of E-cadherin (65).

HIF-1α could bind directly to the proximal promoter of ZEB1 via HRE in colorectal cancer cells (68). Additionally, this research group demonstrated the importance of ZEB1 in HIF-1α induced metastasis with higher percentage of HIF-1α and ZEB1 positive staining and lower percentage of E-cadherin positive staining in patients' metastatic lymph nodes compared with primary colorectal cancer tissues (68). The influence of HIF-1α on ZEB1 was also evaluated among bladder cancer (69), glioblastoma (70) and pancreatic cancer cells (67, 71). Joseph et al. (70) has evaluated HIF-1α but not HIF-2α up-regulated ZEB1 under hypoxia in glioblastoma cells.

HIF-1α may also act on some EMT transcription factors indirectly through FoxM1 signaling pathway in prostate cancer cell lines (76) and through PAFAH1B2 gene in pancreatic cancer (77). HIF-1α also facilitated the regulatory loop with integrin-linked kinase (ILK) to promote epithelial-mesenchymal transition in breast and prostate cancer cell lines (78). In the view of previous research findings, it is clear that HIF-1α takes important roles in hypoxia-induced EMT through promoting wide range of EMT transcription factors through multiple signaling pathways in various cancer types. Whereas, for HIF-2α-mediated EMT, researches in this area remained scarce. Notably, HIF-2α could also activate EMT transcription factors including TWIST2 in lung and pancreatic cancer cells and WDR5 for promoting mesenchymal gene expression (72, 79, 80). As HIF-2α has longer activation period at higher oxygen level than HIF-1α, it could be an important mediator of EMT induction at milder hypoxia and thus further studies of HIF-2α-mediated EMT are warranted.



HYPOXIA-INDUCED NON-HIF EMT PATHWAYS

In addition to HIF pathways, other signaling pathways involved in hypoxia may have distinctive characters in inducing EMT [Summarized in Figure 2; (12, 81–85)].


[image: Figure 2]
FIGURE 2. Hypoxia-induced Non-HIF EMT pathways. Apart from HIF-1α, there are several potential hypoxia-induced pathways for EMT induction.



AMPK

Hypoxia can cause up-regulation of AMP-activated protein kinase (AMPK) as adenosine monophosphate (AMP)/adenosine triphosphate (ATP), or adenosine diphosphate (ADP)/ATP ratios are increased in physiological stresses. AMPK regulates cancer progression, lipid synthesis and oxidation, DNA repair and autophagy (86). Traditionally, AMPK was considered as a metabolic tumor suppressor for tumor cell survival under nutrient depletion (87). However, in the context of AMPK-mediated EMT, contradictive results have been reported. Saxena et al. (88) claimed that AMPK activation by AMPK activator A769662 could increase the expression and nuclear localization of TWIST1 and thus promote EMT induction in breast cancer, melanoma and lung adenocarcinoma cell lines. On the contrary, Chou et al. (89) showed that AMPK activation by another AMPK activator OSU-53 could suppress EMT by modulating the Akt-MDM2-Foxo3 signaling axis. The silencing of AMPK could abrogate the reverse of the mesenchymal phenotype among breast and prostate cancer cell lines. Other researches demonstrated that AMPK could suppress EMT of pancreatic cancer and hepatocellular carcinoma cells (90–92). In the previous researches, specific AMPK activators or inhibitors were used to evaluate AMPK-mediated EMT. The results are controversial, hence, further researches on the character of AMPK in hypoxia-induced EMT are needed.



PI3K-Akt-mTOR

PI3K-Akt-mTOR is commonly activated in cancer cells. It has important roles in cell proliferation, nutrient uptake, anabolic reactions, and autophagy (93, 94). This pathway can also be activated by hypoxia and interacts with HIF-1α in different cell types (9, 95–97). PI3K-Akt-mTOR has been considered as a mediator of TGF-β signaling through non-SMAD pathway. TGF-β may activate PI3K directly or by activation of epidermal growth factor (EGF) and platelet-derived growth factor (PDGF) receptors in various cell types (12). The mutations in PIK3CA or loss of PTEN is associated with colorectal cancer progression through activation of PI3K-Akt pathway with Akt signaling found to up-regulate Snail and Slug (98). Similar Akt-Snail activation for EMT induction was also found among tongue squamous cell carcinoma cell lines (99). Inhibition of Akt could reverse EMT by restoring E-cadherin in oral squamous cell carcinoma cells (100). In addition, Akt activates both mTORC1 and mTORC2, which are found to induce EMT, motility and metastasis of colorectal cancer by RhoA and Rac1 signaling (101). PI3K-Akt-mTOR could also influence HIF-1α activation as mTOR is an upstream mediator of HIF-1α (97). mTOR regulates translation via phosphorylation of 4E-BP1, which in turn inhibits interaction of eIF4E with translation initiation complex and results in mRNA translation activation and facilitate HIF-1α protein synthesis (102). Although there are plenty of researches demonstrating PI3K-Akt-mTOR mediated EMT, there are no research published to date concerning the hypoxia-driven PI3K-Akt-mTOR in EMT induction.



MAPKs

MAPKs are evolutionarily conserved kinases for controlling fundamental cellular processes such as cell differentiation, growth, proliferation, apoptosis, autophagy and migration (94, 103). Mainly, three MAPKs extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 MAPK are hypoxia-related and involved in EMT induction through non-SMAD TGF-β signaling (9, 12, 84, 104). MAPK signaling also plays a role in HIF α-subunit nuclear accumulation and transcriptional activity (102). For ERK pathway, the ERK-associated oncogene RAS overexpression promotes EMT through CyclinD1 and E-cadherin regulation (105). The disruption of ERK1 and ERK2 activation could prevent the delocalization of E-cadherin (104). ERK2 could also regulate EMT by DOCK10-dependent Rac1/FoxO1 signaling (106). For the studies on ERK influence in EMT transcription factors, Slug is a target of RAS pathway among colorectal cancer cell lines with mutant RAS (107). While ZEB1, but not Snail nor Slug, was reported to be the target of ERK for EMT induction in lung cancer cell lines (108). Demonstration of ERK-mediated EMT was also found in pancreatic and prostate cancer cell lines (109, 110). Moreover, FGFR3 and WISP1 overexpression in melanoma could also promote ERK-mediated EMT (111, 112). ERK1 and ERK2, together with other MAPKs JNK and p38 MAPK, were found to stabilize the phosphorylation site of TWIST1 for EMT induction in breast cancer cells (113).

JNK and p38 MAPK mediations of EMT start with the E3 ligase member TRAF6, which in turn activates TGF-βRI for EMT induction (12). In earlier studies, JNK phosphorylation is found to mediate TGF-β1-induced EMT by promoting fibronectin and vimentin synthesis in fibroblasts and keratinocytes (114–116). Additionally, JNK activation of the proliferating cell nuclear antigen (PCNA) and DNA methyltransferase 1 associated protein 1 (DMAP1) domains of DNA methyltransferase 1 (DNMT1) can directly interact with Snail and suppress E-cadherin in colorectal cancer, glioma, and nasopharyngeal carcinoma cell lines (117–119). Furthermore, JNK may be associated with Snail and TWIST1 via c-Jun in multi-drug resistant epidermoid carcinoma and as a downstream effector of Akt in gastric cancer cells (120, 121). Other researches also associated JNK with EMT induction in colorectal cancer (122) and non-small cell lung cancer cells (123). Whereas, for p38 MAPK-mediated EMT, Lin et al. (124) evaluated that p38 MAPK regulated p38 interacting protein (p38IP) and Snail in head and neck squamous cell carcinoma. Another study revealed that p38 MAPK participated in TGF-β induced EMT in glioma cells (125).

To date, there was only one published report on the participation of MAPKs in hypoxia-induced EMT despite MAPKs were found to be important EMT regulators from the view of previous researches. Tam et al. (126) demonstrated that JNK pathway mediates EMT and stemness maintenance of colorectal cancer cells under low oxygen level including hypoxia (1%) and blood oxygen level (10%). This was the first report that showed even the seemingly non-hypoxic 10% oxygen level could affect EMT progression in cancer as that in the traditional hypoxic oxygen level (1–2%). Therefore, MAPK signaling could be an important regulator for hypoxia-induced EMT.



NF-κB

Nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) presents in almost all animal cell types and involves in inflammation, immunity, cell proliferation, apoptosis, angiogenesis, tumor metabolism, metastasis, and EMT (127). It can be activated by various stimuli including cytokines, growth factors, radiation, DNA damage and hypoxia (127). NF-κB mediates EMT by cooperating with Ras and TGF-β in breast cancer cells (128). NF-κB was also associated with ezrin and EGF-induced EMT and promoted metastasis in colorectal cancer cells (129). For NF-κB influence on EMT transcription factors, it could directly promote Slug, SIP1, and TWIST1 in breast cancer cells (130). While for the study of hypoxia-induced NF-κB mediated EMT, Cheng et al. (131) concluded that HIF-1α-activated NF-κB could promote EMT in pancreatic cancer cells by inhibiting E-cadherin and promoting N-cadherin. TWIST was promoted by NF-κB but no significant changes of Snail, ZEB1 or ZEB2 were found. Whereas, Kara et al. (132) demonstrated TNF-α-NF-κB axis together with PI3K-Akt axis, contributed to HIF-1α-mediated EMT induction. Therefore, close relationships between NF-κB and HIF-1α may exist in hypoxia-induced EMT.



Notch

Notch signaling is an evolutionarily conserved pathway which regulates cell differentiation, proliferation and death in all metazoans (133). Notch also involves in tumorigenesis and EMT by the interaction with Delta/Serrate/Lag-2 (DSL) ligands, which subsequently causes a proteolytic cleavage of the Notch receptor protein at the S2 cleavage site with involvement of ADAM10 or ADAM17 (134). Then the second g-secretase-mediated cleavage of the residual part of the Notch protein resulted in the release of the Notch intracellular domain (ICD), which can then directly activate EMT signaling genes (12). For the character of Notch in hypoxia, Notch signaling is important for maintenance of undifferentiated cell state and its intracellular domain cooperates with HIF-1α (135). Notch can directly induce Slug, but not Snail and TWIST1, in breast cancer cell lines (136, 137). However, another study of prostate cancer cells found Notch1 was associated with Snail and ZEB1 (138). Notch can also induce HIF-1α, NF-κB, and miR-200 for EMT induction in various cancer cell lines (139–141). Studies on Notch-mediated hypoxia-induced EMT mainly concentrated on breast cancer cells, which showed Notch worked closely with HIF-1α in hypoxia-induced EMT and the inhibition of Notch could effectively block EMT induction (142, 143). Notch target genes including HES1 and HEY1 were increased by hypoxia and both HIF-1α and HIF-2α synergized with the Notch co-activator MAML1 in promoting Notch activity among breast cancer cells (143). In addition, another study also showed Notch participated in hypoxia-induced EMT in colon cancer, ovarian cancer and glioblastoma with regulation of Snail and HIF-1α (139). Thus, similar to NF-κB, Notch potentiates HIF-1α-induced EMT in hypoxic conditions.




FUTURE PERSPECTIVES

Hypoxia has been conclusively established as a major promoter of EMT. Among various hypoxia-related EMT signaling pathways, HIF-1α is an important mediator of hypoxia-induced EMT in various cancer types. Since HIF-1α is a poor prognosis indicator which also promotes other adverse treatment outcomes, such as chemo and radioresistance, targeting HIF-1α shall increase treatment efficacy and limit metastasis in cancers (144). Inhibiting HIF-1α in different cancer types have found to effectively limit metastasis in both in vitro and in vivo experiments (145). However, there is a lack of selective HIF-1 inhibitors and clinical trials in this area (145). Thus, the clinical potential of this treatment strategy is yet to be revealed. While for other potential pathways for hypoxia-induced EMT, researches on the characters of these pathways in hypoxic conditions are limited especially for PI3K-Akt-mTOR and MAPKs. Since they have proven roles in mediating EMT induction, exploration of their roles in hypoxia-induced EMT shall provide a better picture for hypoxia-induced EMT. They may be activated in different time period and oxygen tension when compared with HIF-1α. This will be essential for better understanding of metastasis mechanism as metastasis involves complex procedures with tumor cells experiencing different oxygen levels from hypoxia in primary tumor site to blood oxygen level in bloodstream (9). Furthermore, potential therapeutic strategies involving multiple EMT effector inhibitions may effectively inhibit EMT at a wider range of oxygen level, which might reduce tumor metastasis and improve treatment outcome.



CONCLUSION

In sum, hypoxia-induced EMT has been established as important route for EMT induction and metastasis in wide range of cancer types in vitro and in vivo. HIF-1α has proved to be the major mediator of hypoxia-induced EMT. In addition, there are other potential pathways involved in hypoxia-induced EMT which may provide clues for controlling hypoxia-induced EMT by developing new anti-metastatic methods and improving prognosis of cancers.



AUTHOR CONTRIBUTIONS

ST and HL contributed in conception and design of the study. ST wrote the original draft. VW and HL supervised the study. HL reviewed and edited the manuscript. All authors read and approved the submitted version.



FUNDING

This research was funded by Postgraduate Studentship to ST, Institutional Research Fund (UAHS), internal start up and Seeding Fund for HL from the Hong Kong Polytechnic University.



REFERENCES

 1. Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. Science. (2011) 331:1559–64. doi: 10.1126/science.1203543

 2. Hunter KW, Crawford NPS, Alsarraj J. Mechanisms of metastasis. Breast Cancer Res. (2008) 10(Suppl. 1):S2. doi: 10.1186/bcr1988

 3. Joseph JP, Harishankar MK, Pillai AA, Devi A. Hypoxia induced EMT: A review on the mechanism of tumor progression and metastasis in OSCC. Oral Oncol. (2018) 80:23–32. doi: 10.1016/j.oraloncology.2018.03.004

 4. Yao D, Dai C, Peng S. Mechanism of the mesenchymal-epithelial transition and its relationship with metastatic tumor formation. Mol Cancer Res. (2011) 9:1608–20. doi: 10.1158/1541-7786.MCR-10-0568

 5. Hill RP, Bristow RG, Fyles A, Koritzinsky M, Milosevic M, Wouters BG. Hypoxia and predicting radiation response. Sem Radiat Oncol. (2015) 25:260–72. doi: 10.1016/j.semradonc.2015.05.004

 6. Kunz M, Ibrahim SM. Molecular responses to hypoxia in tumor cells. Mol Cancer. (2003) 2:23. doi: 10.1186/1476-4598-2-23

 7. Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer. (2011) 11:393–410. doi: 10.1038/nrc3064

 8. Yeo CD, Kang N, Choi SY, Kim BN, Park CK, Kim JW, et al. The role of hypoxia on the acquisition of epithelial-mesenchymal transition and cancer stemness: a possible link to epigenetic regulation. Korean J Int Med. (2017) 32:589–99. doi: 10.3904/kjim.2016.302

 9. Tam SY, Wu VWC, Law HKW. Dynamics of oxygen level-driven regulators in modulating autophagy in colorectal cancer cells. Biochem Biophys Res Commun. (2019) 517:193–200. doi: 10.1016/j.bbrc.2019.07.043

 10. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin Investig. (2009) 119:1420–8. doi: 10.1172/JCI39104

 11. Lu W, Kang Y. Epithelial-mesenchymal plasticity in cancer progression and metastasis. Dev Cell. (2019) 49:361–74. doi: 10.1016/j.devcel.2019.04.010

 12. Gonzalez DM, Medici D. Signaling mechanisms of the epithelial-mesenchymal transition. Sci Signal. (2014) 7:re8. doi: 10.1126/scisignal.2005189

 13. Wheelock MJ, Shintani Y, Maeda M, Fukumoto Y, Johnson KR. Cadherin switching. J Cell Sci. (2008) 121(Pt 6):727–35. doi: 10.1242/jcs.000455

 14. Onder TT, Gupta PB, Mani SA, Yang J, Lander ES, Weinberg RA. Loss of E-cadherin promotes metastasis via multiple downstream transcriptional pathways. Cancer Res. (2008) 68:3645–54. doi: 10.1158/0008-5472.CAN-07-2938

 15. Haynes J, Srivastava J, Madson N, Wittmann T, Barber DL. Dynamic actin remodeling during epithelial-mesenchymal transition depends on increased moesin expression. Mol Biol Cell. (2011) 22:4750–64. doi: 10.1091/mbc.e11-02-0119

 16. Sun BO, Fang Y, Li Z, Chen Z, Xiang J. Role of cellular cytoskeleton in epithelial-mesenchymal transition process during cancer progression. Biomed Rep. (2015) 3:603–10. doi: 10.3892/br.2015.494

 17. Olson MF, Sahai E. The actin cytoskeleton in cancer cell motility. Clin Exp Metastasis. (2009) 26:273–87. doi: 10.1007/s10585-008-9174-2

 18. Kidd ME, Shumaker DK, Ridge KM. The role of vimentin intermediate filaments in the progression of lung cancer. Am J Respir Cell Mol Biol. (2014) 50:1–6. doi: 10.1165/rcmb.2013-0314TR

 19. Li C-L, Yang D, Cao X, Wang F, Hong D-Y, Wang J, et al. Fibronectin induces epithelial-mesenchymal transition in human breast cancer MCF-7 cells via activation of calpain. Oncol Lett. (2017) 13:3889–95. doi: 10.3892/ol.2017.5896

 20. Stemmler MP, Eccles RL, Brabletz S, Brabletz T. Non-redundant functions of EMT transcription factors. Nat Cell Biol. (2019) 21:102–12. doi: 10.1038/s41556-018-0196-y

 21. Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson RA, Come C, et al. Twist, a master regulator of morphogenesis, plays an essential role in tumor metastasis. Cell. (2004) 117:927–39. doi: 10.1016/j.cell.2004.06.006

 22. Jamora C, DasGupta R, Kocieniewski P, Fuchs E. Links between signal transduction, transcription and adhesion in epithelial bud development. Nature. (2003) 422:317–22. doi: 10.1038/nature01458

 23. Kim K, Lu Z, Hay ED. Direct evidence for a role of β-catenin/LEF-1 signaling pathway in induction of EMT. Cell Biol Int. (2002) 26:463–76. doi: 10.1006/cbir.2002.0901

 24. Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH factors in tumour progression: an alliance against the epithelial phenotype? Nat Rev Cancer. (2007) 7:415–28. doi: 10.1038/nrc2131

 25. Chen B, Chen B, Zhu Z, Ye W, Zeng J, Liu G, et al. Prognostic value of ZEB-1 in solid tumors: a meta-analysis. BMC Cancer. (2019) 19:635. doi: 10.1186/s12885-019-5830-y

 26. Kim K, Park EY, Yoon MS, Suh DS, Kim KH, Lee JH, et al. The role of TWIST in ovarian epithelial cancers. Korean J Pathol. (2014) 48:283–91. doi: 10.4132/KoreanJPathol.2014.48.4.283

 27. Kim YH, Kim G, Kwon CI, Kim JW, Park PW, Hahm KB. TWIST1 and SNAI1 as markers of poor prognosis in human colorectal cancer are associated with the expression of ALDH1 and TGF-β1. Oncol Rep. (2014) 31:1380–8. doi: 10.3892/or.2014.2970

 28. Lee HH, Lee SH, Song KY, Na SJ, O JH, Park JM, et al. Evaluation of Slug expression is useful for predicting lymph node metastasis and survival in patients with gastric cancer. BMC Cancer. (2017) 17:670. doi: 10.1186/s12885-017-3668-8

 29. Sasaki K, Natsugoe S, Ishigami S, Matsumoto M, Okumura H, Setoyama T, et al. Significance of Twist expression and its association with E-cadherin in esophageal squamous cell carcinoma. J Exp Clin Cancer Res. (2009) 28:158. doi: 10.1186/1756-9966-28-158

 30. Shioiri M, Shida T, Koda K, Oda K, Seike K, Nishimura M, et al. Slug expression is an independent prognostic parameter for poor survival in colorectal carcinoma patients. Br J Cancer. (2006) 94:1816–22. doi: 10.1038/sj.bjc.6603193

 31. Xu S, Yang Z, Zhang J, Jiang Y, Chen Y, Li H, et al. Increased levels of β-catenin, LEF-1, and HPA-1 correlate with poor prognosis for acral melanoma with negative BRAF and NRAS mutation in BRAF exons 11 and 15 and NRAS exons 1 and 2. DNA Cell Biol. (2015) 34:69–77. doi: 10.1089/dna.2014.2590

 32. Zeng J, Zhan P, Wu G, Yang W, Liang W, Lv T, et al. Prognostic value of Twist in lung cancer: systematic review and meta-analysis. Transl Lung Cancer Res. (2015) 4:236–41. doi: 10.3978/j.issn.2218-6751.2015.04.06

 33. Zhang J, Cheng Q, Zhou Y, Wang Y, Chen X. Slug is a key mediator of hypoxia induced cadherin switch in HNSCC: correlations with poor prognosis. Oral Oncol. (2013) 49:1043–50. doi: 10.1016/j.oraloncology.2013.08.003

 34. Zhang L, Huang G, Li X, Zhang Y, Jiang Y, Shen J, et al. Hypoxia induces epithelial-mesenchymal transition via activation of SNAI1 by hypoxia-inducible factor−1α in hepatocellular carcinoma. BMC Cancer. (2013) 13:108. doi: 10.1186/1471-2407-13-108

 35. Zhang YQ, Wei XL, Liang YK, Chen WL, Zhang F, Bai JW, et al. Over-expressed twist associates with markers of epithelial mesenchymal transition and predicts poor prognosis in breast cancers via ERK and Akt activation. PLoS ONE. (2015) 10:e0135851. doi: 10.1371/journal.pone.0135851

 36. Nieto MA, Huang RY, Jackson RA, Thiery JP. EMT: 2016. Cell. (2016) 166:21–45. doi: 10.1016/j.cell.2016.06.028

 37. Koos B, Kamali-Moghaddam M, David L, Sobrinho-Simoes M, Dimberg A, Nilsson M, et al. Next-generation pathology–surveillance of tumor microecology. J Mol Biol. (2015) 427:2013–22. doi: 10.1016/j.jmb.2015.02.017

 38. Moncharmont C, Levy A, Gilormini M, Bertrand G, Chargari C, Alphonse G, et al. Targeting a cornerstone of radiation resistance: cancer stem cell. Cancer Lett. (2012) 322:139–47. doi: 10.1016/j.canlet.2012.03.024

 39. Zhao J, Du F, Luo Y, Shen G, Zheng F, Xu B. The emerging role of hypoxia-inducible factor-2 involved in chemo/radioresistance in solid tumors. Cancer Treat Rev. (2015) 41:623–33. doi: 10.1016/j.ctrv.2015.05.004

 40. Bracken CP, Fedele AO, Linke S, Balrak W, Lisy K, Whitelaw ML, et al. Cell-specific regulation of hypoxia-inducible factor HIF-1α and HIF-2α stabilization and transactivation in a graded oxygen environment. J Biol Chem. (2006) 281:22575–85. doi: 10.1074/jbc.M600288200

 41. Imamura T, Kikuchi H, Herraiz MT, Park DY, Mizukami Y, Mino-Kenduson M, et al. HIF-1α and HIF-2α have divergent roles in colon cancer. Int J Cancer. (2009) 124:763–71. doi: 10.1002/ijc.24032

 42. Ortmann B, Druker J, Rocha S. Cell cycle progression in response to oxygen levels. Cell Mol Life Sci. (2014) 71:3569–82. doi: 10.1007/s00018-014-1645-9

 43. Keith B, Johnson RS, Simon MC. HIF1α and HIF2α: sibling rivalry in hypoxic tumour growth and progression. Nat Rev Cancer. (2011) 12:9–22. doi: 10.1038/nrc3183

 44. Shioya M, Takahashi T, Ishikawa H, Sakurai H, Ebara T, Suzuki Y, et al. Expression of hypoxia-inducible factor 1a predicts clinical outcome after preoperative hyperthermo-chemoradiotherapy for locally advanced rectal cancer. J Radiat Res. (2014) 52:821–7. doi: 10.1269/jrr.11117

 45. Tsai YP, Wu KJ. Hypoxia-regulated target genes implicated in tumor metastasis. J Biomed Sci. (2012) 19:102. doi: 10.1186/1423-0127-19-102

 46. Russell J, Carlin S, Burke SA, Wen B, Yang KM, Ling CC. Immunohistochemical detection of changes in tumor hypoxia. Int J Radiat Oncol Biol Phys. (2009) 73:1177–86. doi: 10.1016/j.ijrobp.2008.12.004

 47. Schrijvers ML, van der Laan BF, de Bock GH, Pattje WJ, Mastik MF, Menkema L, et al. Overexpression of intrinsic hypoxia markers HIF1α and CA-IX predict for local recurrence in stage T1-T2 glottic laryngeal carcinoma treated with radiotherapy. Int J Radiat Oncol Biol Phys. (2008) 72:161–9. doi: 10.1016/j.ijrobp.2008.05.025

 48. Masoud GN, Li W. HIF-1α pathway: role, regulation and intervention for cancer therapy. Acta Pharm Sin B. (2015) 5:378–89. doi: 10.1016/j.apsb.2015.05.007

 49. Courtnay R, Ngo DC, Malik N, Ververis K, Tortorella SM, Karagiannis TC. Cancer metabolism and the Warburg effect: the role of HIF-1 and PI3K. Mol Biol Rep. (2015) 42:841–51. doi: 10.1007/s11033-015-3858-x

 50. Movafagh S, Crook S, Vo K. Regulation of hypoxia-inducible factor-1a by reactive oxygen species: new developments in an old debate. J Cell Biochem. (2015) 116:696–703. doi: 10.1002/jcb.25074

 51. Li Z, Bao S, Wu Q, Wang H, Eyler C, Sathornsumetee S, et al. Hypoxia-inducible factors regulate tumorigenic capacity of glioma stem cells. Cancer Cell. (2009) 15:501–13. doi: 10.1016/j.ccr.2009.03.018

 52. Choudhry H, Harris AL. Advances in hypoxia-inducible factor biology. Cell Metab. (2018) 27:281–98. doi: 10.1016/j.cmet.2017.10.005

 53. Copple BL. Hypoxia stimulates hepatocyte epithelial to mesenchymal transition by hypoxia-inducible factor and transforming growth factor-beta-dependent mechanisms. Liver Int. (2010) 30:669–82. doi: 10.1111/j.1478-3231.2010.02205.x

 54. Zhang H, Akman HO, Smith EL, Zhao J, Murphy-Ullrich JE, Batuman OA. Cellular response to hypoxia involves signaling via Smad proteins. Blood. (2003) 101:2253–60. doi: 10.1182/blood-2002-02-0629

 55. McMahon S, Charbonneau M, Grandmont S, Richard DE, Dubois CM. Transforming growth factor β1 induces hypoxia-inducible factor-1 stabilization through selective inhibition of PHD2 expression. J Biol Chem. (2006) 281:24171–81. doi: 10.1074/jbc.M604507200

 56. Zhang YE. Non-Smad pathways in TGF-beta signaling. Cell Res. (2009) 19:128–39. doi: 10.1038/cr.2008.328

 57. Peng J, Wang X, Ran L, Song J, Luo R, Wang Y. Hypoxia-inducible factor 1α regulates the transforming growth factor beta1/SMAD family member 3 pathway to promote breast cancer progression. J Breast Cancer. (2018) 21:259–66. doi: 10.4048/jbc.2018.21.e42

 58. Zhang Q, Bai X, Chen W, Ma T, Hu Q, Liang C, et al. Wnt/β-catenin signaling enhances hypoxia-induced epithelial-mesenchymal transition in hepatocellular carcinoma via crosstalk with hif-1α signaling. Carcinogenesis. (2013) 34:962–73. doi: 10.1093/carcin/bgt027

 59. Li Y, Patel SP, Roszik J, Qin Y. Hypoxia-driven immunosuppressive metabolites in the tumor microenvironment: new approaches for combinational Immunotherapy. Front Immunol. (2018) 9:1591. doi: 10.3389/fimmu.2018.01591

 60. Terry S, Savagner P, Ortiz-Cuaran S, Mahjoubi L, Saintigny P, Thiery JP, et al. New insights into the role of EMT in tumor immune escape. Mol Oncol. (2017) 11:824–46. doi: 10.1002/1878-0261.12093

 61. Ricciardi M, Zanotto M, Malpeli G, Bassi G, Perbellini O, Chilosi M, et al. Epithelial-to-mesenchymal transition (EMT) induced by inflammatory priming elicits mesenchymal stromal cell-like immune-modulatory properties in cancer cells. Br J Cancer. (2015) 112:1067–75. doi: 10.1038/bjc.2015.29

 62. Lei J, Ma J, Ma Q, Li X, Liu H, Xu Q, et al. Hedgehog signaling regulates hypoxia induced epithelial to mesenchymal transition and invasion in pancreatic cancer cells via a ligand-independent manner. Mol Cancer. (2013) 12:66. doi: 10.1186/1476-4598-12-66

 63. Yang MH, Wu MZ, Chiou SH, Chen PM, Chang SY, Liu CJ, et al. Direct regulation of TWIST by HIF-1α promotes metastasis. Nat Cell Biol. (2008) 10:295–305. doi: 10.1038/ncb1691

 64. Liu KH, Tsai YT, Chin SY, Lee WR, Chen YC, Shen SC. Hypoxia stimulates the epithelial-to-mesenchymal transition in lung cancer cells through accumulation of nuclear β-catenin. Anticancer Res. (2018) 38:6299–308. doi: 10.21873/anticanres.12986

 65. Evans AJ, Russell RC, Roche O, Burry TN, Fish JE, Chow VW, et al. VHL promotes E2 box-dependent E-cadherin transcription by HIF-mediated regulation of SIP1 and snail. Mol Cell Biol. (2007) 27:157–69. doi: 10.1128/MCB.00892-06

 66. Iwasaki K, Ninomiya R, Shin T, Nomura T, Kajiwara T, Hijiya N, et al. Chronic hypoxia-induced slug promotes invasive behavior of prostate cancer cells by activating expression of ephrin-B1. Cancer Sci. (2018) 109:3159–70. doi: 10.1111/cas.13754

 67. Salnikov AV, Liu L, Platen M, Gladkich J, Salnikova O, Ryschich E, et al. Hypoxia Induces EMT in low and highly aggressive pancreatic tumor cells but only cells with cancer stem cell characteristics acquire pronounced migratory potential. PLoS ONE. (2012) 7:e46391. doi: 10.1371/journal.pone.0046391

 68. Zhang W, Shi X, Peng Y, Wu M, Zhang P, Xie R, et al. HIF-1α promotes epithelial-mesenchymal transition and metastasis through direct regulation of ZEB1 in colorectal cancer. PLoS ONE. (2015) 10:e0129603. doi: 10.1371/journal.pone.0129603

 69. Zhu J, Huang Z, Zhang M, Wang W, Liang H, Zeng J, et al. HIF-1α promotes ZEB1 expression and EMT in a human bladder cancer lung metastasis animal model. Oncol Lett. (2018) 15:3482–9. doi: 10.3892/ol.2018.7764

 70. Joseph JV, Conroy S, Pavlov K, Sontakke P, Tomar T, Eggens-Meijer E, et al. Hypoxia enhances migration and invasion in glioblastoma by promoting a mesenchymal shift mediated by the HIF1α-ZEB1 axis. Cancer Lett. (2015) 359:107–16. doi: 10.1016/j.canlet.2015.01.010

 71. Deng SJ, Chen HY, Ye Z, Deng SC, Zhu S, Zeng Z, et al. Hypoxia-induced LncRNA-BX111 promotes metastasis and progression of pancreatic cancer through regulating ZEB1 transcription. Oncogene. (2018) 37:5811–28. doi: 10.1038/s41388-018-0382-1

 72. Wu MZ, Tsai YP, Yang MH, Huang CH, Chang SY, Chang CC, et al. Interplay between HDAC3 and WDR5 is essential for hypoxia-induced epithelial-mesenchymal transition. Mol Cell. (2011) 43:811–22. doi: 10.1016/j.molcel.2011.07.012

 73. Luo D, Wang J, Li J, Post M. Mouse snail is a target gene for HIF. Mol Cancer Res. (2011) 9:234–45. doi: 10.1158/1541-7786.MCR-10-0214

 74. Wu CY, Tsai YP, Wu MZ, Teng SC, Wu KJ. Epigenetic reprogramming and post-transcriptional regulation during the epithelial-mesenchymal transition. Trends Genet. (2012) 28:454–63. doi: 10.1016/j.tig.2012.05.005

 75. Storci G, Sansone P, Mari S, D'Uva G, Tavolari S, Guarnieri T, et al. TNFalpha up-regulates SLUG via the NF-kappaB/HIF1alpha axis, which imparts breast cancer cells with a stem cell-like phenotype. J Cell Physiol. (2010) 225:682–91. doi: 10.1002/jcp.22264

 76. Tang C, Liu T, Wang K, Wang X, Xu S, He D, et al. Transcriptional regulation of FoxM1 by HIF-1α mediates hypoxia-induced EMT in prostate cancer. Oncol Rep. (2019) 42:1307–18. doi: 10.3892/or.2019.7248

 77. Ma C, Guo Y, Zhang Y, Duo A, Jia Y, Liu C, et al. PAFAH1B2 is a HIF1a target gene and promotes metastasis in pancreatic cancer. Biochem Biophys Res Commun. (2018) 501:654–60. doi: 10.1016/j.bbrc.2018.05.039

 78. Chou CC, Chuang HC, Salunke SB, Kulp SK, Chen CS. A novel HIF-1alpha-integrin-linked kinase regulatory loop that facilitates hypoxia-induced HIF-1alpha expression and epithelial-mesenchymal transition in cancer cells. Oncotarget. (2015) 6:8271–85. doi: 10.18632/oncotarget.3186

 79. Kim WY, Perera S, Zhou B, Carretero J, Yeh JJ, Heathcote SA, et al. HIF2α cooperates with RAS to promote lung tumorigenesis in mice. J Clin Investig. (2009) 119:2160–70. doi: 10.1172/JCI38443

 80. Yang J, Zhang X, Zhang Y, Zhu D, Zhang L, Li Y, et al. HIF-2α promotes epithelial-mesenchymal transition through regulating Twist2 binding to the promoter of E-cadherin in pancreatic cancer. J Exp Clin Cancer Res. (2016) 35:26. doi: 10.1186/s13046-016-0298-y

 81. Culver C, Sundqvist A, Mudie S, Melvin A, Xirodimas D, Rocha S. Mechanism of hypoxia-induced NF-κB. Mol Cell Biol. (2010) 30:4901–21. doi: 10.1128/MCB.00409-10

 82. Laderoute KR, Calaoagan JM, Gustafson-Brown C, Knapp AM, Li GC, Mendonca HL, et al. The response of c-Jun/AP-1 to chronic hypoxia is hypoxia-inducible factor 1α dependent. Mol Cell Biol. (2002) 22:2515–23. doi: 10.1128/MCB.22.8.2515-2523.2002

 83. Laderoute KR, Amin K, Calaoagan JM, Knapp M, Le T, Orduna J, et al. 5′-AMP-Activated Protein Kinase (AMPK) is induced by low-oxygen and glucose deprivation conditions found in solid-tumor microenvironments. Mol Cell Biol. (2006) 26:5336–47. doi: 10.1128/MCB.00166-06

 84. Minet E, Arnould T, Michel G, Roland I, Mottet D, Raes M, et al. ERK activation upon hypoxia: involvement in HIF-1 activation. FEBS Lett. (2000) 468:53–8. doi: 10.1016/S0014-5793(00)01181-9

 85. Wouters BG, Koritzinsky M. Hypoxia signalling through mTOR and the unfolded protein response in cancer. Nat Rev Cancer. (2008) 8:851–64. doi: 10.1038/nrc2501

 86. Kim I, He YY. Targeting the AMP-activated protein kinase for cancer prevention and therapy. Front Oncol. (2013) 3:175. doi: 10.3389/fonc.2013.00175

 87. Luo Z, Zang M, Guo W. AMPK as a metabolic tumor suppressor: control of metabolism and cell growth. Future oncology. (2010) 6:457–70. doi: 10.2217/fon.09.174

 88. Saxena M, Balaji SA, Deshpande N, Ranganathan S, Pillai DM, Hindupur SK, et al. AMP-activated protein kinase promotes epithelial-mesenchymal transition in cancer cells through Twist1 upregulation. J Cell Sci. (2018) 131. doi: 10.1242/jcs.208314

 89. Chou CC, Lee KH, Lai IL, Wang D, Mo X, Kulp SK, et al. AMPK reverses the mesenchymal phenotype of cancer cells by targeting the Akt-MDM2-Foxo3a signaling axis. Cancer Res. (2014) 74:4783–95. doi: 10.1158/0008-5472.CAN-14-0135

 90. Ferretti AC, Hidalgo F, Tonucci FM, Almada E, Pariani A, Larocca MC, et al. Metformin and glucose starvation decrease the migratory ability of hepatocellular carcinoma cells: targeting AMPK activation to control migration. Sci Rep. (2019) 9:2815. doi: 10.1038/s41598-019-39556-w

 91. Liu J, Song N, Huang Y, Chen Y. Irisin inhibits pancreatic cancer cell growth via the AMPK-mTOR pathway. Scientific reports. (2018) 8:15247. doi: 10.1038/s41598-018-33229-w

 92. Sun L, Cao J, Chen K, Cheng L, Zhou C, Yan B, et al. Betulinic acid inhibits stemness and EMT of pancreatic cancer cells via activation of AMPK signaling. Int J Oncol. (2019) 54:98–110. doi: 10.3892/ijo.2018.4604

 93. Yu JS, Cui W. Proliferation, survival and metabolism: the role of PI3K/AKT/mTOR signalling in pluripotency and cell fate determination. Development. (2016) 143:3050–60. doi: 10.1242/dev.137075

 94. Tam SY, Wu VWC, Law HKW. Influence of autophagy on the efficacy of radiotherapy. Radiat Oncol. (2017) 12:57. doi: 10.1186/s13014-017-0795-y

 95. Liu F, Huang X, Luo Z, He J, Haider F, Song C, et al. Hypoxia-activated PI3K/Akt inhibits oxidative stress via the regulation of reactive oxygen species in human dental pulp cells. Oxid Med Cell Longev. (2019) 2019:6595189. doi: 10.1155/2019/6595189

 96. Zhang J, Guo H, Zhu JS, Yang YC, Chen WX, Chen NW. Inhibition of phosphoinositide 3-kinase/Akt pathway decreases hypoxia inducible factor-1α expression and increases therapeutic efficacy of paclitaxel in human hypoxic gastric cancer cells. Oncol Lett. (2014) 7:1401–8. doi: 10.3892/ol.2014.1963

 97. Lu L, Sheng Y, Zhang G, Li Y, OuYang PY, Ge Y, et al. Temporal lobe injury patterns following intensity modulated radiotherapy in a large cohort of nasopharyngeal carcinoma patients. Oral Oncol. (2018) 85:8–14. doi: 10.1016/j.oraloncology.2018.07.020

 98. Wouters BG, Brown JM. Cells at intermediate oxygen levels can be more important than the “hypoxic fraction” in determining tumor response to fractionated radiotherapy. Radiat Res. (1997) 147:541–50. doi: 10.2307/3579620

 99. Grille SJ, Bellacosa A, Upson J, Klein-Szanto AJ, van Roy F, Lee-Kwon W, et al. The protein kinase Akt induces epithelial mesenchymal transition and promotes enhanced motility and invasiveness of squamous cell carcinoma lines. Cancer Res. (2003) 63:2172–8.

 100. Hong KO, Kim JH, Hong JS, Yoon HJ, Lee JI, Hong SP, et al. Inhibition of Akt activity induces the mesenchymal-to-epithelial reverting transition with restoring E-cadherin expression in KB and KOSCC-25B oral squamous cell carcinoma cells. J Exp Clin Cancer Res. (2009) 28:28. doi: 10.1186/1756-9966-28-28

 101. Gulhati P, Bowen KA, Liu J, Stevens PD, Rychahou PG, Chen M, et al. mTORC1 and mTORC2 regulate EMT, motility, and metastasis of colorectal cancer via RhoA and Rac1 signaling pathways. Cancer Res. (2011) 71:3246–56. doi: 10.1158/0008-5472.CAN-10-4058

 102. Kietzmann T, Mennerich D, Dimova EY. Hypoxia-inducible factors (HIFs) and Phosphorylation: impact on stability, localization, and transactivity. Front Cell Dev Biol. (2016) 4:11. doi: 10.3389/fcell.2016.00011

 103. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in cancer. Oncogene. (2007) 26:3279–90. doi: 10.1038/sj.onc.1210421

 104. Xie L, Law BK, Chytil AM, Brown KA, Aakre ME, Moses HL. Activation of the Erk pathway is required for TGF-β1-induced EMT in vitro. Neoplasia. (2004) 6:603–10. doi: 10.1593/neo.04241

 105. Pelaez IM, Kalogeropoulou M, Ferraro A, Voulgari A, Pankotai T, Boros I, et al. Oncogenic RAS alters the global and gene-specific histone modification pattern during epithelial-mesenchymal transition in colorectal carcinoma cells. Int J Biochem Cell Biol. (2010) 42:911–20. doi: 10.1016/j.biocel.2010.01.024

 106. Shin S, Buel GR, Nagiec MJ, Han MJ, Roux PP, Blenis J, et al. ERK2 regulates epithelial-to-mesenchymal plasticity through DOCK10-dependent Rac1/FoxO1 activation. Proc Natl Acad Sci USA. (2019) 116:2967–76. doi: 10.1073/pnas.1811923116

 107. Wang Y, Ngo VN, Marani M, Yang Y, Wright G, Staudt LM, et al. Critical role for transcriptional repressor Snail2 in transformation by oncogenic RAS in colorectal carcinoma cells. Oncogene. (2010) 29:4658–70. doi: 10.1038/onc.2010.218

 108. Chiu LY, Hsin IL, Yang TY, Sung WW, Chi JY, Chang JT, et al. The ERK–ZEB1 pathway mediates epithelial–mesenchymal transition in pemetrexed resistant lung cancer cells with suppression by vinca alkaloids. Oncogene. (2017) 36:242–53. doi: 10.1038/onc.2016.195

 109. Amatangelo MD, Goodyear S, Varma D, Stearns ME. c-Myc expression and MEK1-induced Erk2 nuclear localization are required for TGF-beta induced epithelial-mesenchymal transition and invasion in prostate cancer. Carcinogenesis. (2012) 33:1965–75. doi: 10.1093/carcin/bgs227

 110. Sheng W, Chen C, Dong M, Wang G, Zhou J, Song H, et al. Calreticulin promotes EGF-induced EMT in pancreatic cancer cells via Integrin/EGFR-ERK/MAPK signaling pathway. Cell Death Dis. (2017) 8:e3147. doi: 10.1038/cddis.2017.547

 111. Deng W, Fernandez A, McLaughlin SL, Klinke DJ II. WNT1-inducible signaling pathway protein 1 (WISP1/CCN4) stimulates melanoma invasion and metastasis by promoting the epithelial-mesenchymal transition. J Biol Chem. (2019) 294:5261–80. doi: 10.1074/jbc.RA118.006122

 112. Li L, Zhang S, Li H, Chou H. FGFR3 promotes the growth and malignancy of melanoma by influencing EMT and the phosphorylation of ERK, AKT, and EGFR. BMC Cancer. (2019) 19:963. doi: 10.1186/s12885-019-6161-8

 113. Hong J, Zhou J, Fu J, He T, Qin J, Wang L, et al. Phosphorylation of serine 68 of Twist1 by MAPKs stabilizes Twist1 protein and promotes breast cancer cell invasiveness. Cancer Res. (2011) 71:3980–90. doi: 10.1158/0008-5472.CAN-10-2914

 114. Hocevar BA, Brown TL, Howe PH. TGF-β induces fibronectin synthesis through a c-Jun N-terminal kinase-dependent, Smad4-independent pathway. EMBO J. (1999) 18:1345–56. doi: 10.1093/emboj/18.5.1345

 115. Hocevar BA, Prunier C, Howe PH. Disabled-2 (Dab2) mediates transforming growth factor β (TGFβ)-stimulated fibronectin synthesis through TGFbeta-activated kinase 1 and activation of the JNK pathway. J Biol Chem. (2005) 280:25920–7. doi: 10.1074/jbc.M501150200

 116. Santibanez JF. JNK mediates TGF-β1-induced epithelial mesenchymal transdifferentiation of mouse transformed keratinocytes. FEBS Lett. (2006) 580:5385–91. doi: 10.1016/j.febslet.2006.09.003

 117. Espada J, Peinado H, Lopez-Serra L, Setién F, Lopez-Serra P, Portela A, et al. Regulation of SNAIL1 and E-cadherin function by DNMT1 in a DNA methylation-independent context. Nucleic Acids Res. (2011) 39:9194–205. doi: 10.1093/nar/gkr658

 118. Tsai CL, Li HP, Lu YJ, Hsueh C, Liang Y, Chen CL, et al. Activation of DNA methyltransferase 1 by EBV LMP1 Involves c-Jun NH2-terminal kinase signaling. Cancer Research. (2006) 66:11668–76. doi: 10.1158/0008-5472.CAN-06-2194

 119. Heiland DH, Ferrarese R, Claus R, Dai F, Masilamani AP, Kling E, et al. c-Jun-N-terminal phosphorylation regulates DNMT1 expression and genome wide methylation in gliomas. Oncotarget. (2016) 8:6940–54. doi: 10.18632/oncotarget.14330

 120. Choi Y, Ko YS, Park J, Choi Y, Kim Y, Pyo JS, et al. HER2-induced metastasis is mediated by AKT/JNK/EMT signaling pathway in gastric cancer. World J Gastroenterol. (2016) 22:9141–53. doi: 10.3748/wjg.v22.i41.9141

 121. Zhan X, Feng X, Kong Y, Chen Y, Tan W. JNK signaling maintains the mesenchymal properties of multi-drug resistant human epidermoid carcinoma KB cells through snail and twist1. BMC Cancer. (2013) 13:180. doi: 10.1186/1471-2407-13-180

 122. Meng H, Wu J, Huang Q, Yang X, Yang K, Qiu Y, et al. NEDD9 promotes invasion and migration of colorectal cancer cell line HCT116 via JNK/EMT. Oncol Lett. (2019) 18:4022–9. doi: 10.3892/ol.2019.10756

 123. Chang Y, Yan W, Sun C, Liu Q, Wang J, Wang M. miR-145-5p inhibits epithelial-mesenchymal transition via the JNK signaling pathway by targeting MAP3K1 in non-small cell lung cancer cells. Oncology letters. (2017) 14:6923–8. doi: 10.3892/ol.2017.7092

 124. Lin Y, Mallen-St Clair J, Wang G, Luo J, Palma-Diaz F, Lai C, et al. p38 MAPK mediates epithelial-mesenchymal transition by regulating p38IP and Snail in head and neck squamous cell carcinoma. Oral Oncol. (2016) 60:81–9. doi: 10.1016/j.oraloncology.2016.06.010

 125. Ling G, Ji Q, Ye W, Ma D, Wang Y. Epithelial-mesenchymal transition regulated by p38/MAPK signaling pathways participates in vasculogenic mimicry formation in SHG44 cells transfected with TGF-beta cDNA loaded lentivirus in vitro and in vivo. Int J Oncol. (2016) 49:2387–98. doi: 10.3892/ijo.2016.3724

 126. Tam SY, Wu VWC, Law HKW. JNK pathway mediates low oxygen level induced epithelial–mesenchymal transition and stemness maintenance in colorectal cancer cells. Cancers. (2020) 12:224. doi: 10.3390/cancers12010224

 127. Xia Y, Shen S, Verma IM. NF-κB, an active player in human cancers. Cancer Immunol Res. (2014) 2:823–30. doi: 10.1158/2326-6066.CIR-14-0112

 128. Huber MA, Azoitei N, Baumann B, Grunert S, Sommer A, Pehamberger H, et al. NF-κB is essential for epithelial-mesenchymal transition and metastasis in a model of breast cancer progression. J Clin Investig. (2004) 114:569–81. doi: 10.1172/JCI200421358

 129. Li Y, Lin Z, Chen B, Chen S, Jiang Z, Zhou T, et al. Ezrin/NF-kB activation regulates epithelial- mesenchymal transition induced by EGF and promotes metastasis of colorectal cancer. Biomed Pharmacother. (2017) 92:140–8. doi: 10.1016/j.biopha.2017.05.058

 130. Pires BR, Mencalha AL, Ferreira GM, de Souza WF, Morgado-Diaz JA, Maia AM, et al. NF-kappaB is involved in the regulation of EMT genes in breast cancer cells. PLoS ONE. (2017) 12:e0169622. doi: 10.1371/journal.pone.0169622

 131. Cheng ZX, Sun B, Wang SJ, Gao Y, Zhang YM, Zhou HX, et al. Nuclear factor-κB-dependent epithelial to mesenchymal transition induced by HIF-1alpha activation in pancreatic cancer cells under hypoxic conditions. PLoS ONE. (2011) 6:e23752. doi: 10.1371/journal.pone.0023752

 132. Kara C, Selamet H, Gokmenoglu C, Kara N. Low level laser therapy induces increased viability and proliferation in isolated cancer cells. Cell Prolif . (2018) 51:e12417. doi: 10.1111/cpr.12417

 133. Kopan R. Notch signaling. Cold Spring Harb Perspect Biol. (2012) 4:a011213. doi: 10.1101/cshperspect.a011213

 134. Kar R, Jha NK, Jha SK, Sharma A, Dholpuria S, Asthana N, et al. A “NOTCH” deeper into the epithelial-to-mesenchymal transition (EMT) program in breast cancer. Genes. (2019) 10:961. doi: 10.3390/genes10120961

 135. Gustafsson MV, Zheng X, Pereira T, Gradin K, Jin S, Lundkvist J, et al. Hypoxia requires notch signaling to maintain the undifferentiated cell state. Dev Cell. (2005) 9:617–28. doi: 10.1016/j.devcel.2005.09.010

 136. Leong KG, Niessen K, Kulic I, Raouf A, Eaves C, Pollet I, et al. Jagged1-mediated Notch activation induces epithelial-to-mesenchymal transition through Slug-induced repression of E-cadherin. J Exp Med. (2007) 204:2935–48. doi: 10.1084/jem.20071082

 137. Shao S, Zhao X, Zhang X, Luo M, Zuo X, Huang S, et al. Notch1 signaling regulates the epithelial-mesenchymal transition and invasion of breast cancer in a Slug-dependent manner. Mol Cancer. (2015) 14:28. doi: 10.1186/s12943-015-0295-3

 138. Zhang L, Sha J, Yang G, Huang X, Bo J, Huang Y. Activation of Notch pathway is linked with epithelial-mesenchymal transition in prostate cancer cells. Cell Cycle. (2017) 16:999–1007. doi: 10.1080/15384101.2017.1312237

 139. Sahlgren C, Gustafsson MV, Jin S, Poellinger L, Lendahl U. Notch signaling mediates hypoxia-induced tumor cell migration and invasion. Proc Natl Acad Sci USA. (2008) 105:6392–7. doi: 10.1073/pnas.0802047105

 140. Yang Y, Ahn YH, Gibbons DL, Zang Y, Lin W, Thilaganathan N, et al. The Notch ligand Jagged2 promotes lung adenocarcinoma metastasis through a miR-200-dependent pathway in mice. J Clin Investig. (2011) 121:1373–85. doi: 10.1172/JCI42579

 141. Zhang X, Zhao X, Shao S, Zuo X, Ning Q, Luo M, et al. Notch1 induces epithelial-mesenchymal transition and the cancer stem cell phenotype in breast cancer cells and STAT3 plays a key role. Int J Oncol. (2015) 46:1141–8. doi: 10.3892/ijo.2014.2809

 142. De Francesco EM, Maggiolini M, Musti AM. Crosstalk between Notch, HIF-1α and GPER in Breast Cancer EMT. Int J Mol Sci. (2018) 19:2011. doi: 10.3390/ijms19072011

 143. Chen J, Imanaka N, Chen J, Griffin JD. Hypoxia potentiates Notch signaling in breast cancer leading to decreased E-cadherin expression and increased cell migration and invasion. Br J Cancer. (2010) 102:351–60. doi: 10.1038/sj.bjc.6605486

 144. Wigerup C, Pahlman S, Bexell D. Therapeutic targeting of hypoxia and hypoxia-inducible factors in cancer. Pharmacol Ther. (2016) 164:152–69. doi: 10.1016/j.pharmthera.2016.04.009

 145. Noman MZ, Hasmim M, Lequeux A, Xiao M, Duhem C, Chouaib S, et al. Improving cancer immunotherapy by targeting the hypoxic tumor microenvironment: new opportunities and challenges. Cells. (2019) 8:1083. doi: 10.3390/cells8091083

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Tam, Wu and Law. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 22 April 2020
doi: 10.3389/fcell.2020.00262





[image: image]

A Dual TLR7/TLR9 Inhibitor HJ901 Inhibits ABC-DLBCL Expressing the MyD88 L265P Mutation
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Diffuse large B cell lymphoma (DLBCL) is associated with aggressive clinical cases and poor prognosis despite recent advances in disease treatment. In activated B-cell-like (ABC)-DLBCL, the most severe damaged signaling pathways converge to aberrantly activate the Toll-like receptor (TLR) 7/9/MyD88 pathways, leading to the avoidance of cell death and resistance to chemotherapy. A gain of function mutation in MyD88 (MyD88 L265P) enhanced the NF-κB and JAK-STAT signaling pathways and was associated with dysregulation of TLR signaling in the pathogenesis of ABC-DLBCL. Therefore, inhibition of the TLR signaling network may improve clinical outcomes. In this study, we designed a de novo synthesized oligodeoxynucleotide-based antagonist of TLR7 and TLR9, referred to as HJ901, which competitively binds to TLR7/9. We profiled HJ901 inhibition in various DLBCL cell lines and verified tumor suppression in a xenograft mouse model. We found that HJ901 treatment significantly reduced TLR7- and TLR9-mediated cell proliferation and cytokine production in a time- and dose-dependent manner in various DLBCL cell lines expressing the MyD88 L265P mutation. Moreover, HJ901 prevented tumor growth and downregulated the NF-κB and JAK2-STAT3 signaling pathways in a DLBCL xenograft mouse model with the MyD88 L265P mutation. These results reveal that the anti-tumor effects of the synthesized oligodeoxynucleotide-based antagonist, HJ901, which competitively binds to TLR7/9, may be associated with the downregulation of the NF-κB and JAK2-STAT3 signaling pathways and provide rationale for treating ABC-DLBCL patients with the MyD88 L265P mutation.
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INTRODUCTION

Toll-like receptors (TLRs) are pathogen-associated recognition receptors; there are eleven TLRs in humans. TLR activation is involved in the occurrence and development of various autoimmune diseases, such as rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis, and psoriasis (Marshak-Rothstein, 2006; Kawai and Akira, 2010). Among these receptors, TLR7 and TLR9 are found in endosomal compartments where they identify double-stranded viral RNA and bacterial and viral DNA containing unmethylated CpG (dinucleotide containing cytosine and guanine) motifs, respectively (Marshak-Rothstein, 2006; Kawai and Akira, 2010). Both TLR7 and TLR9 have been at the center of considerable controversy, as their manipulation can alleviate or exacerbate diseased conditions based on the circumstances. Indeed, antagonists of TLR7 and TLR9 are already used to remedy immune-mediated inflammatory disorders (Sun et al., 2007). Other reports reveal that TLR7 and TLR9 agonists effectively improve asthma and allergy in both humans and mice (Krieg, 2006; Camateros et al., 2007). However, targeting TLR7 and TLR9 for treatment of diffuse large B cell lymphoma (DLBCL) is poorly characterized.

Diffuse large B cell lymphoma is the most widespread form of non-Hodgkin lymphoma. Based on gene expression profiling, DLBCL is divided into three molecular subtypes: germinal-center B-cell-like DLBCL, primary mediastinal B-cell lymphoma, and activated B-cell-like DLBCL (ABC-DLBCL) (Staudt and Dave, 2005). ABC-DLBCL, which is characterized by constitutive activation of nuclear factor-kappa B (NF-κB), is thought to be the most aggressive subtype, and patients with ABC-DLBCL have a poorer clinical outcome with an approximated 40% overall survival rate compared to those with primary mediastinal B-cell lymphoma or germinal-center B-cell-like-DLBCL (Roschewski et al., 2014; Sehn and Gascoyne, 2015). NF-κB is transiently activated in various hematologic malignancies through multiple upstream signaling pathways, including TLR7/9 (Young et al., 2015; Monlish et al., 2016). TLR7/9 signaling acts through the adapter myeloid differentiation primary-response protein 88 (MyD88), which is essential for induction of NF-κB in several normal immune cell types (Isaza-Correa et al., 2014). Previous reports indicated that 39% of ABC-DLBCL cases exhibit a mutant isoform of MyD88 with a leucine to proline substitution at position 265 (L265P), similar to the resequencing of MyD88 in DLBCL clinical samples. This mutation induces NF-κB and JAK/STAT3 activation and promotes cell survival in ABC-DLBCL (Ding et al., 2008; Ngo et al., 2011). Moreover, in ABC-DLBCL, NF-κB enhances the secretion of interleukin (IL)-6 and/or IL-10, leading to the activation of JAK/STAT3 signaling, further enhancing NF-κB activity and its target gene expression (Lam et al., 2008a; Zegeye et al., 2018). Continuous stimulation of TLRs by microbial products constitutively activates the NF-κB and STAT3 transcription factors, which exert pro-cancerous activity via multiple effectors (Karin, 2006; Yu et al., 2007; Kawai and Akira, 2011). Accordingly, inhibition of the TLR7/9-MyD88-NF-κB or/and -JAK2/STAT3 signaling pathways may be useful for preventing and treating ABC-DLBCL.

Substantial evidence suggests that TLR7 and TLR9 antagonists exhibit potentially therapeutic effects in disease pathogenesis, including systemic lupus erythematosus, rheumatoid arthritis, Sjögren’s syndrome, multiple sclerosis, inflammatory bowel disease/colitis, and psoriasis (Sun et al., 2007). Furthermore, the suppressive DNA sequences/oligonucleotides (ODN) characterized by common oligos (dG) and long double-stranded DNA, ODN containing GpG or methylated CpG motifs, G-rich and GC-rich motifs, or phosphothioated ODN, downregulate TLR9- and/or TLR7-mediated immune responses (Chen et al., 2001; Zhu et al., 2002; Gursel et al., 2003; Lenert et al., 2003; Trieu et al., 2006). For example, ODN-A151, a novel ODN with mammal telomere-mimicking TTAGGG repeats that blocks TLR9 signaling, is required for the treatment of autoimmune and infectious diseases through the inhibition of AIM2 inflammasome activation (Kaminski et al., 2013). IMO-8400 contains an arabino-G/7-deaza-dG modification and 2′-O-methylribonucleotides as immune-stimulatory and -regulatory motifs, respectively, and is synthesized by oligonucleotide-based antagonists of TLR7, 8, and 9 (Kandimalla et al., 2013). Moreover, SAT05f, a human microsatellite DNA-mimicking ODN comprising CCT repeats, reduces D-galactosamine (D-GalN)/CpG ODN-induced lethal shock in mice and viral nucleic acids-stimulated IFN-α production in vitro by blocking TLR7/9 activation (Sun et al., 2010). More importantly, the structure of HJ901 is considerably different from the inhibitory ODNs reported previously (Lenert et al., 2001; Stunz et al., 2002; Gursel et al., 2003; Barrat et al., 2005). Most reported inhibitory ODNs are G-containing or poly G-containing or G-rich. Notably, HJ901 has no “G base,” which is composed of CCT repeats. In the current study, HJ901 was studied for its inhibitory effects on TLR7/9 activation and downregulation of the NF-κB and JAK2/STAT3 pathways, as well as its therapeutic effects on ABC-DLBCL with the MyD88 L265P mutation.



RESULTS


HJ901 Selectively Inhibited SEAP Activation in HEK-Blue-hTLR7 or -hTLR9 Cells

In the SEAP assay, imiquimod (IMQ) and CpG 685 enhanced SEAP activity in HEK-Blue-hTLR7 and HEK-Blue-hTLR9 cells, whereas their activity was effectively reduced by HJ901 post-treatment in a dose-dependent manner (Figures 1A,B). The inhibitory effect of HJ901 on SEAP activity was reduced with increasing doses of IMQ or CpG 685 (Figures 1C,D). Unexpectedly, different effects were observed with HJ901 pre-treatment or post-treatment at different time points. As shown in Figures 1E–H, pre-treatment with HJ901 significantly inhibited SEAP activity in HEK-Blue-hTLR7 or HEK-Blue-hTLR9 cells at several different time points (0, 2, 4, 6, and 12 h) after exposure to IMQ or CpG 685. In contrast, when cells were pretreated with IMQ or CpG 685 over 2 h, the inhibition effect of HJ901 on the activity decreased. Moreover, we examined the cytotoxicity of HJ901 to HEK-Blue Null1, HEK-Blue hTLR 7, and HEK-Blue hTLR9 cells and observed no cytotoxicity toward these cells (Supplementary Figure S1).
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FIGURE 1. HJ901 selectively inhibits TLR7- and TLR9-mediated cell proliferation in HEK-Blue-hTLR7, HEK-Blue-hTLR9, or PBMCs cells. (A,B) HEK-Blue-hTLR7 or HEK-Blue-hTLR9 cells were cultured with 10 μM IMQ or 1 μM CpG 685 (CpG) in the presence or absence of different concentrations of HJ901 (0.004, 0.002, 0.1, 0.5, or 2.5 μM) for 24 h. (C,D) HEK-Blue-hTLR7 or HEK-Blue-hTLR9 cells were cultured with HJ901 in the presence or absence of different concentrations of IMQ (10, 30, 90, or 180 μM) or CpG (1, 3, 9, or 27 μM) for 24 h. (E,F) HEK-Blue-hTLR7 or HEK-Blue-hTLR9 cells were incubated with HJ901 for 0, 2, 4, 6, or 12 h and then treated with or without 10 μM IMQ or 1 μM CpG HJ901 for 24 h. (G,H) HEK-Blue-hTLR7 or HEK-Blue-hTLR9 cells were incubated with 10 μM IMQ or 1 μM CpG for 0, 2, 4, 6, or 12 h and then treated with or without HJ901 for 24 h, and the SEAP activity was determined. (I) Human PBMCs incorporated CFSE cultured with Poly (I: C), LPS, IMQ, or CpG in control ODN, and HJ901 cells for 5 days of treatment. (J) Human PBMCs incorporated CFSE cultured with IMQ or CpG in the presence or absence of different HJ901 concentrations for 5 days. Proliferation of CD19+ B cells was determined by CFSE dilution, which was assessed by flow cytometry. Quantification of three experiments is shown in the right panel. Similar results were obtained from three independent experiments. All data are presented as the means ± SEM (n = 5 in each group). ##p < 0.01 vs. the untreated group or HJ901 group; *p < 0.05 and **p < 0.01 vs. the IMQ or CpG group.




HJ901 Specifically Suppressed TLR7- and TLR9- Mediated Cell Proliferation and Reduced Cytokine Production in PBMCs

To investigate whether HJ901 is a specific antagonist of TLR7/9, Poly (I: C) (a ligand of TLR3), lipopolysaccharide (LPS, a ligand of TLR4), imiquimod (IMQ, an agonist of TLR7), or CpG 685 (CpG, an agonist of TLR9) was used to induce increased cell proliferation in human PBMCs. However, IMQ and CpG 685 only promoted CD19+ B cell proliferation (Figure 1I). In contrast, HJ901 treatment effectively reduced CD19+ B cell proliferation stimulated by IMQ and CpG 685. However, the inhibitory effect of HJ901 was not exhibited in Poly (I: C)- and LPS-induced CD4+ T or CD8+ T cell proliferation analysis (Supplementary Figure S2), indicating that HJ901 specifically suppressed TLR7- and TLR9-mediated cell proliferation in human PBMCs. IMQ and CpG 685 induced cell proliferation in human PBMCs; 10 μM IMQ and 1 μM CpG 685 increased cell proliferation up to 41.6% and 82.8%, respectively (Supplementary Figure S3). However, this phenomenon was effectively blocked by HJ901 treatment in a dose-dependent manner (Figure 1J). Furthermore, we examined the effect of IMQ or CpG on TLR7/9-mediated cell proliferation inhibited by HJ901 in human PBMCs. The results showed that the ability of HJ901 to inhibit cell proliferation was decreased with increasing IMQ or CpG concentrations (Supplementary Figure S4). Additionally, HJ901 treatment remarkably reduced IL-6 and IL-10 generation caused by IMQ or CpG 685 in a dose- and time-dependent manner (Figures 2A–F).
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FIGURE 2. Suppressive effect of HJ901 on TLR7/9-mediated cytokine production in human PBMCs. (A,B) Human PBMCs were cultured with 10 μM IMQ or 1 μM CpG in the presence or absence of different concentrations of HJ901 (0.1, 0.5, 2.5, or 12.5 μM or 0.1, 0.3, 0.9, or 2.7 μM) for 36 h. (C,D) Human PBMCs were cultured with HJ901 in the presence or absence of different concentrations of IMQ (10, 30, 90, or 270 μM) or CpG (1, 3, 9, or 27 μM) for 36 h. (E,F) Human PBMCs were incubated with 10 μM IMQ or 1 μM CpG for 0, 0.5, 1, 2, 12, or 24 h and then treated with or without HJ901 for 36 h. Supernatants were analyzed for IL-6 and IL-10 levels with a cytometric bead array (CBA). Similar results were obtained from three independent experiments. All data are presented as the means ± SEM (n = 5 in each group). ##p < 0.01 vs. the untreated group or HJ901 group; *p < 0.05 and **p < 0.01 vs. the IMQ or CpG group.




The Inhibitory Effect of HJ901 on Cell Proliferation and Cytokine Secretion in DLBCL Cell Lines

The MyD88 gene in the OCI-Ly3.3, OCI-Ly10, TMD8, SUDHL-2, U2932, and OCI-Ly19 cell lines was sequenced by Sanger sequencing. Our results showed that serial dilution of DNA isolated from the OCI-Ly3.3 DLBCL cell line was homozygous for MyD88 L265P (T→C); OCI-Ly10 and TMD8 were heterozygous for MyD88 L265P, and the SUDHL-2, OCI-Ly19 and U2932 cells expressed the wild-type MyD88 gene (Figure 3A). Moreover, to confirm whether the TLR7 and TLR9 proteins were expressed in these cells, their gene and protein expression levels were evaluated by quantitative real-time PCR (qRT-PCR) and flow cytometry. We found that TLR7 and TLR9 transcripts and proteins were present in these cell lines (Supplementary Figure S5). WST-1 assays showed that HJ901 treatment effectively decreased cell viability in the ABC-DLBCL cell lines OCI-Ly3.3, OCI-Ly10, and TMD8 in a dose-dependent manner but did not significantly affect the viability of SUDHL-2, U2932, and OCI-Ly19 cells (Figure 3B). Interestingly, HJ901 treatment reduced the secretion of IL-10 in the ABC-DLBCL cell lines OCI-Ly3.3, OCI-Ly10, and TMD8, but IL-6 was only inhibited in TMD8 cells (Figure 3C).
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FIGURE 3. Inhibitory effect of HJ901 on cell proliferation and cytokine secretion in vitro. (A) Confirmation of MyD88 mutation by Sanger sequencing in cell lines. The position of the MYD88 L265P locus is indicated by black frame. (B) Cells were plated in 96-well plates and treated with or without HJ901 for 72 h. The cell proliferation percentage was determined by the WST-1 assay. (C) Cells were incubated in the presence or absence of HJ901 concentrations for 36 h. Cell supernatants were assessed for IL-6 and IL-10 levels by CBA. All data are presented as the means ± SEM (n = 5 in each group). *p < 0.05 and **p < 0.01 vs. PBS group.




HJ901 Treatment Decreased Tumor Growth in a DLBCL Xenograft Mouse Model

We also observed that HJ901 (10 or 25 mg/kg) treatment suppressed lymphoma growth in a mouse DLBCL xenogeneic tumor model with TMD8 cells harboring the MyD88 L265P mutation, rather than U2932 cells with wild-type MyD88 (Figures 4B–D). Histopathological and immune-histochemical analysis revealed that HJ901 treatment increased apoptotic and necrotic regions in the tumor tissues of mice with TMD8 cells compared to those in the control group. However, HJ901 treatment had no effect on tumor tissue in mice injected with U2932 cells (Figures 4E–G). These findings indicate that HJ901 treatment mainly inhibited tumor growth induced by cell lines expressing the MyD88 L265P mutation.
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FIGURE 4. Clampdown effect of HJ901 on cell survival and cytokine secretion in vivo. (A) Mice with TMD8 or U2932 xenografts were treated with or without HJ901 (10 or 25 mg/kg). (B) The tumor size of mice injected with TMD8 was observed at day 36. (C,D) Tumor volumes were measured every other day for 16 days. (E) Representative histological sections of the tumors were stained with hematoxylin and eosin (H&E) (magnification × 200 and 400). (F,G) Immunohistochemistry was used to detect the expression of Ki67 in tumor specimens. Similar results were obtained from three independent experiments. All data are presented as the means ± SEM (n = 5 in each group). *p < 0.05 and **p < 0.01 vs. PBS group.




HJ901 Treatment Arrested the Cell-Cycle in G1 Phase in Cell Lines Expressing the MyD88 L265P Mutation

As illustrated in Figure 5, HJ901 treatment significantly increased the number of cells in G1 and reduced those in G2/M phase in OCI-Ly3.3, OCI-Ly10, and TMD8 cells but not in SUDHL-2, U2932, and OCI-Ly19 cells compared to the control treatment groups. We observed no change in S phase in any of the cell lines tested. Flow cytometry analysis of the different cell lines showed that apoptosis was not decreased by HJ901 treatment (Supplementary Figure S6). These results suggest that HJ901 treatment inhibited tumor growth by inhibiting cell proliferation rather than by promoting cell apoptosis.
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FIGURE 5. Effect of HJ901 on cell-cycle in DLBCL cell lines. All cells were incubated with or without HJ901 (15 or 30 μM) for 72 h. (A,B) The cell cycle was analyzed by propidium iodide staining and flow cytometry. Similar results were obtained from three independent experiments. All data are presented as the means ± SEM (n = 5 in each group). *p < 0.05 and **p < 0.01 vs. PBS group (G0/G1 phase); #p < 0.05 and ##p < 0.01 vs. PBS group (S phase).




HJ901 Treatment Inhibited NF-κB and JAK2-STAT3 Pathway Activation in vitro and in vivo

We further evaluated the ability of HJ901 to inhibit NF-κB and JAK2-STAT3 activation in vitro and in vivo system. Our results revealed induction of NF-κB (P65), IκBα, JAK2, and STAT3 phosphorylation in OCI-Ly3.3 and TMD8 cells expressing the MyD88 L265P mutation. This induction was inhibited by HJ901 treatment. In contrast, these signaling pathways were not activated in OCI-Ly19 and U2932 cells expressing wild-type MyD88 (Figures 6A–D). Moreover, the expression of BTK and p38 phosphorylation did not change in any of the cell lines after HJ901 treatment (Supplementary Figure S7). Parallel studies were performed in a mouse xenograft model with TMD8 or U2932 ABC-DLBCL cell lines. As shown in Figures 7A,B, western blot analysis revealed that HJ901 treatment inhibited the induction of NF-κB (P65), IκBα, JAK2, and STAT3 phosphorylation in the mouse xenograft model when TMD8 cells with the MyD88 L265P mutation were used. However, these effects of HJ901 treatments were not observed in mice injected with U2932 cells expressing wild-type MyD88.
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FIGURE 6. Inhibitory effect of HJ901 on NF-κB and JAK2-STAT3 pathways in vitro. (A–D) All cells lines were treated with or without HJ901 (15 or 30 μM) for 24 h and cell lysates were prepared for analysis of P-NF-κB/NF-κB, P-IκBα/IκBα, P-JAK2/JAK2, and P-STAT3/STAT3 by western blotting. The effect of HJ901 on the expression of P-NF-κB/NF-κB, P-IκBα/IκBα, P-JAK2/JAK2, and P-STAT3/STAT3 proteins are shown for these cell lines. Quantification of relative protein expression was performed by densitometric analysis using β-actin as an internal control. Similar results were obtained from three independent experiments. All data are presented as the means ± SEM (n = 5 in each group). *p < 0.05 and **p < 0.01 vs. PBS group.
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FIGURE 7. Suppressive effect of HJ901 on NF-κB and JAK2-STAT3 pathways in vivo. Mice with TMD8 or U2932 xenografts were treated with or without HJ901 (10 or 25 mg/kg). Tumor tissues were collected and analyzed by western blotting. Tumor tissues from TMD8 (A) and U2932 (B) xenografts mice with or without HJ901 treatment were collected and analyzed for the expression of P-NF-κB/NF-κB, P-IκBα/IκBα, and P-JAK2/JAK2, P-STAT3/STAT3 by western blotting.




DISCUSSION

Uncontrolled activation of TLRs, including TLR7/9, results from somatic acquisition of gain-of-function mutations in MyD88, which affects many hematological malignancies (Ngo et al., 2011). ABC-DLBCL is characterized by frequent accumulation of MyD88 mutations and constitutively activated NF-κB and JAK2-STAT3 signaling pathways (Davis et al., 2001; Ding et al., 2008; Lam et al., 2008b). Consequently, targeting proteins associated with these pathways is a promising treatment for ABC-DLBCL. ODN possess a multitude of biological activities (Zhu et al., 2002; Shirota et al., 2004; Dong et al., 2005). In this study, HJ901, a synthetic ODN containing a sequence with CCT repeats, was found to exhibit a specific inhibitory role in TLR7/9 activation-induced innate immune responses and in reducing cell proliferation and tumor growth in ABC-DLBCL cell lines expressing the MyD88 L265P mutation.

Increasing evidence has indicated that DLBCL is an aggressive disease accompanied by a high proliferation rate (Blonska et al., 2015). In this study, HJ901 treatment significantly reduced cell proliferation not only in human PBMCs treated with IMQ or CpG 685 but also in ABC-DLBCL cells OCI-Ly3.3, OCI-Ly10, and TMD8 with the MyD88 L265P oncogenic mutation confirmed by Sanger sequencing. In addition, in a xenograft mouse model of DLBCL induced by TMD8 cells with the MyD88 L265P mutation, we found that HJ901 treatment effectively inhibited tumor growth by inducing cell apoptosis and inhibiting Ki67 expression in tumor tissues, which is the hallmark of growth suppression measured by immune histochemical analysis (Jin et al., 2016). In addition, flow cytometry analysis of apoptosis and cell-cycle detection showed that HJ901 reduced cell proliferation by arresting cells in G1 and G2/M phases rather than causing apoptosis in OCI-Ly3.3, OCI-Ly10, and TMD8 cells, indicating that its anti-tumor mechanism in intact animals is more complex than in vitro. These observations suggest that HJ901 efficiently inhibited cell proliferation and tumor growth in vitro and in vivo.

Moreover, several reports have also revealed that cytokines affect tumor cells in many hematologic malignancies (Weidle et al., 2010; Grivennikov and Karin, 2011). Indeed, IL-10 and/or IL-6 signaling in ABC-DLBCL tumors regulate the malignant cell and tumor microenvironment (Wang et al., 2004; Lam et al., 2008b; Wang et al., 2014), suggesting that suppression of IL-10 and IL-6 secretion is beneficial for treating ABC-DLBCL. Our results indicate that HJ901 treatment not only effectively decreased the production of IL-10 and IL-6 in dose- and time-dependent manners, but also suppressed IL-6 and IL-10 generation in cells treated with increasing doses of IMQ or CpG 685, indicating that HJ901 competitively combines with TLR7 and TLR9 receptors.

Multiple signal pathways are involved in the pathogenesis of ABC-DLBCL. Constitutive NF-κB activity plays a significant role in promoting cell proliferation and survival in ABC-DLBCL (Davis et al., 2001). Furthermore, NF-κB has an important effect on ABC-DLBCL biology in that it induces cytokine IL-6 and IL-10 production (Ding et al., 2008; Lam et al., 2008b). Our western blot analysis revealed that HJ901 treatment can inhibit NF-κB (P65) and IκBα phosphorylation in OCI-Ly3.3 and TMD8 cells with the MyD88 L265P mutation but not in wild-type MyD88-expressing OCI-Ly19 and U2932 cells. In the mouse xenograft model with TMD8 or U2932 ABC-DLBCL tumor induction, HJ901 treatment also blocked NF-κB signaling activation with TMD8. Previous reports showed that TLR-mediated NF-κB activation could be evaluated by detecting SEAP activity (Zhang et al., 2018). In this study, we found that HJ901 effectively reduced SEAP activity in HEK-Blue-hTLR7 or HEK-Blue-hTLR9 cells treated with IMQ or CpG685, further indicating that HJ901 effectively inhibits TLR7/TLR9 and suppresses TLR-mediated NF-κB activation.

However, a recent study reported a high level of STAT3 expression and activation in ABC-DLBCL cell lines (Ding et al., 2008). Additionally, there is constitutively activated JAK-STAT3 signaling and generation of IL-6 and IL-10 in cells expressing the MyD88 L265P mutation (Ngo et al., 2011). In turn, secretion of these cytokines further results in JAK-STAT3 signaling activation as part of an autocrine loop that promotes the survival and proliferation of lymphoma cells (Lam et al., 2008b; Ngo et al., 2011). The current results suggest that phosphorylation of JAK2 and STAT3 was significantly down-regulated after HJ901 treatment in cell lines and mice harboring the MyD88 L265P mutation. Collectively, HJ901 treatment may have reduced IL-6 and IL-10 secretion in cells and suppressed cell proliferation and tumor growth in cells and mice through possible mechanisms that modulate the TLR7/9, NF-κB, and JAK2-STAT3 signaling pathways.

In summary, HJ901, which is an antagonist of TLR7 and TLR9, not only specifically and effectively inhibited TLR7- and TLR9-mediated cell proliferation, but also inhibited IL-6 and IL-10 secretion in vitro. Moreover, HJ901 treatment significantly reduced tumor growth in a DLBCL xenograft mouse model with the MyD88 L265P mutation. Our results further indicate that these mechanisms are involved in the down-regulation of NF-κB and JAK2-STAT3 signaling pathways in vivo and in vitro. Accordingly, the suppressive ODN HJ901 may target the TLR7/9-mediated signaling pathway and be useful as a novel strategy for treating patients with ABC-DLBCL expressing the MyD88 L265P mutation.



MATERIALS AND METHODS


Oligonucleotides and Reagents

Nuclease-resistant phosphorothioate-modified ODNs were synthesized by Suzhou Ribo Life Science Co., Ltd. (Suzhou, China). The Poly (I: C) (a ligand of TLR3), lipopolysaccharide (LPS, Escherichia coli 055: B5, a ligand of TLR4), imiquimod (IMQ, a ligand of TLR7), and CpG 685 (CpG, a ligand of TLR9) were obtained from InvivoGen (San Diego, CA, United States). Fetal bovine serum (FBS) was purchased from Gibco (Grand Island, NY, United States). Penicillin and streptomycin, carboxyfluorescein succinimidyl amino ester (CFSE), and RPMI-1640 medium were purchased from Invitrogen (Carlsbad, CA, United States). APC-CD3, V450-CD4, Percpcy-5.5-CD8, APC-H7-CD19, anti-rabbit IgG, and appropriate isotype-controls, the Cytometric beads array kit (human IL-6/-10 Flex set), and Annexin V/PI apoptosis kit were obtained from BD Biosciences (Franklin Lakes, NJ, United States). The WST-1 Cell Proliferation Assay Kit was provided by the Beyotime Institute of Biotechnology (Jiangsu, China). Antibodies against P-P65 (serine 536)/P65, P-IκBα/IκBα, P-JAK2 (tyrosine 1008)/JAK2, P-STAT3 (tyrosine 705)/STAT3, and β-actin were provided by Cell Signaling Technology (Danvers, MA, United States) or Santa Cruz Biotechnology (Dallas TX, United States). The catalog numbers and dilution ratios of all antibodies are listed in Table 1.


TABLE 1. Catalog numbers for antibodies.
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Cell Culture

Human peripheral blood mononuclear cells (hPBMCs) were isolated from buffy coats of healthy blood donors (The Blood Center of Jilin Province, Changchun, China) by Ficoll-Hypaque (GE HealthCare, Little Chalfont, United Kingdom) density gradient centrifugation. The hPBMCs were washed three times with RPMI-1640 medium. All participants were volunteers who provided informed consent for use of their data for research purposes. The protocol used was approved by the institutional ethics committee (approval No.: 2017-031). Viability of hPBMCs was determined by trypan blue exclusion to be 95–99%. These cells were cultured in RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated FBS and antibiotics (100 IU penicillin/mL and 100 IU streptomycin/mL). As shown in Table 2, the human DLBCL-derived cell lines OCI-Ly3.3, TMD8, OCI-Ly10, SU-DHL2, U2932, and OCI-Ly19 were obtained from different laboratories. All cell lines were cultured in Iscove’s modified Dulbecco’s medium (IMDM, Hyclone, Logan, UT, United States) with 20% (v/v) heat-inactivated FBS, β-mercaptoethanol (55 μM, Invitrogen) and antibiotics at 37°C in a 5% CO2 humidified incubator. All cell lines were confirmed to have the MYD88 L265P mutation by Sanger DNA sequencing.


TABLE 2. Characteristics of cells used in the study.
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Cytokine Assays

Human PBMCs (5 × 105 cells/well) from healthy volunteer blood were isolated and cultured with 10 μM IMQ or 1 μM CpG 685 in the presence or absence of different concentrations of HJ901 for 36 h. Next, the cell supernatants were analyzed for cytokine IL-6 and IL-10 with a cytometric beads assay kit (CBA; BD Biosciences).



Cell Proliferation Assay

Cell viability was determined by a WST-1 assay following the manufacturer’s instructions. The cells were seeded into 96-well plates for 12 h and cultured with different doses of HJ901 (0, 3.75, 7.5, 15, and 30 μM) for 72 h. Subsequently, the cells were used in the WST-1 assay for 2 h to evaluate cell proliferation. The proliferation of human PBMCs was monitored by CFSE dilution assay via flow cytometry. The PBMCs (5 × 105 cells/well) labeled with CFSE were plated into 96-well U-bottomed plates and cultured with 1 μg/mL Poly (I: C), 5 μg/mL LPS, 10 μM IMQ, or 1 μM CpG 685 in the presence or absence of HJ901 for 5 days. The cells were harvested and stained with Aqua (Invitrogen), APC-CD3, APC-H7-CD19 anti-rabbit IgG, and appropriate isotype controls. Proliferation of PBMCs was monitored with a CFSE dilution assay using a Fortessa flow cytometer (BD Biosciences) and Cell QuestTM software. Data were analyzed using FlowJo V10 analysis software (BD Biosciences).



Secreted Embryonic Alkaline Phosphatase (SEAP) Assay

Human embryonic kidney (HEK) 293 cells stably expressing human TLR7 or TLR9 cell lines, HEK-Blue TLR7, HEK-Blue TLR9, and its parental cell line HEK-blue Null1 cells were obtained from Invivogen (San Diego, CA, United States) and used to access TLR-mediated NF-κB activation by measuring the SEAP activity (Zhang et al., 2018). Briefly, 3 × 105 cells/mL HEK-Blue TLR7, HEK-Blue TLR9, or HEK-blue Null1 cells were seeded into 96-well plates for 48 h and then treated with 10 μM IMQ or 1 μM CpG685 in the presence or absence of different concentrations of HJ901. Additionally, the cells were treated with HJ901 in the presence or absence of various concentrations of IMQ or CpG685. These cells were also incubated with 10 μM IMQ or 1 μM CpG685 for 0, 2, 4, 6, and 12 h, and subsequently treated with or without HJ901. At the end of treatment, 20 μL of the culture supernatant was removed from each treatment and tested for SEAP activity using 180 μL of Quanti-Blue substrate following the manufacturer’s protocol (Invivogen). TLR7 or TLR9-mediated NF-κB activation can be assessed by measuring SEAP activity.



DNA Sequencing of MyD88 Variants

Genomic DNA was extracted from 3 × 106 OCI-Ly3.3, OCI-Ly10, TMD8, SUDHL-2, and OCI-Ly19 cells using a genomic DNA kit (Trans Gen Biotech Co., Beijing, China) and the product of the MyD88 gene sequence was amplified using Tks Gflex DNA Polymerase (Takara Biotechnology, Shiga, Japan) and PCR. The following forward and reverse primers were used for MYD88: 5′-GTTGAAGACTGGGCTTGTCC-3′ and 5′-AGGAGGCAGGGCAGAAGTA-3′ (Poulain et al., 2013). Amplified PCR products were extracted using a gel extraction kit (Kangwei Biotechnology, Beijing, China). We transformed this product using the pEasy-Blunt cloning kit (Trans Gen Biotech Co.) and the purified PCR products were directly sequenced for MyD88 by the Genwiz Co. (Beijing, China). The following thermal cycler parameters were used: 95°C for 30 min, 30 cycles of 95°C for 10 s, 60°C for 10 s, and 68°C for 30 s, and followed by 68°C for 5 min. Data were analyzed with Seq Scape software version 2.5 (Applied Biosystems, Foster City, CA, United States).



Mouse and Animal Protocols

Six to eight-week-old female NOD-SCID mice weighing 18–22 g were raised by the Vital River Laboratory Animal Technology Co., Ltd., (Beijing, China) and were maintained in a pathogen-free animal facility at the Institute of Translational Medicine, The First Hospital, Jilin University. All studies were performed in accordance with the institutional guidelines and the protocols were approved by the ethics committee of the First Hospital of Jilin University, Changchun, China (approval No.: 2018-041). To induce tumor formation, mice were subcutaneously injected in the right flank with TMD8 or U2932 (1 × 107) cells. Briefly, as shown in Figure 4A, the tumor volumes were measured every other day with Vernier calipers for 16 days and were calculated as V = (a × b2)/2, where “a” is the length of tumor and “b” is the width of tumor. When the tumor volume reached 80–120 mm3, the mice were intraperitoneally injected with 10 or 25 mg/kg HJ901 three times/week or with PBS, which served as a control.



Cell Cycle Analysis

Various cells were plated into 6-well plates and incubated with or without 15 or 30 μM HJ901. After 72 h, the cells were harvested, washed twice with PBS, and then subjected to cell cycle analysis following our previously published protocol (Niu et al., 2018).



Western Blotting

Protein lysates were prepared from U2932, TMD8, OCI-Ly19, and OCI-Ly3.3 cells treated with 0, 15, and 30 μM of HJ901 for 24 h. Western blot analysis was performed based on our previously published methods (Sundaramoorthy et al., 2013). Specific primary antibodies, including P-P65/P65, P-IκBα/IκBα, P-JAK2/JAK2, P-STAT3/STAT3, and β-actin, were detected by western blotting. The experiments were repeated three times for each experimental condition.



Histopathological and Immunohistochemistry Analysis

Fresh tumor tissues were collected, immediately fixed, and embedded in paraffin. Next, the tumor tissues were cut into 5-μm-thick sections and stained with hematoxylin-eosin (H&E) staining to assess pathological changes in the tumors by light microscopy. Additionally, fixed slides were incubated in 3% H2O2 for 10 min to suppress endogenous peroxidase activity and then washed in PBS. Next, the slides were blocked with 1.5% serum in PBS at room temperature for 30 min followed by 5% BSA for 20 min. Slides were incubated with Ki-67 primary antibodies (Novus Biologicals, Littleton, Co., United States) overnight at 4°C. After overnight incubation, the slides were washed with PBST for 15 min and secondary antibodies tagged with biotin were added for 90 min and incubated with Strept Avidin-Biotin Complex (SABC) (Boster, Wuhan, China). After incubating the slides with a solution of 3,3′-diaminobenzidine tetrahydrochloride (Boster), the tissue was checked under a microscope to confirm appropriate staining. The slides were then counterstained, dehydrated, cleared, and mounted. Positively stained cells were counted using Motic Images Advanced 3.2 (Media Cybernetics, Rockville, MD, United States).



Statistical Analysis

All data referenced above were presented as the means ± SEM and were analyzed using SPSS19.0 (SPSS, Inc., Chicago, IL, United States). Comparisons between experimental groups were conducted using one-way analysis of variance, whereas multiple comparisons were made using the least significant difference method. The comparative CT method was applied in the qRT-PCR assay according to the delta-delta CT method. Statistical significance was defined as p < 0.05 or p < 0.01.
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Background: Transarterial chemoembolization (TACE) represents a widely accepted treatment procedure for intermediate stage or unresectable hepatocellular carcinoma (HCC). However, few studies have evaluated serologic prognosis factors in patients with HCC before TACE. Secreted protein acidic and rich in cysteine (SPARC) is a matricellular glycoprotein affecting tumorigenesis and metastasis, and leading to poor prognosis in HCC. Therefore, to further explore the potential prognosis value of SPARC, the expression levels in the plasma of patients and its potential molecular mechanisms underlying the regulation of HCC were investigated in this study.

Materials and Methods: The study population included 43 patients with HCC who underwent TACE. To evaluate the expression of SPARC in different grades of pathological tissues, the immunohistochemistry was performed on tissues from 89 patients with HCC. Lentiviral vectors carrying interference sequences, as well as vectors harboring the complete open reading frame of SPARC for the knockdown or overexpression of SPARC in HuH-7 or HepG2 cells, respectively, allowed us to determine the biological functions of SPARC in vitro and in vivo. We also evaluated the levels of phosphorylated extracellular signal-regulated kinases 1/2 (p-ERK1/2) and matrix metalloproteinases 2/9 (MMP2/9) activation.

Results: The association between serum levels of SPARC and the survival at different TNM and Barcelona-Clinic Liver Cancer (BCLC) stages in patients with HCC undergoing TACE were evaluated. We observed a significant upregulation of SPARC in high grade HCC tissues, predicting unfavorable prognosis, and suggesting an important tumor-promoting effect of SPARC. Functional studies indicated that downregulation of SPARC contributed to the inhibition of proliferation and metastasis of HuH-7 cells in vitro, whereas its overexpression led to opposite phenotypes. Mechanistically, decreased expression of SPARC resulted in dephosphorylation of ERK1/2 and deactivation of MMP2/9, thereby inhibiting growth and metastasis of HCC. Importantly, low expression levels of SPARC inhibited the formation of subcutaneous tumors in nude mice.

Conclusions: SPARC was found to facilitate proliferation and metastasis of HCC via modulation of the ERK1/2-MMP2/9 signaling pathways. Our research has provided a glimpse on the biological mechanism of SPARC and might contribute to the eventual treatment of liver cancer.

Keywords: hepatocellular carcinoma, transarterial chemoembolization, secreted protein acidic and rich in cysteine, extracellular signal-regulated kinase, matrix metalloproteinase


INTRODUCTION

Hepatocellular carcinoma (HCC) constitutes the fifth most common malignancy and the third cause of cancer-related mortality worldwide (1). The 5-years survival rate exhibited by patients with HCC after receiving liver transplantation, curative hepatic resection (HR), or radiofrequency ablation (RFA) of early stage tumors, has been reported to be ~70% (2, 3). However, for cases of unresectable HCC, including tumors with poor liver function reserve, more than three tumor nodules localized to different segments or lobes, portal vein tumor thrombosis (PVTT), or extrahepatic metastases, transarterial chemoembolization (TACE) has been used as the preferred treatment method of choice (4). The prognosis of patients with unresectable HCC after implementation of TACE has been reported to vary significantly. Therefore, it is of vital significance for the clinical practice to explore the mechanisms of incidence and progress of HCC after TACE, as well as identify and evaluate the underlying prognosis targets.

Secreted Protein and Rich in Cysteine (SPARC), also known as osteonectin or BM-40, is known to act as a kind of matricellular glycoprotein. There have been many reports about the special functions of SPARC, including inhibition of cell spreading (5), cell migration, angiogenesis (6), and cell cycle (7). Matrix metalloproteinases (MMPs) have been widely recognized as crucial factors for the degradation of extracellular matrix proteins, and for also facilitating the formation of distal metastases. Recently, several genes, including extracellular signal-regulated kinases 1/2 (ERK1/2) and SPARC have been associated with the modulation of the activity of MMP2/9 in HCC (8–10). However, the intermediate factor in the SPARC-induced regulation of the expression of MMP2/9 in HCC is still uncharacterized.

A previous study evaluating the correlation between SPARC level in the peritumoral-activated hepatic stellate cells and prognosis in patients with HCC after resection reported that SPARC independently contributed to high recurrence or death rates (11). However, to the best of our knowledge, there are no studies that have investigated the prognostic role of SPARC in patients with HCC, especially in patients who underwent TACE. To this end, we quantified the levels of serum SPARC and analyzed their correlation to prognosis in patients with HCC after TACE, as well as performed immunohistochemical assays to evaluate the expression of SPARC in different grades of pathological tissues.

Moreover, in this study we assessed the potential mechanism and possible signaling pathways involving SPARC during the development of HCC. The ability of SPARC to promote the proliferation and metastasis of cells both in vitro and in vivo was assessed via downregulating or upregulating the expression of SPARC in HuH-7 and HepG2 cells, respectively. This antitumor effect could be attributed to the inhibition of the ERK/MMPs pathway, which has been shown to be important in the regulation of HCC proliferation and metastasis.



MATERIALS AND METHODS


Selection of Patients and Clinical Samples

The diagnosis of HCC was performed according to the criteria of the American Association for Liver Diseases Study (12). The study involved 43 patients receiving initial TACE treatment at the Beijing Ditan Hospital, Capital Medical University from April 2014 to July 2015. The inclusion criteria of the study were as follows: (1) patients with HCC at Barcelona-Clinic Liver Cancer (BCLC) stages of A, B, or C, patients with HCC at Tumor Node Metastasis (TNM) stages of II, III, or IVA, and patients with Child-Pugh class A or B; (2) patients who suffered extrahepatic metastasis; (3) patients with HBV etiologies. Whereas, exclusion criteria were: (1) patients suffering hepatitis A, D, or E, autoimmune liver disease, syphilis, and AIDS; (2) patients whose clinical data were incomprehensive and had insufficient follow-up. To evaluate the expression of SPARC in different grades of pathological tissues, we performed immunohistochemical assays in hepatic tissues collected from 89 patients with HCC.



Transarterial Chemoembolization Procedure

Before chemoembolization, superior mesenteric angiography, and common hepatic angiography were performed to assess tumor vascularity, vascular anatomy, and tumor range. After administering local anesthesia to patients, the Seldinger technique was adopted to introduce a 5F catheter into the abdominal aorta via the superficial femoral artery. During hepatic arterial angiography, fluoroscopy assisted in introducing the catheter into the celiac and superior mesenteric arteries, followed by identification of the feeding artery and staining of the tumor and of the surrounding vascular anatomy. A microcatheter was introduced into the feeding artery via the catheter. Then, 5–10 mL of ultra-fluid lipiodol, 20–40 mg of lobaplatin, and 10–30 mg of pirarubicin were combined and subsequently introduced into the tumor. If there was a significant arterioportal (AP) shunt, it was necessary to embolize the gelatin sponge particles to occlude the shunt. Additional angiography was performed before completing the operation to ensure that the supplying artery was fully blocked.



Follow-Up

The study took the overall survival (OS) and progression-free survival (PFS) of patients as the endpoints, which were measured from the time of the initial diagnosis of HCC to the death or the last follow-up date of patients. During the period of follow-up, those with recurrent symptoms, such as recurrence of local lesions, extrahepatic recurrence, as well as intrahepatic distant recurrence received conservative treatment, TACE, or other targeted treatments based on the status of their liver function and the features exhibited by the recurrent tumor.



Immunohistochemistry

Tissue sections fixed with formalin and embedded with paraffin were deparaffinized using a graded series of alcohol washes, and then subjected to 1 h of antigen retrieval and blockage using 5% bovine serum albumin (BSA). Tissue sections were then incubated with antibodies against SPARC (1:200, Abcam, Cambridge, UK), p-ERK1/2, and total ERK1/2 (1:400, CST, Danvers, MA, USA), MMP-2 (1:100, CST), and MMP-9 (1:150, CST) at 4°C overnight. After washing, the secondary goat anti-mouse IgG (ZSGB-BIO, Beijing, China) was added and incubated for 1 h at room temperature. The tissue sections were stained with 3,3′-diaminobenzidine (ZSGB-BIO, Beijing, China) and hematoxylin (Solarbio, Beijing, China). Next, the tissue sections were scanned in a Pannoramic MIDI scanner (3DHISTECH, Budapest, Hungary) and the images were captured using the CaseViewer software (3DHISTECH, version 2.0). The degree of immunostaining was scored separately by two independent investigators. The scores were determined by combining the proportion of positively stained tumor cells and the intensity of staining. The proportion of positively stained tumor cells was graded as follows: score 0, <5% positively stained tumor cells; score 1, 5–25% positively stained tumor cells; score 2, 26–50% positively stained tumor cells; score 3, 51–75% positively stained tumor cells; score 4, >75% positively stained tumor cells. The intensity of staining was scored on a scale of 0–3 as follows: score 0, no staining; score 1, weak staining, light yellow; score 2, moderate staining, yellowish-brown; score 3, strong staining, brown. The staining index was calculated as follows: staining index = staining intensity × proportion of positively stained tumor cells. Tumors with staining index scores of 8–12 were considered to exhibit high SPARC expression, whereas those with staining index scores of 0–7 were considered to exhibit low SPARC expression.



Cell Lines and Infection

HCC cell lines (SMMC7721, MHCC97L, MHCC97H, BEL7402, HUH-7, and HEPG2) and the MIHA normal liver cell line cells were provided by the China Infrastructure of Cell Line Resources (Beijing, China). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 1% glutamine, 1% penicillin/streptomycin, and 10% fetal bovine serum (FBS). All cells were cultured at 37°C in a 5% CO2 atmosphere, and passaged once every 2–3 days. The SPARC-shRNA (shR), scramble-sequence (SCR), SPARC-infected (SPARC) and negative control (NC) lentiviruses containing the gene encoding the green fluorescent protein (GFP) were obtained from Gene Pharma Inc. (Shanghai, China). HuH-7 cells were cultured at 8 × 104 cells/well in 6-well plates and infected with SPARC-shR and scramble-shRNA lentiviruses, following the instructions of the manufacturer. The abbreviation CON indicates the HuH-7 or HepG2 control cells (untreated HuH-7 or HepG2 cell lines). The ERK inhibitor PD98059 (20 μM, Sigma-Aldrich, Santa Clara, California, USA) was added to HuH-7 cells for 1 day. The same procedure was followed for the infection of HepG2 cells. The efficiency of the 72 h infection with the shR and SPARC lentiviruses was evaluated via Leica DM6000B microscope with 10 × 0.25 Numerical Aperture (NA) objective lens (Leica, Wetzlar, Germany).



Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted from transfected HepG2 and HuH-7 cells using the TRIzol reagent (Invitrogen, Carlsbad, California, USA). The obtained RNA was reverse transcribed to cDNA using the One TaqRT-PCR kit (New England Biolabs, Ipswich, MA, USA). For the quantitative reverse transcriptase polymerase chain reaction (RT-qPCR), the SuperReal qPCR PreMix (SYBR Green) (TIANGEN, Beijing, China) was used in a CFX96TM Real-Time system (BIO-RAD, Hercules, California, USA), as well as in a C1000TM Thermal Cycler (BIO-RAD, Hercules, California, USA) according to the protocols of the manufacturers. To evaluate the expression of SPARC, we designed the following primers: Forward, 5′-CCCATTGGCGAGTTTGAGAAG-3′; and Reverse, 5′-CAGGCAAGGGGGGATGTATT-3′. The expression of SPARC was normalized to the expression of the β-actin housekeeping gene.



Subcutaneous Xenograft Nude Mice Models

BALB/c-A nude mice (4-weeks-old male) were purchased from the animal center of the Vital River (Beijing, China) and were maintained at the same center. The mice were housed (three mice per cage) in a pathogen-free environment. The mice had free access to aseptic water and food. The study protocol was approved by the Vital River Institutional Animal Care and Use Committee (permit number: RSD-SOP-002-01). All animal experiments were conducted according to the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. After randomly dividing them into two groups of 10 mice each, we then generated the nude mice specific subcutaneous HCC tumor model. HuH-7 cells with a stably decreased expression of SPARC or SCR were first transfected with a luciferase expressing lentivirus, and then subcutaneously injected into the armpit of nude mice (1 × 107 cells). A Vernier caliper was used for measuring the growing tumor size every 3–4 days for 1 mo. Then, 30 days later, mice with subcutaneous tumors were sacrificed. Tumor tissues were surgically resected, fixed in formalin, and embedded in paraffin. Tissues embedded in paraffin were used in immunohistochemistry analyses.



Cell Proliferation Assays

The relative proliferation capacity and ability of cells for colony formation were measured using the MTT and plate colony formation assays. HuH-7 and HepG2 cells previously infected with SCR, shR, NC, or SPARC for 24 h, were then seeded at 4,000 cells/well in 96-well plates, with every group consisting of five replicate wells. The MTT assay assisted in determining the relative proliferation of cells for 4 days. In brief, we added 20 μL of MTT solution at a concentration of 5 mg/mL to every well and incubated cells at 37°C for 4 h. Optical density was measured at 490 nm, and the number of live cells was approximated based on the absorbance values of cells solubilized in 150 μL DMSO (Sigma-Aldrich). For the plate colony formation assay, cells previously infected for 24 h, were plated in 6-well plates at a concentration of 1,000 cells/well for every experimental group. DMEM supplemented with 10% FBS was replaced every 2–3 days. After 10 days incubation, every well was washed with phosphate buffered saline (PBS) and stained with crystal violet. Colonies of cells were manually counted under Leica DM6000B microscope with 10 × 0.25 NA objective lens (Leica, Wetzlar, Germany).



Cell Migration and Invasion Assays

For the invasion assay, we used the trans-well chamber assay with an 8 μm pore filter membrane under a pro-coating of Matrigel (BD Biosciences, Franklin Lakes, New Jersey, USA), whereas for the cell migration assay the extracellular matrix (ECM) was omitted (Corning Costar, Corning, NY, USA). HepG2 and HuH-7 cells were cultured in medium (200 μL DMEM without FBS) at a density of 1 × 105 cells/upper well. The lower chamber was filled with a certain amount of complete media (600 μL DMEM containing 10% FBS). The membranes were first incubated at 37°C for 24 h. Next, the medium in the upper chamber was discarded and the cells were removed using a cotton swab. Cells were fixed with 100% alcohol and stained for 30 min with 1% crystal violet. No <6 random microscopic fields were observed under Leica DM6000B microscope with 10 × 0.25 NA objective lens (Leica, Wetzlar, Germany).



Western Blot Analysis

The expression of proteins in cells infected by SCR, shR, SPARC, or NC was assessed via Western blot analysis. Total protein was isolated in RIPA buffer (high) with 1 mM phenylmethylsulfonyl fluoride (Solarbio, Beijing, China) for 30-min and then centrifuged at 13,000 g for 15 min at 4°C. After quantification of protein, an equal amount (40 μg) was loaded in each sample well, and separated on 15% SDS-polyacrylamide gels, followed by electrotransfer to polyvinylidene difluoride (PVDF) membranes. Membranes were incubated with anti-rabbit monoclonal antibodies against SPARC (1:400; Abcam), ERK/p-ERK (1:1000; CST), MMP-2 (1:500; CST), and MMP-9 (1:500; CST). Detection using anti-GAPDH antibodies (1:1000; CST) helped to ensure equal loading of protein samples on gels. The integrated density exhibited by protein bands was quantified using the Alpha View software (ProteinSimple, Santa Clara, California, USA).



The Cancer Genome Atlas Data

Data regarding the levels of SPARC mRNA expression in HCC (The Cancer Genome Atlas, TCGA, Nature 2014) were extracted from cBioPortal (www.cbioportal.org).



Statistical Analysis

The clinical and demographic characteristics in this study were summarized as median, range and number (Table 1). We converted the continuous values to categorical values considering the cut-off values calculated according to the largest Youden index (Sensitivity + Specificity −1) value. The Student's t-test was used to compare samples in terms of continuous variable age, while the Pearson's chi-square test was applied to compare the relationship between two or more categorical variables. Important predictive factors of the prognosis of patients with HCC receiving TACE treatment were identified using the univariate and multivariate Cox proportional hazards regression analyses. The OS and PFS of patients were analyzed with the Kaplan Meier (KM) method by virtue of the log rank test. All experiments were performed for at least 3 times. The Student's t-test assisted in analyzing the differences between different experimental groups regarding the expression of the SPARC RNA, the proliferation of tumor cells, the numbers of formed colonies, as well as the numbers of migrating and invading cells. A p < 0.05 was considered statistically significant. SPSS22.0 (IBM, Armonk, NY, USA) was used for statistical analysis and GraphPad software (GraphPad Software, La Jolla, CA, USA) was used to present the analyzed data.


Table 1. Correlation of high SPARC expression with clinical characteristics in 43 HCC.

[image: Table 1]




RESULTS


Detection of Expression of SPARC

Bioinformatic analysis using TCGA dataset showed that the levels of SPARC in the plasma of patients with HCC were higher than that of healthy people (Figure 1A, p < 0.001). Table 1 illustrates the relation of the expression of SPARC to important clinical attributes of HCC. Based on these, the expression of SPARC was shown to not be related to any clinical parameters, such as age, liver function, tumor diameter, portal vein tumor thrombosis, BCLC stage, and TNM stage (Table 1).


[image: Figure 1]
FIGURE 1. Expression of SPARC and its clinical significance in HCC patients. (A) Compared with healthy individuals, SPARC was highly expressed in the serum of patients with HCC in the TCGA dataset (p < 0.001). (B) There was an association between the serum expression of SPARC in patients with HCC receiving TACE and OS time. A cut-off value was implemented for dividing patients into a group with high expression (n = 12, serum SPARC ≥ 244 ng/mL) and a group with low expression (n = 31, serum SPARC <244 ng/mL). Kaplan-Meier analysis revealed that the OS of patients with high expression of SPARC might be poor (p = 0.0151). Both groups exhibited the same PFS (p = 0.1722). Regarding the cut-off value, as well as BCLC staging, we divided patients into the BCLC A/B low (n = 21) and high expression (n = 8) groups, and the BCLC C low (n = 11), and high expression (n = 3) groups, respectively. The OS of patients in both the BCLC A/B low and high expression groups with lower expression of SPARC appeared to be better (p = 0.0016). The cut-off value together with TNM grading were taken into consideration for dividing patients with TNM II high (n = 7) and low expression (n = 18) groups, and the TNM III/IV high (n = 4), and low expression (n = 14) groups, respectively. A higher serum level of expression of SPARC represented a shorter OS in the TNM II groups (p = 0.0002). (C) Cytoplasmic immunoreactivity (brown) and nuclear (blue) was observed. SPARC was significantly upregulated in higher grade human pathological HCC tissues. Immunohistochemical analysis (20 ×, and 400 × magnification) revealed an increased expression of SPARC in poorly- (G3, p < 0.0001; n = 9) compared with well-(G1, p < 0.0001; n = 23) and moderately- (G2, p = 0.0025; n = 57) differentiated HCC tissues. HCC, hepatocellular carcinoma; NOR, healthy individuals; TACE, transarterial chemoembolization; OS, overall survival; PFS, progression-free survival; BCLC, Barcelona Clinic Liver Cancer; TNM, Tumor Node Metastasis.




Survival Analysis

Evaluating the prognosis values exhibited by different variables assisted in finding factors that could predict the survival rate of patients with HCC undergoing TACE. Univariate analysis showed that expression of SPARC, neutrophil-lymphocyte ratio (NLR), tumor diameter, lymph node metastasis, portal vein tumor thrombosis, as well as BCLC and TNM staging exhibited a correlation with the OS of patients with HCC undergone TACE (p < 0.05, Table 2). Additionally, multivariate Cox regression analysis revealed the high expression of SPARC, portal vein tumor thrombosis (PVTT), and BCLC stage C as independent risk factors affecting prognosis (p < 0.05, Table 2).


Table 2. Univariate and multivariate analysis of prognosis factors for overall survival in HCC patients.
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Taken into account the cut-off value, patients with HCC undergone TACE were divided into two groups, a group with high expression of SPARC, and a group with low expression of SPARC. Cut-off values at the 30th percentile were rounded as 244 ng/mL. The median survival period was 741 and 372 days in the group with low and high expression of SPARC, respectively. As revealed by the KM survival analysis, the 4-years OS of patients with a lower expression of SPARC was obviously higher (p = 0.0151, Figure 1B), whereas both groups had similar PFS at 4 years (p = 0.1722).

The expression of SPARC was also analyzed in relation to the BCLC and TNM staging of patients with HCC undergone TACE. Accordingly, the prognosis of patients with lower serum levels of SPARC was remarkably better at BCLC stage A or B and TNM stage II (p = 0.0016 and p = 0.0002). Regarding patients in BCLC stage C and TNM stage III or IV, the expression of SPARC did not show an obvious correlation to prognosis (p = 0.4938 and p = 0.2529).

To further explore the role played by SPARC in various grades of HCC pathological tissues, the protein levels of SPARC were evaluated in 89 collected HCC tissues. Immunohistochemical analysis revealed an increased expression of SPARC in poorly differentiated compared with well- and moderately-differentiated HCC tissues (p < 0.0001, p < 0.0001, and p = 0.0025, respectively; Figure 1C).



Construction of SPARC-Downregulation and -Overexpression Models

We evaluated the expression of SPARC in six HCC cell lines, namely SMMC7721, MHCC97L, MHCC97H, BEL7402, HUH-7, and HEPG2, and in the MIHA normal liver cell line (Figures 2A,B). The SPARC-shRNA (shR) lentiviral construct was used to knockdown the expression of SPARC, whereas the SPARC construct was used to upregulate the expression of SPARC to form stable expression systems. For later related experiments, a SPARC down-regulation and a SPARC over-expression model were constructed using the HuH-7 and HepG2 cell lines, which have relatively high and low expression of SPARC, respectively (Figure 2C). The successful construction of these two models was confirmed by quantitative PCR analyses. Figure 2D present the significant downregulation and upregulation of the expression of SPARC in the shR and SPARC groups, respectively, relative to the SCR and NC groups.
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FIGURE 2. Cell infection. (A,B) Western blotting was performed to compare the expression of SPARC in HCC cell lines, namely SMMC7721, MHCC97L, MHCC97H, BEL7402, HUH-7, and HEPG2, as well as in the MIHA normal liver cell line. (C,D) Infection efficiency of lentivirus was expressed by green fluorescent. The efficiency of the 72 h infection with the shR and SPARC lentiviruses was found to be over 80%. Likewise, the efficiency of the knockdown and overexpression of SPARC following the 72 h infection with shR and SPARC lentiviruses were evaluated via RT-qPCR analysis, and found to be over 80%. *p < 0.05 and ***p < 0.001. SCR, scramble-sequence; NC, negative control; shR, SPARC-shRNA; SPARC, SPARC-infected.




Knockdown of SPARC Suppressed the Progress of Tumor in vivo

To further study the in vivo biological activity of SPARC, we developed a subcutaneous xenograft nude mice model. Collected HuH-7 cells (107 cells) infected with either shR or SCR plasmids were injected into the armpit of nude mice. Accordingly, as the expression of SPARC was downregulated in HuH-7 cells, the observed tumor size was remarkably smaller compared with the SCR group (Figures 3A,B). Data in Figure 3C showed that there was no significant difference in the body weight between the two groups. Knockdown of SPARC significantly decreased tumor weight in mice (Figure 3D). We performed immunohistochemistry (IHC) analysis to determine the protein levels of SPARC, p-ERK, MMP-2, and MMP-9 in the generated tumors. Accordingly, IHC analysis revealed much lower levels of SPARC protein in the shR relative to the SCR group. Likewise, IHC analysis demonstrated that tumors from the shR group presented much lower levels of p-ERK, MMP-2, and MMP-9 relative to the SCR group (Figures 3E,F).


[image: Figure 3]
FIGURE 3. Downregulation of SPARC limits the growth of tumors in vivo. (A) BALB/C nude mice underwent a subcutaneous transplantation in their right upper sub-axillary with SCR or shR lentiviruses-infected HuH-7 cells (n = 5). The deficiency of SPARC suppressed the growth of tumors in nude mice 30 days after the transplantation. (B) The volume of tumors is expressed as the mean ± S.E.M. (C) Body weight. (D) Tumor weight. Immunohistochemistry (400 × magnification) analysis facilitated the detection of the expression levels of SPARC, p-ERK, MMP-2, and MMP-9 in tumor tissues (E,F). **p < 0.01, and ***p < 0.001.




Downregulation of SPARC Weakened Malignant Behaviors of HCC Cells in vitro

As it was shown in the MTT assay, there was no significant difference of malignant behaviors between CON cells and SCR cells (p > 0.05). Downregulation of SPARC greatly inhibited the growth of cells after 24 h, relative to SCR cells (p < 0.01, Figure 4A). Similarly, the plate colony formation assay revealed that cells with lower levels of SPARC had smaller number and size of colonies relative to SCR-transfected cells (p < 0.001, Figures 4B,C). The migration and invasive ability of cells infected with SCR or shR for 24 h was analyzed and found to be remarkably limited owing to the downregulated expression of SPARC (p < 0.001 for both, Figures 4D,F).
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FIGURE 4. Knockdown of SPARC suppresses the proliferation, migration and invasion of HuH-7 cells, whereas upregulation of SPARC promotes those processes in HepG2 cells. (A) As shown by the MTT assay, 24 h of knockdown led to an obvious arrest of cells, whereas 72 h of upregulation greatly enhanced the proliferation of cells. (B,C) The plate colony formation assay facilitated the characterization of the ability of cells for colony formation. Assays on the migration and invasion of cells were conducted using shR or SCR-infected HuH-7 cells (D,F), as well as SPARC or NC-infected HepG2 cells (E,G). There was no significant difference of proliferation, migration and invasion between CON cells and SCR or NC cells. **p < 0.01, and ***p < 0.001. CON, untreated HuH-7 or HepG2 cell lines; SCR, scramble-sequence; NC, negative control; shR, SPARC-shRNA; SPARC, SPARC-infected.


To verify the results of our knockdown experiment, we designed a recovery experiment for detecting the biological functions possessed by SPARC in HepG2 cells with relatively low endogenous expression of the protein. Following 24 h of infection with SPARC, we observed an obvious increase in the proliferation of SPARC-infected cells after 72 h (p < 0.001, Figure 4A). Accordingly, cells with higher expression of SPARC exhibited a larger number and size of colonies relative to the NC-infected cells (p < 0.01, Figures 4B,C). Both the migration and invasion ability of cells infected with NC or SPARC for 24 h, SPARC group cells exhibited an obvious increase relative to NC group cells (p < 0.001 for both, Figures 4E,G). And there was no significant difference between CON group cells and NC group cells (p > 0.05).



SPARC Facilitated Growth and Metastasis of HCC Cells via Activation of the ERK/MMPs Pathway

Our study found that downregulation of SPARC for 72 h resulted in greatly inhibiting the ERK/MMPs pathway. The decrease in the expression of SPARC expression led to the downregulated expression of p-ERK1/2, MMP-2, and MMP-9 (Figure 5A). And the expression of SPARC, p-ERK1/2, MMP-2, and MMP-9 was not significantly different between CON and SCR (p > 0.05). To figure out the underlying mechanisms of this regulatory network, we aimed to evaluate the expression of the proteins involved in the downstream pathway by administering PD98059 (20 μM), an inhibitor of the p-ERK1/2 pathway, to HuH-7 cells. Following treatment of cells with PD98059 for 24 h, our results demonstrated a decrease in the expression of p-ERK1/2, MMP-2, and MMP-9 relative to those of the vehicle group (Figure 5A).
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FIGURE 5. Knockdown of SPARC inhibits the ERK1/2-MMP2/9 pathway, suppressing the proliferation and metastasis of HCC cells. (A) Expression of proteins involved in the SPARC-ERK-MMPs pathway were assessed. (B) The gray value statistics of protein SPARC, p-ERK, MMP-2, and MMP-9. *p < 0.05, **p < 0.01, and ***p < 0.001. HCC, hepatocellular carcinoma.


In contrast, the recovery experiment led to opposite results. Western blot analysis revealed that the levels of p-ERK1/2, MMP-2, and MMP-9 were remarkably increased after infection with SPARC for 72 h (Figure 5A). And the expression of SPARC, p-ERK1/2, MMP-2, and MMP-9 was not significantly different between CON and NC (p > 0.05). Analysis of the gray values of SPARC, ERK, p-ERK, MMP-2, as well as of MMP-9 contributed to the evaluation of the protein quantity, indicating an obvious change in the level of these proteins in the shR/PD98059/SPARC relative to the SCR/vehicle/NC group (Figure 5B).




DISCUSSION

The expert consensus statement of the 2010 International Hepato-Pancreato-Biliary Association defined TACE as a standard therapeutic approach for unresectable HCC, regardless of portal vein involvement (main portal vein excluded) (4). Despite delayed tumor progression and enhanced OS due to ischemic necrosis caused by arterial embolization, TACE could hardly achieve complete necrosis in the target lesion. Following TACE, incomplete embolization might result in intrahepatic or extracapsular tumor invasion. Therefore, it is of great significance to search for independent risk factors influencing the prognosis of patients with HCC before performing TACE.

As reported, SPARC was shown to promote the proliferation, and migration of tumor cells and correlate with the prognosis of HCC. Moreover, it was shown to help obtain stem cell phenotypes, as well as to facilitate the epithelial-mesenchymal transition of liver cancer cells, exhibiting a close association with the development of the tumor, its metastatic dissemination, and postoperative recurrence, as well as its resistance to radiotherapy or chemotherapy (13–15). However, it is necessary to further study the molecular mechanisms of the SPARC-related pathways in liver cancer.

Accordingly, this study aimed at confirming the value of SPARC for predicting prognosis in patients with HCC before TACE, as well as evaluating the mechanisms of action of SPARC during the development of HCC. The TCGA database revealed that SPARC exhibited an obviously higher expression in HCC relative to the healthy group. To further explore the potential value of SPARC in the preoperative prognosis of patients with HCC undergoing TACE, we quantified the expression of SPARC in the plasma of patients. Our study showed that increased expression of SPARC in the plasma of patients with HCC led to a shorter OS after TACE; however, high expression of SPARC did not remarkably affect PFS. Increased expression was also shown to cause shorter OS in BCLC stage A or B, and TNM grade II. As revealed by K-M analysis, the expression of SPARC in the plasma of patients with BCLC stage C, and TNM grade III, or IV was not related to OS. Hence, we suggested a negative correlation between the expression of SPARC before TACE and the prognosis of patients with HCC, especially those with BCLC stage A or B, and TNM stage II tumors. To clarify its mechanism, we further analyzed the relationship between the expression of SPARC and the grade of pathological tissues. The results indicated that the levels of expression of SPARC increased with the increasing grade of pathological tissues.

Furthermore, we investigated the preventive effect of SPARC in HCC, both in vitro and in vivo, using the HuH-7, and HepG2 human HCC cell lines, as well as HuH-7 xenografts in nude mice. Accordingly, when the expression of SPARC decreased, the viability, the colony formation ability and the migration and invasive ability of HuH-7 cells was greatly inhibited (Figure 4). Exogenous SPARC could intensify the proliferation of HCC cells with time. Our recovery experiments showed the ability of the overexpression of SPARC to remarkably promote the proliferation, migration, and invasion of HCC cells (Figure 4). These findings suggested that SPARC has a physiological role in promoting the growth of HCC cells and might be capable of facilitating the migration, as well as invasion of HCC cells. Likewise, in our in vivo model, the finding suggested that if the in vivo levels of SPARC are low, the expression of MMP-2/9 and p-ERK would be downregulated to suppress the formation and development of ectopic HCC cell tumor, thereby inhibiting the proliferation of the tumor (Figure 3). Combining all these findings, it could be suggested that SPARC might significantly affect the occurrence and development of HCC.

Tumor metastasis is one of the main factors limiting the efficacy of chemotherapeutic agents in patients with HCC. Intravasation and extravasation of HCC cells through basement membranes are essential steps in the metastatic cascade (16). The MMP proteins are known to act as an essential family of proteolytic enzymes participating in trophoblast invasion, and studies have shown that MMP-2 functions as an important enzyme in the degradation of type IV collagen during invasion (17, 18). As a member of the MMP family, MMP-9 has been reported to not only destroy type IV collagen, but also to lead to the degradation of extracellular matrix proteins, and to also help in the formation of distal metastases (19, 20). The ERK1/2 signaling pathway is known to essentially affect various cellular processes, such as migration, proliferation, and apoptosis (21). As reported, MMP-2 and MMP-9 can regulate the ERK signaling pathway, thereby promoting migration and invasion of cancer cells (22, 23). Noted, p-ERK was shown to be capable of affecting transcription factors, and regulating the transcription of many MMPs (24). This study showed that if phosphorylation of ERK1/2 was inhibited in HuH-7 and HepG2 cells, the activity of MMP-2 and MMP-9 would decrease, supporting the finding that p-ERK has the ability to regulate the expression of MMP-2/9.

As noted in all these processes, p-ERK and MMP-2/9 exhibited an obvious increase in their expression following knockdown of SPARC in HuH-7 cells, as well as in transplanted subcutaneous tumors. To further clarify the involvement of the proteins in this pathway, we evaluated their expression after treatment with a p-ERK inhibitor (PD98059, 20 μM). As revealed, the expression of p-ERK, and MMP-2/9 was significantly decreased after adding PD98059 to HuH-7 cells for 24 h. According to studies, increased expression of SPARC might lead to activation and subsequent phosphorylation of ERK1/2, with p-ERK regulating the transcription of MMP-2/9, thus promoting cell growth and proteolysis of extracellular matrix related to tumor invasion. In contrast, as shown in this study, knockdown of SPARC might result in suppressing the activation and phosphorylation of ERK1/2. Thereby, inactivation of ERK1/2 would downregulate MMP-2/9 at the surface of cell resulting in the inhibited development and invasion of tumor cells (Figure 5). Therefore, our findings suggested that SPARC could function in regulating the proliferation and metastasis of cells via the ERK/MMPs pathway and downregulation of SPARC could weaken the activity of both MMP-2 and MMP-9.



CONCLUSIONS

To sum up, SPARC could regulate the ERK/MMPs pathway, thereby enhancing the proliferation and metastasis of tumor cells. Furthermore, SPARC could facilitate easier diagnosis of HCC, as well as identification of novel alternative targets specific to the management and treatment of HCC.
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Background: Our previous study demonstrated an overexpression of CD44 variant 9 (CD44v9) in human cholangiocarcinoma (CCA) tissues that was associated with inflammation-related tumor development. However, the participation of CD44v9 in cholangiocarcinogenesis remains poorly understood. Therefore, in this study, we examined the potential roles of CD44v9 in CCA cells to understand the carcinogenic mechanism.

Methods: Using normal cholangiocytes (MMNK1) and CCA cells (KKU213), the expression levels of CD44v9 and its related molecules were quantified through RT-qPCR and immunofluorescence (IF) staining. To evaluate its biological functions, we performed CD44v9 (exon 13) silencing using siRNA transfection, and assessed cell proliferation through MTT assay, cell migration and invasion by transwell technique, and carried out cell cycle analysis by flow cytometry. In vivo tumor growth was assessed by nude mouse xenografts, and histological and molecular changes were determined.

Results: KKU213 exhibited higher protein expression levels of CD44v9 than those of MMNK1 through IF staining. RT-qPCR analysis revealed that the mRNA expression level of CD44v9 was predominantly elevated in CCA cells along with its neighboring exons such as variant 8 and 10, minimally affecting the standard form of CD44. CD44v9 silencing could regulate redox system in CCA cells by reducing the expression levels of SOD3 and cysteine transporter xCT. CD44v9 silencing suppressed the CCA cell proliferation by induction of apoptosis and cell cycle arrest. Migration and invasion were decreased in CD44v9 siRNA-treated CCA cells. CD44v9 downregulation inhibited CCA tumor growth in mouse xenografts. IF analysis demonstrated the histological changes in xenograft tissues such as an increase in connective tissues through collagen deposition and reduction of hyaluronic acid synthesis through CD44v9 silencing. CD44v9 knockdown in vitro and in vivo increased E-cadherin and reduced vimentin expression levels, resulting in reduction of epithelial-mesenchymal transition (EMT) process. Moreover, CD44v9 modulated Wnt10a and β-catenin in tumorigenesis.

Conclusion: Our results indicate that CD44v9 plays a potential role in CCA development by the regulation of cell proliferation and redox balancing. CD44v9 silencing may suppress tumor growth, migration and invasion through EMT: a finding that could potentially be applied in the development of targeted cancer therapy.

Keywords: cholangiocarcinoma, CD44 variant 9, epithelial-mesenchymal transition, Wnt/β-catenin, cancer stem cell


INTRODUCTION

Cancer stem cell (CSC), a subpopulation of tumor cells, is associated with biological processes of carcinogenesis by facilitating self-renewal, tumor metastasis, tumor recurrence, and drug resistance (Phi et al., 2018). CD44 is abundantly expressed in normal tissues. It has been recognized as a CSC marker in various types of cancers, and found to play a role in various biological processes, such as cancer proliferation and metastasis. The variant isoforms of CD44 (CD44v) generated by alternative splicing have been reported to reveal higher aggressive potential in tumor as compared to the standard isoform (CD44s) (Prochazka et al., 2014). Among ten CD44 variants, CD44v9 has been closely associated with cellular processes and tumorigenicity comprising cell proliferation, metastasis, and tumor invasiveness through epithelial-mesenchymal transition (EMT) (Yasui et al., 1998; Miwa et al., 2017; Vaquero et al., 2017; Taniguchi et al., 2018). Kiuchi et al. (2015), have found that the expression of CD44v9 was upregulated during the mitotic phase of pancreatic cancer cells. Furthermore, CD44v9-positive cells were shown to possess the ability to suppress the production of reactive oxygen species (ROS), resulting in the therapeutic resistance, recurrence, and metastasis of tumors (Wada et al., 2013; Ogihara et al., 2019). In our previous study, CD44v9 was overexpressed in Opisthorchis viverrini-related cholangiocarcinoma (OV-CCA) tissues and was proposed to be a potential CSC marker for OV-CCA (Suwannakul et al., 2018). Investigation of the correlation between CD44v9 and CCA could prove meaningful in the determination and development of appropriate cancer therapy for CCA. However, the biological role of CD44v9 in CCA development still remains unclear.

We hypothesize that the downregulation of CD44v9 may be involved in suppression of CCA development. Therefore, we investigated the phenotypic changes by introducing small interfering RNA (siRNA) into CCA cells. The results showed that a downregulation of CD44v9 led to a suppression of cell proliferation along with an enhancement of cell apoptosis and cell cycle arrest. CD44v9 siRNA also inhibited cell migration and invasion. Furthermore, CD44v9 silencing in nude mouse xenograft model resulted in the suppression of tumor growth and histological changes in the tumor stroma. In order to address one of the biological alterations in CD44v9-related CCA development, we found the possible link between EMT phenotype and Wnt signaling pathway for tumorigenic regulation.



MATERIALS AND METHODS


Cell Culture

Two different cell lines were used in this study, including human cholangiocyte cell line (MMNK1) and cholangiocarcinoma cell line (KKU213) that were obtained from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). The cell lines were maintained in DMEM (Thermo Fisher Scientific, Waltham, MA, United States) supplemented with 100 U/mL penicillin, 100 mg/mL streptomycin, and 5% fetal bovine serum (FBS) for MMNK1 or 10% for KKU213 cells (MP Biomedicals, Santa Ana, CA, United States) in a humidified incubator at 37°C and 5% CO2.



siRNA Synthesis and Transfection

For CD44v9 silencing, exon 13 siRNAs were designed and synthesized (MISSION siRNA, Sigma-Aldrich, MO, United States), and the sequences used were as follows: siRNA#1; (sense) 5′-CUUCUACUCUGACAUCAAG-3′, (antisense) 5′-CUUGAUGUCAGAGUAGAAG-3′. siRNA#2; (sense) 5′-GAGCUUCUCUACAUCACAU-3′, (antisense) 5′-AUGUGAUGUAGAGAAGCUC-3′. The MMNK1 and KKU213 cells were seeded in a six-well plate at a density of 0.5 × 106 cells/well using the antibiotics-free medium supplemented with FBS and incubated overnight at 37 °C. Subsequently, the cells were treated with either the negative control (SIC-001-10, Merck, Darmstadt, Germany) or the target siRNA (10 μM, a final concentration is 10 nM) using lipofectamine 3000 reagent (Invitrogen, Waltham, MA, United States) following the manufacturer’s instructions. After 24 h post-transfection, cells were harvested and prepared for the subsequent experiments.



Immunofluorescence (IF) Staining

The treated cells with siRNA and the non-treated cells were seeded in an 8 chamber glass slide at 0.2 × 106 cells/mL and incubated at 37°C overnight. The cells were then fixed with 4% formaldehyde in PBS for 10 min, and treated with 1% skim milk for 1 h. Following this, the cells were incubated with primary antibodies (Supplementary Table S1A) overnight. The secondary antibodies (Supplementary Table S1A) were subsequently added to the cells, followed by incubation for 3 h in dark. The slides were then mounted with DAPI-fluoromount-G (Southern Biotech, Birmingham, AL, United States) and the stained cells were observed under fluorescent microscope (Olympus, Tokyo, Japan). The quantitative analysis of fluorescent intensity was performed using ImageJ and a relative ratio of intensity was calculated in comparison to that of the nuclear staining of DAPI, since Zhang et al. (2019), indicated that there was no difference between DAPI and GAPDH, as a reference for the adjustment of cell number.



RNA Extraction and Quantitative Real-Time PCR

The specific Taqman probe and primers were obtained from Applied Biosystems (Waltham, MA, United States), including CD44 [exon 3-4 (Hs01075864_m1), exon 12-13 (Hs010- 75856_m1), exon 13-14 (Hs-b01075857_m1), exon 14-15 (Hs01075858_m1)], CAT (Hs00156308_m1), GPx1 (Hs00- 829989_gH), SOD1 (Hs00533490_m1), SOD2 (Hs00- 167309_m1), SOD3 (Hs00162090_m1), xCT (Hs00921938_m1), and GAPDH (Hs99999905_m1).

Total RNA was extracted from MMNK1 and KKU213 cells using TRIZOL reagent (Thermo Fisher Scientific) and integrity was confirmed using the 1% agarose gel electrophoresis. cDNA was synthesized from the isolated RNA (2 μg) using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems), and 1 μL of cDNA was used for each PCR reaction using TaqMan Universal Master Mix II (Applied Biosystems). The conditions used for real-time PCR were as follows: 95°C for 10 min followed by two-step PCR (95°C for 15 s and 60°C for 1 min) for 50 cycles using StepOnePlus Real Time PCR System (Applied Biosystems). In each experiment, negative control was used where nuclease free water was added in the reaction mixture instead of the template. The samples were run in duplicates and the levels of expression were normalized with GAPDH.



Cell Proliferation

One day before conducting the experiment, 1.5 × 103 cells/well of siRNA-transfected MMNK1 and KKU213 cells were plated in 96-well plate for 24 h. Subsequently, the experimental medium (antibiotics-free medium supplemented with FBS) was replaced by complete medium (medium supplemented with FBS and antibiotics) and the cells were cultured for 24, 48, 72, and 96 h. At each time-point of post-transfection, 10 μL of 5 mg/mL MTT solution (Merck) was added and the cells were incubated at 37 °C for 4 h. Subsequently, the solution was removed, and 150 μL DMSO was added and the absorbance was measured at a wavelength of 570 nm using the microplate reader (Bio-Rad, Hercules, CA, United States). The experiment was performed in six replicates using independent conditions.



Assessment of Cell Apoptosis and Cell Cycle Using Flow Cytometry

Early apoptotic and late apoptotic cells were identified using Muse Annexin V & Dead Cell Kit (MCH100105, MUSE, Merck, Waltham, MA, United States). KKU213 cells were transfected with siRNA for 24 h, the experimental medium was replaced by complete medium and incubated for 72 h at 37°C and 5% CO2 in an incubator. Treated cells were harvested and resuspended in a serum-containing medium. Cell solution was mixed with MuseTM Annexin V & Dead Cell Reagent, incubated for 20 min at room temperature in dark, and analysis was done using Muse Cell Analyzer (Luminex, Austin, TX, United States). For analysis of apoptotic cells, debris were excluded by gating.

The percentage of cells at each stage was analyzed using MUSE Cell Cycle Kit (MCH100106, MUSE, Merck). Briefly, the siRNA treated cells were harvested and washed with PBS. Then cells were resuspended in 70% cold ethanol and incubated overnight at -20°C. Before analysis, the ethanol-fixed cells were washed with PBS and resuspended in MuseTM Cell Cycle Reagent following the manufacturer’s instructions. Subsequently, the cells were incubated in dark at room temperature for 30 min, cell cycle analysis was performed using MUSE Cell Analyzer, and the data were evaluated using ModFit LT 3.0 software (Verity Software House, ME, United States). All experiments were performed in triplicates. For analysis of cell cycle, debris and dead cells were excluded by gating.



Cell Migration and Invasion

The migration and invasion assays for KKU213 cells were performed in triplicates using a 24-well transwell chamber, 8 μm pore size (Corning Incorporated, Corning, NY, United States). The interior of inserts and wells of Corning BioCoat Matrigel Invasion Chambers were rehydrated with serum-free medium for 2 h at 37°C and 5% CO2. The medium was removed and 750 μL of complete medium containing 10% serum was added into each well. Subsequently, 4 × 104 cells/500 μL of siRNA treated cells in serum-free medium were plated on control insert (for migration) or Matrigel insert (invasion). After an incubation of 24 h, non-migratory or non-invaded cells were gently removed from inserts with a cotton swab. The migratory or invaded cells were fixed and stained by cell stain solution (Cell Biolabs, San Diego, CA, United States) for 10 min at room temperature and the inserts were allowed to air dry. The number of migratory or invaded cells were counted under microscope using 5 microscopic fields/sample. The percentage of invasion was calculated as (cell number of invasion)/(cell number of migration) × 100 to avoid the effect of a decrease in cell viability by CD44v9 siRNA.



Western Blot

Total protein of cells was extracted by RIPA buffer (Cell Signaling Technology, Dancers, MA, United States) containing protease inhibitor (100 mM phenylmethylsulfonyl fluoride). For the fraction of nuclear and cytosolic protein, NucBuster Protein Extraction Kit was used (Novagen, Darmstadt, Germany), according to the instruction. Briefly, the packed cells were resuspended in 150 μL NucBuster Reagent 1, incubated on ice for 5 min and centrifuged at 12,000 rpm, 4°C for 5 min. The supernatant (cytoplasmic fraction) was separated. The pellet was resuspended in 77 μL mixture of Protease Inhibitor Cocktail, DTT and NucBuster Extraction Reagent 2, incubated on ice for 5 min and centrifuged at 12,000 rpm, 4°C for 5 min. The supernatant (nuclear extract) was transferred and prepared for the assay. The protein concentration was evaluated by Coomassie Protein Assay Kit (ThermoFisher Scientific, MA, United States) and 20–30 μg of total protein in 4X SDS sample buffer (ThermoFisher Scientific) was loaded onto 5–20% polyacrylamide gel (Wako, Osaka, Japan). Electrophoresis was performed at 600 V, 40 mA for 35 min. Proteins were transferred to PVDF membranes (Merck Millipore, MA, United States) at 600 V, 100 mA for 35 min. The membranes were then blocked with 5% skim milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBS-T) for 30 min at room temperature, and incubated with primary antidodies (Supplementary Table S1B) at 4°C overnight. The membranes were washed with TBS-T and incubated with horseradish peroxidase-conjugated secondary antibodies (Supplementary Table S1B) for 1 h at room temperature. After washing with TBS-T, the signals were visualized by enhanced chemiluminescence reagent (GE Healthcare, CA, United States) and detected by LAS4000mini (Fujifilm, Tokyo, Japan). The fold change of intensity was evaluated using ImageJ and normalized to GAPDH, and Histone H3 was used for nuclear protein.



Drug Resistance

The transfected cells were seeded in 96-well plate at 2000 cells/well. Cells were treated with various concentrations of fluorouracil (5-FU) (Wako) at 37°C, 5% CO2 for 24 h. Cell viability was evaluated by adding 10 μL of 5 mg/mL MTT solution (Merck Millipore) and incubated at 37°C for 4 h. After removed cell solution and added DMSO, the reaction was measured at a wavelength of 570 nm.



Spheroid Formation Assay

Spheroids were established in agarose-based 96-well plates. Briefly, 80 μL of the sterile 1% agarose (Lonza, Gampel, Switzerland) (w/v in PBS) was added into 96-well plate and incubated at 37°C for 2 h. The transfected cells were harvested by trypsinization and washed with PBS. One hundred microliters of cell suspension (2 × 104 cells/well) were seeded in 96-well plate containing agarose gel. The microplate was centrifuged at 1000 rpm for 5 min. Clusters of cells were observed after 72 h of seeding under a phase contrast inverted microscope (Olympus). The diameter of tumor spheroid was recorded and determined using ImageJ.



Cysteine Assay

The quantification of cysteine was determined using Cysteine assay kit (Abcam, Cambridge, United Kingdom). Cells were treated with siRNA condition before experiment. Cells were harvested and lysed by resuspension in assay buffer and homogenized on ice. Supernatant was collected and deproteinized using 10 kDa spin column (Merck Millipore). Then, the eluent was treated following the instruction, and then measured at Ex/Em = 365/450 nm in kinetic mode at room temperature. The concentration of cysteine in sample was calculated from standard curve.



Tumor Xenograft Model Analysis

Four-week-old male athymic BALB/c nude mice (n = 10 mice per condition) were purchased from Japan SLC Inc. (Hamamatsu, Japan). All protocols for animal studies were approved by the committee of animal center of Mie University, Mie, Japan (Approval no. 26-19-sai2-hen1). The mice were maintained under specific pathogen-free conditions. Each mouse was subcutaneously injected with 2 × 106 cells in the flank region. KKU213 cells treated with negative control siRNA was inoculated at the right flank and KKU213 cells treated with CD44v9 siRNA#1 was inoculated at the left flank. The body weight and tumor growth were monitored every 2 days. Tumor volume was measured using a caliper and calculated by the following formula: volume (mm3) = 0.5 × length × width2. After 2 weeks, all mice were sacrificed and the tumor tissues were collected and weighed. Each tumor was divided into two parts for IF staining and for mRNA expression analysis.



Histological and Immunohistochemical Studies

Mouse xenograft tumors were fixed with 4% formaldehyde in PBS for 1 day. Following dehydration and paraffin infiltration, tumors were embedded in paraffin blocks and were then sectioned to 5 μm thickness using Leica Microsystems (Wetzlar, Germany). Histopathological appearance of mouse tumors was evaluated by hematoxylin & eosin (H&E) staining, immunofluorescence (IF), and trichrome staining methods.

For IF, the paraffin embedded mouse tumor sections were deparaffinized in xylene and series of alcohol. After the retrieval of heat-induced epitopes using microwave at 500W for 5 min and blocking with 1% skim milk in PBS pH 7.4, sections were incubated overnight with primary antibodies (Supplementary Table S1A) followed by secondary antibodies (Supplementary Table S1A) for 2 h. Nuclei were stained with DAPI and tissues were observed under fluorescent microscope (Olympus). The quantitative analysis of fluorescent intensity was performed using ImageJ and a relative ratio of intensity was calculated in comparison to that of the nuclear staining of DAPI, as a reference for the adjustment of cell number (Zhang et al., 2019).

The collagen fibers were determined using Trichrome Stain Kit (Modified Masson’s; ScyTek Laboratories, Logan, UT, United States) following manufacturer’s instructions. Each tissue sample of ten tumors per condition was observed under microscope using 20X objective magnification at least different five areas. The percentage of collagen positive area (blue staining) was quantified from 10 tumors per group using ImageJ.



Statistical Analysis

Data are presented as the mean ± standard error of the mean (SEM) from at least three independent experiments. Statistical analysis was performed using an SPSS software version 23.0 (IBM Corporation, United States). Comparisons of data between groups were analyzed using Student’s t-test. A paired t-test was used to compare the differences between the tumor size and volume in the negative control siRNA and CD44v9-siRNA treated cells in a mouse. A p-value of less than 0.05 was considered to be statistically significant.



RESULTS


CD44 Isoforms and Antioxidant System Expression Profiles Distinguish Between Normal Cholangiocytes and Cholangiocarcinoma Cells

In the present study, CD44v9 protein expression in normal cholangiocytes (MMNK1) and CCA cells (KKU213) was analyzed by IF staining. An overexpression of CD44v9 was observed in KKU213 cells with a significant increase in fluorescent intensity as compared to MMNK1 cells. Consistent with IF results (Figure 1A), western blot analysis (Figure 1B) demonstrated that CD44v9 was higher level in KKU213 cells than in MMNK1 cells.
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FIGURE 1. Expression of CD44 isoforms and antioxidant-related genes in normal bile duct (MMNK1) cells and CCA (KKU213) cells. (A) Protein level of CD44v9 (scale bars; 50 μm) and quantitative intensity was evaluated as a relative ratio (CD44v9/DAPI). (B) Blot images of CD44v9. (C) mRNA levels of standard and variant isoforms of CD44 gene. (D) mRNA levels of antioxidant system. The values are the mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 vs. MMNK1 cells.


The mRNA expression analysis of various CD44 isoforms was carried out by RT-qPCR containing standard form (primers targeting exon 3–4) and variant 9 (exon 13–14) with neighboring exons of variant 8 (exon 12–13) and 10 (exon 14–15). Predominantly higher expression of variant 9 (201.3 ± 18.8 folds) was observed in KKU213 cells with higher expression levels of variant 8 (126.1 ± 17.4-fold), and variant 10 (27.2 ± 2.8-fold), in comparison to the normal bile duct cells (Figure 1C). Standard form of CD44 was slightly higher in KKU213 cells (1.8 ± 0.2-fold) as compared to MMNK1 cells.

RT-qPCR for antioxidant enzyme genes (Figure 1D) showed higher expression levels of CAT, GPx1, and SOD3 in KKU213 cells (2.5 ± 0.8, 2.9 ± 0.8 and 28.1 ± 0.5-fold, respectively), while there was no significant difference in SOD1 (0.8 ± 0.2 folds) and SOD2 (1.7 ± 0.6-fold). Likewise, CCA cells showed a high expression of xCT (6.1 ± 2.2-fold) that is involved in intracellular redox homeostasis.



Expression Profiles of CD44 Isoforms and Antioxidant System Are Altered in CD44v9 Silencing Cells

The efficiency of CD44v9 knockdown in CCA cells was verified by analyzing the level of protein expression by immunostaining. CD44v9 staining was observed in negative control siRNA-treated KKU213 cells, while a significant lower fluorescent intensity was observed in CD44v9 siRNA-treated KKU213 cells (Figure 2A). Western blot analysis revealed the lower protein level of CD44v9 in CD44v9 silencing cells similar to IF staining, but interestingly, CD44s protein levels were similar between CD44v9 and negative control siRNA treatment (Figure 2B).
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FIGURE 2. Expression changes in CCA cells with CD44v9 knockdown condition. (A) Protein level of CD44v9 analyzed through IF staining (scale bars; 50 μm) and quantitative intensity was evaluated as a relative ratio (CD44v9/DAPI). (B) Blot images of CD44v9 and CD44s. Although the blots only depict one experiment, CD44v9 consistently decreased by CD44v9 siRNA. The expression of CD44s varied among the experimental replicates, so on average of the three experiments, there was no clear difference. (C) mRNA levels of antioxidant system. (D) Quantification of cysteine. The values are the mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 vs. negative control siRNA cells.


Comparison between negative control siRNA and CD44v9 siRNA in KKU213 cells showed that the expression levels of CAT, GPx1, SOD1, and SOD2 were not altered. Interestingly, CD44v9 knockdown in KKU213 cells reduced the expression levels of SOD3 and xCT (Figure 2C). These results implied that CD44v9 downregulation influenced the CD44v9 expression directly, and also regulated the cellular antioxidant system in CCA cells.

Furthermore, the evaluation of cysteine was performed using fluorometric assay. The amount of cysteine was reduced in CD44v9 knockdown cells compared to the negative control (Figure 2D). These findings suggest that CD44v9 elevates xCT expression with higher cysteine levels in cancer cells which may be associated with antioxidative properties.



CD44v9 Downregulation Inhibits Cell Proliferation

To identify cell proliferation in CD44v9 knockdown condition, the cell viability rate was evaluated using MTT spectrophotometric assay. Viability in CD44v9-knockdown KKU213 cells was lower than that of negative control cells (Figure 3A). In contrast, CD44v9-knockdown did not affect the viability of MMNK1 cells (Supplementary Figure S1). These results indicate that the overexpression of CD44v9 may be related to the proliferation of CCA cells, suggesting that CD44v9 can be a cancer-specific therapeutic target.
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FIGURE 3. Cell proliferation study of CD44v9 knockdown condition in CCA cells. (A) KKU213 cells were treated with siRNA, and cell growth was evaluated through MTT assay. (B) Diagram and percentage of cell apoptosis. Data show four cell populations of viable cells (lower left quadrant), early apoptotic cells (lower right quadrant), necrotic cells (upper left quadrant), and late apoptotic cells (upper right quadrant). Y-axis is labeled for viability (dead cell marker; 7-AAD) and X-axis is labeled for cell apoptosis (phosphatidylserine-binding protein; Annexin V). Bar chart presents the percentage of total apoptotic cells (early and late apoptotic cells). (C) Diagram and percentage of cell cycle. Histogram shows the number of cells (Y-axis) and DNA content (X-axis) with G0/G1 phase (tallest peak), G2/M phase (rightmost peak) and S phase (between G0/G1 and G2/M phases). The values are the mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 vs. negative control siRNA cells.


The flow cytometry analysis was performed to validate the effect of CD44v9 downregulation on cell death and cell cycle regulation. Consequently, a significant increase in apoptotic cells was observed in CD44v9 knockdown cells by siRNA#1; 59.0 ± 2.1 and siRNA#2; 62.0 ± 4.2%, while low levels were observed in negative control cells (6.9 ± 1.9%) (Figure 3B). These results indicated that CD44v9 knockdown could promote cell death in CCA cells.

The effect of CD44v9 downregulation on cell cycle showed an increased population of G0/G1 (siRNA#1; 49.1 ± 0.9 and siRNA#2; 49.7 ± 0.7%) as compared to the negative control siRNA cells (39.9 ± 2.1%). Furthermore, the proportions of S and G2/M phases were decreased in CD44v9 siRNA-treated cells (S phase as siRNA#1; 44.5 ± 0.9%, siRNA#2; 43.7 ± 1.3% and G2/M phase as siRNA#1; 6.5 ± 1.1%, siRNA#2; 6.6 ± 1.2%) as compared to the negative control siRNA cells (S phase as 51.9 ± 2.9% and G2/M phase as 8.2 ± 1.1%) (Figure 3C). These data suggest that downregulation of CD44v9 could induce CCA cell cycle arrest at the G0/G1 phase.



CD44v9 Knockdown Suppresses Cancer Cell Migration and Invasion

To investigate the effects of CD44v9 silencing on CCA cells, the migration and invasion assays were performed using the Control and Matrigel Invasion Chambers, respectively. CD44v9 knockdown inhibited migratory and invasive abilities as compared to negative control siRNA treated cells (Figure 4A). The percentage of invasion significantly decreased in CD44v9 knockdown cells (siRNA#1; 37.15 ± 11.83% and siRNA#2; 45.60 ± 5.88%) as compared to the negative control siRNA treated cells (61.64 ± 3.82%) (Figure 4A, right).
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FIGURE 4. Study of cell migration/invasion and stem cell-like phenotypes in CD44v9 knockdown condition in CCA cells. (A) Morphology of stained migratory and invaded cells (scale bars; 50 μm), and the percentage of invasion. (B) Cell viability with various concentrations of 5-FU for 24 h. (C) Spheroid formation and quantitative diameter of spheroid cells. The values are the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. negative control siRNA cells.




CD44v9 Knockdown Enhances Drug Sensitivity

siRNA transfected cells were treated with various concentrations of 5-FU and cell viability was determined 24 h later. 5-FU inhibited the proliferation of negative control cells with IC50 (the half maximal inhibitory concentration) value at 375.0 μM. In CD44v9 downregulated cells, the IC50 value was improved by decreasing to 133.7 and 175.9 μM in CD44v9 siRNA#1 and siRNA#2, respectively. These data imply that downregulation of CD44v9 may enhance the sensitivity of 5-FU against cancer development (Figure 4B).



CD44v9 Knockdown Diminishes the Formation of Tumor Spheroid

The spheroid cells were generated in both of negative control and CD44v9 knockdown cells on day 3 after siRNA transfection. The spheroids of negative control cells were spontaneously grown by 14.62% (from 302.27 ± 6.01 μm to 346.47 ± 6.58 μm) on day 10. In contrast, the diameter of spheroids in CD44v9 silencing cells were decreased by 9.30 and 5.69% in siRNA#1 (from 293.59 ± 6.36 μm to 266.30 ± 5.99 μm) and siRNA#2 (from 292.15 ± 12.75 μm to 274.73 ± 10.90 μm), respectively (Figure 4C). These appearances indicate downregulation of CD44v9 could moderate tumor spheroid formation, one of stem cell-related characteristics.



CD44v9 Knockdown Attenuates EMT and Wnt/β-Catenin Signaling in CCA Cells

Based on the prior results of cell migration and invasion, we presumed that CD44v9 could regulate CCA progression through EMT-associated cellular processes. To verify this hypothesis, the expression levels of matrix metalloproteinase (MMP)-9 and EMT-related genes were determined by IF staining and western blot. CD44v9 siRNA cells illustrated the reduced intensities of MMP-9 and vimentin, and a significantly elevated expression of E-cadherin (Figures 5A,B). Furthermore, we observed an altered Wnt/β-catenin signaling. We performed preliminarily RNA sequencing analysis (data not shown), and found that Wnt10a was inhibited in CD44v9 knockdown cells when compared to negative control. Thus, we focused on Wnt10a in our study for CD44v9-related Wnt/b-catenin signaling pathway. By IF and blot images, the diminution of Wnt10a and β-catenin (active β-catenin) were detected in CD44v9 knockdown cells as compared to the negative control siRNA cells (Figures 5C,D). These results indicate that the inhibitory effect of the CD44v9 downregulation on cancer properties may be involved in the EMT process and the Wnt/β-catenin signaling pathway.
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FIGURE 5. Effect of CD44v9 knockdown cells on EMT and Wnt signaling pathway. (A) IF staining with quantitative intensity and (B) blot images of MMP9, E-cadherin, vimentin. (C) IF staining (scale bars; 50 μm) with quantitative intensity and (D) blot images of Wnt10a and nuclear active β-catenin. The values are the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. negative control siRNA cells.




CD44v9 Knockdown Retards Tumor Growth in Mouse Xenograft

To evaluate growth inhibition in vivo, CD44v9 siRNA#1-treated cells were injected subcutaneously into the left flank of nude mice while negative control siRNA-treated cells were injected in the right flank of the same mice. During tumor growth, the individual bodyweight was not different among the animals (data not shown). In comparison to the negative control, the tumor growth rate was markedly decreased in CD44v9 knockdown group demonstrated by smaller tumor volume (Figure 6A) and tumor weight (control; 484.8 ± 75.0 vs. CD44v9 knockdown; 257.3 ± 105.5 mg) (Figures 6B,C). CD44v9 downregulation in the xenograft tissues was confirmed by IF staining (Supplementary Figure S2).
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FIGURE 6. Tumor xenograft study of CD44v9 knockdown condition. (A) Tumor volume, (B) resected tumors, and (C) tumor weight. (D) Hematoxylin and eosin staining, yellow arrows indicate connective tissues. (E) Trichrome staining, yellow arrowheads indicate collagen fiber (blue staining) (scale bars; 50 μm). (F) Amount of collagen was quantified as blue intensity per tissue area using ImageJ. (G) Immunofluorescence staining of HA. (H) Quantitative intensity evaluated as a relative ratio (HA/DAPI). The values are the mean ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. negative control siRNA group.


Histological study showed a high density of cancer cells in the negative control group and an increase in connective tissues (arrows) in CD44v9 knockdown group (Figure 6D). Trichrome staining revealed abundant collagen deposition (arrowheads, Figure 6E) and the percentage of collagen area was significantly increased in CD44v9 knockdown group (Figure 6F). Hyaluronic acid (HA) content was significantly decreased in CD44v9 knockdown group (Figures 6G,H). These results indicate that the downregulation of CD44v9 could suppress tumor progression in nude mouse xenograft model, by enhancing the collagen deposition and inhibiting the HA synthesis.



CD44v9 Knockdown Suppresses EMT and Wnt/β-Catenin Signaling in vivo

Since EMT signaling was observed to participate in CCA development during in vitro CD44v9 downregulation, mouse xenograft tumor tissues were used for the assessment of the expression levels of EMT molecules. In negative control treatment, an overexpression of MMP-9 was observed, and it was decreased in tissues of CD44v9 siRNA treatment group. Furthermore, CD44v9 knockdown increased E-cadherin expression and reduced vimentin expression as compared to the control (Figures 7A,B), resulting in reduction of the EMT process. These in vivo observations could support our assumption of the possible inhibitory mechanism of CD44v9 silencing through EMT regulation.
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FIGURE 7. Immunofluorescence staining of relative molecules in EMT and Wnt signaling pathway. (A) Protein levels of MMP9, E-cadherin, vimentin and (C) Wnt10a and β-catenin (scale bars; 50 μm). (B,D) Quantitative intensity was evaluated as a relative ratio (target molecule/DAPI). The values are the mean ± SEM. ***p < 0.001, ****p < 0.0001 vs. negative control siRNA cells.


To better understand the mechanism of growth inhibition in CD44v9 downregulation, we investigated whether CD44v9 was able to regulate the activity of Wnt/β-catenin pathway in CCA. We validated the protein expression levels of Wnt10a and β-catenin in mouse xenograft tissues by performing a comparison between CD44v9 knockdown and control groups by IF staining. Reduced signal intensities of Wnt10a and β-catenin were observed in CD44v9 knockdown tissues as compared to the negative control tissues (Figures 7C,D). These results indicate that CD44v9 overexpression in CCA cells is considerably associated with the stem cell-like properties, possibly through the Wnt/β-catenin signaling pathway.



DISCUSSION

Our previous study had revealed that the overexpression of CD44v9 was associated with tumorigenesis and inflammation in CCA tissues, especially in OV-CCA patients (Suwannakul et al., 2018). In the present study, we focused on CD44v9 function in CCA development. Initially, we confirmed that CD44v9 was expressed considerably in CCA cells (KKU213) as compared to the normal bile duct cells (MMNK1), and siRNA transfection for exon 13 effectively decreased the expression levels of CD44v9 and neighboring isoforms. Silencing of CD44v9 inhibited cell proliferation by promoting apoptosis and cell cycle arrest. Furthermore, CD44v9 siRNA reduced the properties of the stem cell-like phenotypes including cell migration, invasion, drug resistance, and spheroid formation. These observations of in vitro CD44v9 knockdown correlated with the in vivo tumor growth and histological changes.

Development of specific gene silencing using siRNA-based strategy offers the posttranscriptional regulation of gene expression. As a cancer therapeutic approach, it has a potential to suppress the functional genes involved in cell proliferation, apoptosis, and drug resistance (Oh and Park, 2009; Guo et al., 2013). We analyzed these phenotypes and tumorigenic hallmarks of CCA cells through the knockdown of CD44v9, and our results exhibited a correlation that supports the inhibitory mechanism of in vitro and in vivo tumorigenicity models. Its effect related to tumor growth delay may be associated with the enhancement of cell cycle arrest and cell death in cancer cells. Interestingly, CD44v9 knockdown had no effect on normal bile duct cells, indicating that CD44v9 plays an essential role specifically in cancer cell proliferation. These results also indicate that CD44v9 silencing could be used as a therapeutic target for the treatment of CCA.

Antioxidant system is associated with stem cell-like properties in various types of cancer. In CSCs, ROS levels were significantly lower as a result of robust free radical scavenging system that protected the tumor cell DNA from endogenous or exogenous ROS and oxidative damage (Li et al., 2017), leading to resistance to chemoradiotherapy. In the present study, RT-qPCR analysis revealed an upregulation of CAT, GPx1, xCT, and SOD3 in CCA KKU213 cells as compared to the normal bile duct MMNK1 cells. Among them, CD44v9 silencing could suppress xCT and SOD3 expression levels, suggesting the direct association of the antioxidant system with CD44v9. The relative expression of CD44v9 has been associated with xCT system in gastric cancer and hepatocellular carcinoma (Miyoshi et al., 2018; Wada et al., 2018). As a result of this interaction, a combination of CD44v9 and xCT was found on the tumor cell surface. It suggests that the reduction of CD44v9 level could alter the xCT expression. SOD3 mainly exists in the extracellular space that binds to cell surface proteoglycans, and its overexpression has been implicated in liver cancer (Griess et al., 2017). However, SOD3 expression may be affected by CD44v9 knockdown through an unknown mechanism. Resistance to oxidative stress is a key mechanism for tumor treatment failure. Relevantly, an xCT inhibitor sulfasalazine suppressed the CCA cell growth (Thanee et al., 2016). CD44v9 siRNA-induced suppression of xCT and SOD3 expressions may lead to an increase in the ROS level, which could improve CCA treatment.

Among the stem cell-like properties, the interaction of CD44 receptor with its ligands such as HA, collagens, and MMPs contributes significantly in the processes of migration and invasion in cancers (Senbanjo and Chellaiah, 2017). A major ligand HA can bind to CD44 resulting in conformational change and activation of various signaling pathways involved in cell motility and adhesion. Auvinen and colleagues have found a negative or slight HA expression in normal ductal epithelium of mammary glands, whereas elevated HA level was observed in malignant breast tumors associated with cancer metastasis (Auvinen et al., 2000). Moreover, in bladder cancer, the downregulation of CD44 variant caused due to a decrease in HA production had a regulatory role in cell growth and apoptosis (Golshani et al., 2008). In addition, collagen degradation has a crucial role in inhibiting the tumor migration and invasion. Human breast cancer cells (MDA-MB-231 cells) that have a high CD44 expression possess a potential activity of MMPs that facilitates invasiveness and CD44 depletion attenuated cell invasion through the reduction of collagen degrading enzymes (Montgomery et al., 2012). Moreover, Evanko et al. (2015), reported the inhibition of HA synthesis by promoting fibronectin and collagen deposition. Avnet and Cortini reviewed that the pericellular matrix formed by HA and its multivalent interactions with tumor receptors not only intensify malignancy and therapy resistance, but also exacerbate the stem cell-like phenotype by increasing stem-cell marker genes and promoting invasion and migration, via EMT (Avnet and Cortini, 2016). These reports could support our results in case of CD44v9 knockdown inhibited CCA invasion and migration through HA suppression and collagen replacement.

EMT, a cellular phenotypic conversion by which epithelial cells transform into highly motile and invasive mesenchymal cells, has been implicated in inducing the stem cell-like phenotypes in cancer cells by facilitating the initiation of tumor invasion and metastasis development (Lamouille et al., 2014; Xue et al., 2015). Major hallmarks of EMT include the loss of epithelial cell junction and polarity, increase of cell motility and enhanced cellular MMPs activity (Lu et al., 2018). Based on the phenotypic changes in cells and tissues, the present study illustrated that high CD44v9 condition stimulates the EMT process by diminishing epithelial marker, E-cadherin, and elevating the mesenchymal marker, vimentin, with a simultaneous increase in MMP-9 expression. CD44v9 silencing conversely altered all makers, and reduced CCA cell migration and invasion, indicating a close correlation of EMT and CD44v9.

Intriguingly, several signaling pathways have been involved in the regulation of EMT and acquiring the CSC properties, such as Wnt/β-catenin, TGFβ, Hedgehog and Notch (Wang and Zhou, 2013; Wang et al., 2015; Barat et al., 2017). Zhang K et al. reported that the activation of Wnt ligands promoted the ability of self-renewal in prostate CSCs (Zhang et al., 2017). In nasopharyngeal carcinoma, the silenced β-catenin suppressed the stem cell-like abilities of cell proliferation and migration (Jiang et al., 2016). Moreover, several studies reported a positive correlation between β-catenin and CD44 due to the upregulation of β-catenin and CD44 resulting in an increased proliferation in vitro (Wei et al., 2019) and in vivo (Sarkar et al., 2011). Interestingly, the overexpression of Wnt10a could stimulate migration and proliferation of transformed esophageal cells, and induce a population of self-renewal CD44High cells (Long et al., 2015). In the present study, we found that both Wnt10a and β-catenin were downregulated in CD44v9 silenced cells in vitro and in vivo. CD44v9 may induce Wnt signaling, resulting in the nuclear translocation of β-catenin which further activates cellular processes including cell proliferation, migration and invasion in CCA through EMT activation.



CONCLUSION

In conclusion, CD44v9 expression plays a potent role in the induction of stem cell-like phenotypes to be enhancing the CCA progression, including cell proliferation, migration, invasion, and redox balancing through interaction with ligand along with EMT (Figure 8). We propose that the inhibition of targeted CD44v9 could effectively be applied in development of treatment strategies for CCA, and could provide a fundamental basis for the development of therapeutic agents.
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FIGURE 8. Proposed pathway in which CD44v9 induces stem cell-like phenotypes.
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FIGURE S1 | Cell proliferation study of CD44v9 knockdown condition in normal bile duct cell (MMNK1).

FIGURE S2 | Immunofluorescence staining of CD44v9 in mouse xenograft tissues. The values are the mean ± SEM. ∗∗p < 0.01 vs. negative control siRNA cells.

TABLE S1 | List of primary and secondary antibodies used for (A) immunofluorescence staining and (B) western blot analysis.
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Shp1 is a cytosolic tyrosine phosphatase that regulates a broad range of cellular functions and targets, modulating the flow of information from the cell membrane to the nucleus. While initially studied in the hematopoietic system, research conducted over the past years has expanded our understanding of the biological role of Shp1 to other tissues, proposing it as a novel tumor suppressor gene functionally involved in different hallmarks of cancer. The main mechanism by which Shp1 curbs cancer development and progression is the ability to attenuate and/or terminate signaling pathways controlling cell proliferation, survival, migration, and invasion. Thus, alterations in Shp1 function or expression can contribute to several human diseases, particularly cancer. In cancer cells, Shp1 activity can indeed be affected by mutations or epigenetic silencing that cause failure of Shp1-mediated homeostatic maintenance. This review will discuss the current knowledge of the cellular functions controlled by Shp1 in non-hematopoietic tissues and solid tumors, the mechanisms that regulate Shp1 expression, the role of its mutation/expression status in cancer and its value as potential target for cancer treatment. In addition, we report information gathered from the public available data from The Cancer Genome Atlas (TCGA) database on Shp1 genomic alterations and correlation with survival in solid cancers patients.
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WHAT IS SHP1?

Src homology region 2 (SH-2) domain-containing phosphatase 1 (Shp1) is a non-receptor tyrosine phosphatase encoded by the PTPN6 gene that is located on human chromosome 12p13 and contains two promoter regions (within exon 1 and 2), giving rise to two forms of Shp1 which differ in their N-terminal amino acid sequences but have a similar phosphatase activity. Promoter I is active in non-hematopoietic cells, while promoter II in hematopoietic-derived cells (1, 2); in some epithelial cancer cells both promoters may function and generate various Shp1-alternative transcripts (3). The two Shp1 isoforms show different subcellular localizations: form I is mainly located in the nucleus, while form II is in the cytoplasm (2), suggesting that they have different targets.

Shp1 is a 595 amino acid protein composed of two tandem N-terminal SH2 domains (N-SH2 and C-SH2), a classic catalytic protein tyrosine phosphatase (PTP) domain, and a C-terminal tail containing several phosphorylation sites (4–6). Its crystal was first resolved by Yang et al. (4) and revealed a structure in which the N-SH2 is bound to the catalytic site of the protein through charge-charge interaction (4). In this auto-inhibited inactive state the access of substrates to the active site is prevented, but binding of phosphotyrosine residues to the SH2 domains causes a conformational change that impairs the interaction between the N-SH2 and the catalytic domains. This opens the conformation to allow the access of substrate and is further stabilized by new interactions between SH2 domains and the catalytic domain (6). These molecular rearrangements determine a sophisticated regulatory mechanism controlled by substrate recruitment.

An additional mechanism of activation is mediated by the phosphorylation of amino acids within the C-terminal tail. So far, three phosphorylation sites have been found, two tyrosine (Tyr536 and Tyr564) and a serine (Ser591) residues. Tyr536 and Tyr564 become phosphorylated upon various stimuli (i.e., insulin stimulation or apoptosis inducers), giving rise to an increased Shp1 activity (7–9). The molecular mechanism is not clear, although it has been proposed that Tyr phosphorylations could lead to interaction with the N-SH2 domain, releasing the inhibitory effect of this domain on the PTPase activity (10). Shp1 activity can also be negatively regulated by protein kinase C (PKC) or mitogen-activated protein kinases (MAPKs) through phosphorylation at Ser591, whose mechanism of inhibition has not been well-characterized (11).



SHP1 AND CANCER

Protein-tyrosine phosphorylation is a reversible post-translational modification, tightly regulated by both kinases and phosphatases. Any deviation in the phosphorylation/dephosphorylation balance can promote the intracellular accumulation of tyrosine-phosphorylated proteins, which cause an altered regulation of cellular processes including cell growth, migration, invasion, differentiation, survival, and cellular trafficking (12, 13). In this scenario, Shp1 acts as a classical tumor suppressor, mainly involved in the homeostatic maintenance of potentially all these processes. Shp1 function is indeed altered in both solid and hematological human cancers through somatic mutations or epigenetic mechanisms. Besides its well-documented role in the regulation of hematopoietic cell biology [widely discussed in recent reviews to which the reader is referred (14–16)], Shp1 has now been correlated to a number of signal transduction pathways relevant to cancer pathogenesis and progression.

Here we discuss the recent knowledge on Shp1 pathways relevant to cancer (Figure 1), its alteration in tumors and relationship with the clinic including some therapeutic approaches and known drug candidates that target this protein.


[image: Figure 1]
FIGURE 1. Overview of signaling pathways regulated by Shp1. Activation of growth factor receptors initiates signaling through Src, PI3K/Akt, JAK/STAT, and MAPKs axes. Once activated Src triggers a signal pathway that culminates with the assembly of Tiam/Rac1 complex at the plasma membrane and consequent formation of peripheral ruffles with stimulation of cell motility; Shp1 dephosphorylates Src on the inhibitory pTyr527 thus activating this cascade. Membrane receptor activation triggers the tyrosine phosphorylation of GIV that directly binds and activates PI3K; this in turn activates Akt inducing cytoskeletal rearrangements. Shp1 dephosphorylates GIV and inhibits Akt activation via the GIV-PI3K axis. Akt also phosphorylates p27(kip1) (p27) at Thr157, promoting its cytoplasmic localization and abolishing its inhibitory effect on cell cycle components like cyclin D1-Cdk 4/6 and cyclin E-Cdk 2 complexes; this results in increased pRb phosphorylation and dissociation from E2F, stimulation of transcriptional activity with consequent cell cycle progression. Shp1 blocks p27(kip1) nuclear localization through the regulation of PI3K/Akt activity. Shp1 also controls cell cycle progression regulating cyclin E localization. Following receptor stimulation, activated JAK phosphorylates STAT3, resulting in the translocation of activated STAT3 (p-STAT3) to the nucleus; Shp1 can directly dephosphorylate STAT3 or its upstream JAK thereby hampering STAT3-regulated cellular proliferation and survival, angiogenesis, apoptosis, migration, and invasion. Finally, Shp1 is involved in the attenuation of growth factors induced cell proliferation trough inhibition of MAPKs pathway.




SHP1 IN CELL-CYCLE PROGRESSION

Shp1 is generally considered as a negative regulator of cell proliferation, but current knowledge provides a more complex view of its role in cell signaling pathways, so that this enzyme can function both as a positive or negative mediator, depending on the target molecules and the specific cell type. Evidence suggests a role for Shp1 in the regulation of cell cycle, due to the control of mitogenic pathways activated by receptor tyrosine kinases or to its ability to modulate cell cycle components through direct interaction (17).

In endothelial cells Shp1 activation by tumor necrosis factor alpha (TNFα) inhibits proliferative responses to growth factors such as vascular endothelial growth factor (VEGF) and epidermal growth factor (EGF), through attenuation of extracellular signal-regulated kinase (ERK) phosphorylation and MAPKs pathway. Here the overexpression of dominant-negative Shp1 prevents TNFα-induced inhibition of cell growth (18). In hepatic stellate cells Shp1 mediates the anti-proliferative signals downstream of platelet-derived growth factor (PDGF) receptor-β by regulating both proliferative and survival markers, such as the expression of cyclin D1 and the phosphorylation of Akt and ERK1/2 kinases (19). Importantly, this effect can be positively regulated by molecules that stimulate Shp1 expression, suggesting a potential therapeutic implication of Shp1 in liver fibrosis treatment (19). Along these lines, other studies report the involvement of Shp1 in the mechanisms of action of anti-proliferative stimuli, such as somatostatin. Somatostatin negatively regulates insulin signaling by controlling Shp1 recruitment to the insulin receptor. As for the PDGF receptor, the recruitment of Shp1 to the membrane induces receptor dephosphorylation and inactivation leading to the termination of insulin signaling and relative mitogenic response (20). Besides this mechanism, Shp1 can further regulate somatostatin signaling through the up-regulation of the cyclin-dependent kinase (Cdk) inhibitor p27(Kip1), inhibition of Cdk4 and Cdk2 activities with a consequent dephosphorylation of the Retinoblastoma protein and induction of cell-cycle arrest (21).

A mechanism alternative to the receptor regulation through which Shp1 controls cell cycle is the direct interaction with cell-cycle components. In intestinal epithelial cells, Shp1 expression and enzymatic activity induce cell cycle block and differentiation (22). Indeed, the overexpression of Shp1 in intestinal crypt cells decreases the expression of cyclin D1 and c-myc genes through the inhibition of E2F-dependent transcriptional activity, thus affecting the transition from G0/G1 to S phase (22). Later on, the same authors identified Cdk2 as a novel Shp1 interactor in epithelial cells (23). In proliferating intestinal cells Cdk2 interacts with Shp1 and promotes its proteasome-dependent truncation through direct Cdk2-dependent phosphorylation, similarly to the Cdk2-mediated degradation of other cell cycle regulators, such as p27(Kip1) (24) and cyclin E (25). Other groups also confirmed Cdk2-Shp1 interaction in different cell systems (26, 27). In a reciprocal manner Shp1 regulates Cdk2 localization and activity modulating cyclin E levels (28). This Cdk2 regulation has been proposed as a mechanism through which Shp1 regulates p27(Kip1), since Cdk2 phosphorylates p27(kip1) and promotes its degradation (28).

However, the involvement of p27(kip1) in the Shp1-mediated regulation of cell proliferation is controversial. In CHO cells, Shp1 mediates the anti-proliferative effect of somatostatin by the upregulation of p27(kip1) (21). Similarly, in microvascular endothelial cells Shp1 mediates the anti-proliferative activity of the tissue inhibitor metalloproteinase-2 (TIMP2) by increasing the de novo synthesis of p27(kip1) with the parallel inhibition of Cdk2 and Cdk4 activities (29).

Several studies also describe positive effects of Shp1 on mitogenic signaling. In HEK293 cells the overexpression of a catalytically-inactive mutant of Shp1 reduces cell growth and DNA synthesis through the suppression of mitogen-activated pathways (30). The same in ovarian cancer cells where the inhibition of Shp1 activity reduces tumor growth by increasing intracellular levels of the Cdk2/p27(kip1) and Cdk2/Shp1 complexes (26).

Therefore, the role of Shp1 in the regulation of cell cycle is still quite debated and further studies are needed to clarify its contribution to the control of cancer cell cycle. However, these apparent contradictions in Shp1 function might be due to the overexpression of dominant-negative mutants which could have non-specific effects. Nevertheless, we cannot rule out that the different Shp1 activity may lie in a differential interaction with tissue-specific proteins.



SHP1 IN CELL MOTILITY AND INVASION

Shp1 has been recently correlated to a number of processes controlling epithelial to mesenchymal transition (EMT), cell migration and invasion. Studies conducted in several cancers define Shp1 as a negative regulator of these processes, particularly controlling the signal transducer and activator of transcription (STAT) pathway (31). Hyperactivation of oncogenic STAT3 has been observed in various malignant tumors where it controls cellular signaling regulating proliferation (e.g., cyclin D1), cell survival (e.g., Bcl-xl, Bcl2, survivin, Mcl-1 and c-Myc), but also migration and invasion [e.g., Rho, Rac, matrix metalloproteinase (MMP)-2, MMP-7, and MMP-9], as well as angiogenesis [e.g., VEGF; (32, 33)]. The major phosphorylation sites in STAT3 are Tyr705 and Ser727; Shp1 has been shown to directly dephosphorylate STAT3 on Tyr705 thus silencing the downstream pathway (34).

Protein levels of Shp1 indeed negatively correlate with p-STAT3Tyr705 and EMT markers in several hepatocellular carcinoma (HCC) cell lines (35). Cells not expressing Shp1 show higher levels of p-STAT3Tyr705 and vimentin, but a significantly lower or also loss of E-cadherin expression. As a result, these cells have a greater migratory and invasive capacity compared to other cell lines. Moreover, the Shp1 re-overexpression abolishes transforming growth factor (TGF)-β1-induced STAT3Tyr705 phosphorylation, EMT and invasion. The relationship between Shp1 and EMT was further confirmed in colorectal cancer (CRC) cells where Shp1 controls TGF-β1-induced EMT by suppressing p-STAT3Tyr705 (36). Several authors also reported how Shp1 negatively regulates the Janus kinase (JAK)-STAT pathway targeting p-STAT3Tyr705 in different systems, downregulating its target genes including those involved in invasion and metastasis (37–43).

Other studies demonstrate that Shp1 regulates migration and invasion through mechanisms other than the STAT3 pathway. Gα-interacting vesicle-associated protein (GIV) is a multidomain protein required by growth factors to enhance Akt activation and directly link Akt to the actin cytoskeleton, actin remodeling and cell migration (44). Shp1 antagonizes phospho-GIV by directly binding and dephosphorylating two phosphotyrosine residues within the C-terminal tail of GIV that serves as docking sites for p85α-regulatory subunit of phosphoinositide 3-kinase (PI3K). With this mechanism Shp1 may abrogate phospho-GIV-dependent enhancement of PI3K-Akt activity, resulting in the suppression of TGF-β1-induced EMT (44).

Our group has recently shown that Shp1 regulates actin remodeling and cell motility through yet another mechanism involving Src kinase (45). We identified Shp1 as the cellular receptor of the bioactive metabolite glycerophosphoinositol-4 phosphate (GroPIns4P) and as a novel component in the signaling pathway activated by EGF to control cell motility (45). In NIH3T3 cells, activation of the EGF receptor leads to activation of the cytosolic phospholipase A2 and results in the hydrolysis of phosphatidylinositol-4 phosphate and formation of GroPIns4P that binds to Shp1 and promotes its association with Src. This in turn activates Src by direct dephosphorylation of the inhibitory phosphotyrosine in position 530 and triggers a signaling cascade which ends with the formation of the Tiam/Rac complex at the cell membrane and the concomitant induction of plasma membrane ruffles leading to cell motility (45, 46).



SHP1 IN CELL DEATH AND APOPTOSIS

Along with the cellular processes described above, Shp1 regulates cell death and apoptosis. The antitumor-action of Shp1 is mainly due to its negative regulation of STAT3 oncogenic signaling, through direct regulation of JAK (47) and STAT3 (48). Indeed, besides being a master regulator of a plethora of cellular functions, STAT3 controls a series of target genes encoding for anti-apoptotic and proliferation-associated proteins (such as Bcl-xL, Bcl-2, cyclin D1, and Survivin) (33).

Numerous studies report how Shp1-mediated STAT3-downregulation represents a promising anti-cancer strategy to inhibit tumor growth and induce apoptosis in cancer cells. Indeed, a number of chemotherapeutic drugs (49–52) as well as Shp1-targeting natural compounds (40, 53, 54) induce Shp1-mediated dephosphorylation of p-STAT3Tyr705; this downregulates STAT3 transcriptional activity causing a block of tumor cell proliferation and induction of apoptosis. These compounds might have therapeutic relevance in cancer therapy through Shp1 activation and/or stabilization as discussed in the next sections.



SHP1 ALTERATION IN HUMAN SOLID CANCERS

Genomic alterations as well as epigenetic changes are critical for cancer onset, development and progression (55–58). To shed light on the Shp1 contribution to tumorigenesis we mined The Cancer Genome Atlas (TCGA) data for mutations and alterations of PTPN6 gene. PTPN6 genetic alterations, including mutations, fusion, amplification, deep deletion and multiple alterations, are found in several types of cancer. The total percentage of PTPN6 alterations in cancer amounts at 2.7% (with amplifications and mutations as the most frequent ones) whereas uterine carcinosarcoma (7.01%), testicular germ cell cancer (6.04%), ovarian cancer (5.82%), and melanoma (5.18%) show the highest frequency of PTPN6 genomic alterations.

As reported in Table 1, tumor-associated mutations may occur in the whole Shp1 sequence with most mutations (42.27%) in the phosphatase domain; this implies that each specific protein region may be pathologically relevant to cancer development. Most of these mutations (81.4%) are reported as missense, but to our knowledge there are no data regarding their effects on Shp1 function. The TCGA database reports just a few non-sense mutations that generate non-functional Shp1-truncated products. Finally, the major genomic alteration described in the PTPN6 gene is the loss of heterozygosity, mainly observed in HCC patients (59).


Table 1. PTPN6 gene mutations.
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Epigenetic silencing of Shp1 expression is also observed in several cancer types, often due to the presence of hypermethylated CpG islands in the PTPN6 promoter. Although this alteration regards mainly hematological malignancies (60–64), it has been shown to occur also in a set of solid tumors, including esophageal squamous cell carcinoma (65), gastric adenocarcinoma (66), HCC (59), breast (67), and endometrial carcinoma (68). In hematopoietic cancers, besides the hypermethylation, enrichment of histone markers of silencing (e.g., trimethylation at lysine 9 of histone H3, trimethylation at lysine 27 of histone H3 and acetylation at lysine 9 of histone H3) is detected at the PTPN6 promoter (69), thus implying that also these histone modifications intervene in PTPN6 expression regulation. Although a similar mechanism has not yet been reported for solid tumors, we cannot exclude that it contributes, jointly to the hypermethylation, to the PTPN6 gene silencing.

Taken together, these alterations result in a diminished or abolished expression of Shp1 in most cancer cell lines and tissues examined; this deregulates the oncogenic pathways described above promoting malignant transformation.



SHP1 EXPRESSION AND CLINICAL CORRELATION IN SOLID CANCERS

According to our analysis of the TCGA database, cancer patients with PTPN6 genetic alteration(s) have a worse overall survival compared to those without PTPN6 alteration(s). To our knowledge, no data are available regarding the correlation between PTPN6 genetic alteration(s) and the progression-free survival in cancer patients. We therefore analyzed the TCGA data and found that the relationship between Shp1 expression and overall survival may be different in different solid cancers. Thus, higher Shp1 mRNA levels are associated to a worse overall survival outcome in kidney-renal clear-cell carcinoma and rectum adenocarcinoma patients, and to a better survival outcome in bladder carcinoma, breast cancer, cervical squamous cell carcinoma, kidney renal papillary cell carcinoma, lung adenocarcinoma, pancreatic ductal adenocarcinoma, sarcoma, stomach adenocarcinoma, and uterine corpus endometrial carcinoma patients. No correlation between Shp1 expression and overall survival was detected in other cancer types. Therefore, although PTPN6 is generally considered as a tumor suppressor gene, Shp1 could have different roles in tumorigenesis depending on the different biological background. This could explain the opposite correlations between Shp1 expression and overall survival observed in different type of cancers.

As mentioned, Shp1 expression changes in different types of cancer. In the hematological malignancies and in some solid tumors Shp1 expression is reduced or absent as a result of PTPN6 promoter hypermethylation (59–68). On the contrary, increased Shp1 levels are detected in a subset of high-grade breast tumors (70) and in ovarian cancers (71).

Several studies have been devoted to assess the prognostic and diagnostic value of Shp1 expression and promoter methylation, with the aim of identifying new biomarkers of cancer development. Shp1 decreased expression and PTPN6 hypermethylation are associated with tumor staging, pathological differentiation and poor survival in patients with esophageal squamous cell carcinoma (65). In endometrial carcinoma, PTPN6 hypermethylation is associated with age and tumor differentiation, while no correlation is found with muscular infiltration depth and lymphatic metastasis (68). In prostate cancer and high-grade glioma, PTPN6 promoter methylation and reduced expression of Shp1 correlate with increased malignancy and poor prognosis (72–75). Moreover, the PTPN6 high-methylation level is associated with early relapse of non-small cell lung cancer (NSCLC) (76). In addition, the PTPN6 high-methylation level of lymph nodes from CRC patients (77) and from stage I NSCLC patients (76) is associated with recurrence and/or poor prognosis.

Interestingly, a good correlation of PTPN6 methylation between cell-free circulating DNA from plasmas/sera and matched tumoral tissue is observed in glioma patients (75). Similarly, PTPN6 promoter methylation is significantly increased in plasma from NSCLC patients compared to healthy controls (78); its methylation level is also associated with the rate of survival in advanced NSCLC (78). These data suggest that PTPN6 methylation in plasma, in combination with clinical analysis, may be a promising biomarker for NSCLC diagnosis and prognosis.



THERAPEUTIC IMPLICATIONS AND EMERGENT DRUGS

From all the above it appears that Shp1 represents an attractive target for drug development in cancer treatment. Inhibitors targeting the Shp1 phosphatase activity have been under development for some times, and some have now entered preclinical studies, including NSC-87877, sodium stibogluconate (SSG), tyrosine phosphatase inhibitor 1 (TPI-1), and suramine; however, only a few of them have been shown to be active in experimental tumor models (79). SSG has been through Phase I trials for both malignant melanoma (NCT00498979) and advanced malignancies (NCT00629200); the drug was administrated in combination with interferons followed or not by chemotherapy treatment. Unfortunately, no effect was seen against tumor development (80, 81), with the most common toxic side-effects being thrombocytopenia, elevated serum lipase, fatigue, fever, chills, anemia, hypokalemia, pancreatitis, and skin rash (observed in up to 68% of patients). At present, no Shp1 inhibitor is under Phase II trial.

Shp1 might represent an interesting target to modulate oncogenic STAT3 activities and thus inhibit tumor growth, promote apoptosis and prevent chemo- and radio-resistance even in tumors in which it is not mutated (82, 83). Guggulsterone [a phytosteroid extracted from the guggul plant (84)], plumbagin [a vitamin K3 analog derived from a medicinal plant (38, 85)], and morin [a flavonol extracted from mulberry figs and old fustic (86)] modulate STAT3 activities through induction of Shp1 expression; instead, the multi-targeted kinase inhibitors dovitinib (87), sorafenib (50), and its derivatives (88, 89) such as regorafenib (90, 91) and SC-60 (92) have antitumor activities by direct binding to, and enhancement of, Shp1 phosphatase activity.

Despite the pharmacological potential reported for these molecules in in-vitro and in-vivo studies performed on multiple cancer types (including leukemia, head and neck cancer, melanoma, and HCC), only sorafenib and regorafenib have been so far approved by the Food and Drug Administration for cancer treatment. Shp1 inhibitors instead need to be further developed to exploit the inhibition of the Shp1-affected pathways within cancer cells and/or enhance the efficacy of existing chemotherapeutic agents.



SHP1 AND CANCER IMMUNOTHERAPY

The repertoire of Shp1 functions is continuously expanding to include the modulation of the tumor microenvironment, thus suggesting new potential therapeutic implications. In recent years cancer immunotherapy, which exploits T-cells to arm the immune system against tumoral cells, has shown promising results based on a multitude of targeting strategies such as immunomodulatory monoclonal antibodies, adoptive cell transfers, high-dose immunostimulatory cytokines, and others (93). Among these, encouraging results have been achieved through the targeting of inhibitory crucial molecules of the antitumor T-cell response such as programmed-cell death 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (93).

As a downstream target of several receptors, Shp1 is also involved in T-cells signaling where it limits T-cell responsiveness either through direct dephosphorylation of the T-cell receptor (TCR)-ζ chain or dephosphorylation of downstream adaptor proteins including Lck, ZAP70, Vav, and PI3K (14, 94). Studies on CD8+ T-cells have demonstrated that the absence of Shp1 allows cells to form more stable and longer-lasting synapses with antigen presenting cells (APCs) (95), leading to reduced T-cells activation thresholds and to the stimulation and proliferation of low-affinity T-cells; this causes an increased number of tumor specific effector T-cells and a more efficient control of tumor growth (96, 97). Shp-1 depleted CD8+ T-cells result also to be more resistant to suppression by regulatory T-cells (Treg) (98), which is crucial for their survival into the tumor microenvironment. Similarly, also tumor-infiltrating lymphocytes (TILs) signaling has been reported to be regulated by Shp1, whose abrogation in TILs was found to restore TIL lytic function in vitro (99).

Shp1 has also been shown to inhibit Treg suppressor function (100), and thus its inhibition in these specific cell population may support a tolerant microenvironment, promoting tumor growth and progression. Collectively, these data suggest the need to modulate Shp1 activity in specific and individual immune cell populations rather than perform a global inhibition of its activity, as obtained by systemic administration of Shp1 inhibitors. This consideration could also explain the disappointing results of the Phase I clinical studies discussed above.

Moreover, these findings raise the question of how modulation of TCR activation and signaling through Shp1 inhibition might improve responsiveness to existing checkpoint blockade immunotherapy. Several studies have indeed proven that Shp1 can be recruited to the cytoplasmic tail of PD-1 by binding to its immunoreceptor tyrosine-based switch motifs (ITSM) thus dephosphorylating and inactivating proximal signaling molecules of TCR activation (101, 102). Similarly, Snooke et al. have recently demonstrated that Shp1 knockdown potentiates the antitumor activity of T-cells responding to low-affinity tumor antigen, particularly in combinatorial studies blocking both PD-1 and CTLA-4 (97). Shp1 has also been successfully targeted in preclinical models of adoptive T-cell immunotherapy (103, 104). Here the abrogation of Shp1 in tumor-specific effector T-cells, either by in-vitro transduction of Shp-1 shRNA-expressing-T-cells (104) or T-cells conjugated with Shp1 inhibitor-loaded nanoparticles (103), significantly enhances the effector function and tumor clearance in the therapy of disseminated leukemia and advanced prostate cancer, respectively.

Therefore, these studies suggest that the inhibition of Shp1 in effector T-cells could be a therapeutic strategy to be used alone or in combination with other immunomodulating strategies (e.g., PD-1 or CTLA-4 inhibition) and amenable to increase therapeutic activity of the tumor-specific T-cells.



CONCLUDING REMARKS

The above lines of evidence delineate Shp1 as a tumor suppressor gene contributing to tumorigenesis via the control of different cancer-related signaling and point at the potential of Shp1 as a target for therapy in a wide range of cancers. Synthetic lethality-based and rational combinatorial strategies are potential approaches to address the loss-of-function of Shp1 that occurs in several tumors and to restore the onco-suppressive activity of Shp1. Given the importance of genomic mechanisms regulating Shp1, epigenetic therapy through pharmacological modulation of histone modifications or promoter methylation could be particularly attractive. A few cancers are associated with elevated Shp1 expression; in this context Shp1 inhibition might represent an additional way to treat these tumors. Similarly, the role of Shp1 in tumor immunomodulation also inspires studies aimed at the identification and/or development of specific and safe Shp1 inhibitors.

The diverse Shp1 activities in different tumors demand for a detailed characterization of the Shp1-regulated pathway(s) altered in each specific case; similarly, the functional role of each Shp1 mutation needs to be functionally characterized in order to develop precise therapeutic approaches that will restore the Shp1 physiological action and hopefully provide improved cancer therapy.
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SIRT7 belongs to the family of “NAD+ dependent deacetylases” called Sirtuins. In the present work we report a novel role of SIRT7 in regulating cellular polarity. SIRT7 overexpression in immortalized mouse fibroblasts (NIH3T3) induced epithelial transition. This transition was accompanied by typical N- to E- cadherin transition, stabilization of β-catenin, and the downregulation of transcription factors responsible for maintenance of mesenchymal phenotype (Snail, Slug, and Zeb1). Interestingly, a subpopulation of cells overexpressing SIRT7 exhibited an intermediate stage between mesenchymal and epithelial characters. Transformed epithelial cells showed a loss of heterochromatisation as evidenced by a loss of HP1α and H3K9 dimethylation staining. In conclusion, we report a role of SIRT7 in mesenchymal cells, which may have implications for health and disease.
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INTRODUCTION

Sirtuins are a family of “NAD+ dependent deacetylases” with diverse cellular and metabolic roles (1, 2). It consists of seven different proteins (SIRT1-SIRT7) localized to different cellular compartments (3). Sirtuin 7 is a nucleolar Sirtuin with diverse roles in rDNA transcription, rRNA processing, metabolic homeostasis, tumorigenesis, chromatin modification, and genomic integrity (4, 5). SIRT7 regulates rDNA transcription through deacetylation of PAF53 and U3-55k, which are components of RNA polymerase-I and U3 snoRNP complexes, respectively (6–8). SIRT7 induces compaction of chromatin through H3K122 desuccinylation and H3K18 deacetylation (4, 9). SIRT7 is also involved in maintenance of metabolic homeostasis by maintaining healthy liver metabolism and cellular energetics through GABP-β1deacetylation (10, 11). Previously, we had identified localization signals for nucleolar targeting of SIRT7 and reported its role in ameliorating DNA damage (12, 13). In the present study we demonstrate a role of Sirtuin 7 in cellular plasticity by inducing epithelial transition in mesenchymal cells.

Role of other Sirtuins in cellular plasticity have been reported (14). SIRT1 overexpression leads to decreased TGF-β, a key cytokine responsible for epithelial to mesenchymal transition (EMT) in mammary cancer cells, thereby decreasing the metastatic ability of these cells (15). SIRT1 impedes metastasis in ovarian cancer by decreasing EMT related changes (16). Contrary to these reports in prostate cancer, SIRT1 acts as a positive regulator of metastasis by accelerating EMT through the transcription factor Zeb1 (17). SIRT2 overexpression accelerates changes associated with epithelial to mesenchymal transition, and its knockdown leads to regression of EMT related changes (18).

Cellular transition between epithelial and mesenchymal types is well-known in many biological processes such as embryogenesis, organ development, and neoplastic transformations (19–21). Transition to alternative cellular fates involves reprogramming, phenotypic changes, and alterations in gene expression. It involves biochemical processes governed by several transcription factors (Snail, Slug, Zeb1, Twist1) to regulate reorganization of cytoskeletal proteins, gap junctions and the extracellular matrix (ECM) (22–24). The most well-studied cellular fate transitions include the epithelial/ endothelial cells to mesenchymal state (EMT). However, relatively little is known about the process of mesenchymal to epithelial cell transition (MET) (25). In the present work we report a role of Sirtuin 7 in the process of MET.

Reports on SIRT7 have demonstrated the contrasting effect of SIRT7 on cellular transition, depending on the origin of cells studied. SIRT7 was found to suppress EMT in oral squamous cells, carcinoma cells, and breast cancer cells by promoting SMAD4 deacetylation, leading to increase of E-cadherin and down regulation of N-cadherin and Vimentin (26, 27). In contrast, SIRT7 promoted EMT in prostate and colorectal cancer cells by suppressing E-cadherin expression (28–30). However, the overall role of SIRT7 in cellular plasticity was not demonstrated and a decrease in tumor size after SIRT7 knockdown was not very appreciable.

In the present study we characterize the role of SIRT7 in mesenchymal to epithelial transition (MET) when overexpressed in fibroblast cells. We observed a morphological transformation accompanied by a change of molecular determinants of cellular plasticity associated with SIRT7 overexpression. We report that SIRT7 induces a cadherin switch from N- to E- type, membrane stabilization of beta-catenin, and down regulation of transcription factors Snail, Slug, and Zeb1.



MATERIALS AND METHODS


Establishment of Stable Cell Lines

NIH3T3 cells overexpressing GFP alone or SIRT7GFP were generated by retroviral transduction. For this cDNA encoding, GFP alone or SIRT7GFP were cloned in pCX4Neo vector and co-transfected with plasmids encoding retroviral VSVG (expressing env) and VSV-GP (expressing gag and pol) in a packaging cell line, PlatE, using Lipofectamine2000 (Invitrogen, USA). Retroviral particles obtained from these cells were used for transducing target NIH3T3 cells. Infected cells were selected in Geniticin for 10 days followed by dilution plating in 96 well plates. Stable lines were established by expanding the colonies after dilution plating.



Isolation of Two Morphologically Distinct SIRT7 Overexpressing Cell Lines

In general, the SIRT7 expressing cells were trypisinized and re-passaged when they attained 70% confluency. Incidentally, few culture dishes which grew to confluency showed presence of distinct compact cellular colonies composed of small sized cells. These colonies were surrounded by long slender spindle shaped cells (Figure 1B). For isolation of these morphologically distinct cells, the cultures were maintained in a confluent state and the colonies were allowed to grow in size with a regular change of media. The two morphologically distinct cell types were then separated by placing cloning cylinders and trypsinizing the cells for them to detach. Following trypsinization the cells were collected by pipetting from inside the cloning cylinders and expanded by further culturing in fresh medium, followed by subsequent single cell clone isolation. The small and round cells with epithelial morphology were named ST7 (small cells overexpressing SIRT7) and those with elongated fibroblast like morphology were named LT7 (long cells overexpressing SIRT7). Both LT7 and ST7 cells were then maintained as two separate SIRT7 overexpressing cell lines with different morphologies.


[image: Figure 1]
FIGURE 1. Isolation of two morphologically distinct cell lines overexpressing SIRT7. (A) Cellular morphology of GFP and SIRT7 overexpressing cells as seen by light and fluorescence microscopy. Top left-hand panel shows phase contrast images of GFP and SIRT7GFP overexpressing cells showing spindle cell morphology. Bottom panel shows fluorescence images of GFP with a pan cytoplasmic localization and SIRT7GFP showing nucleolar localization. The right panel shows the images of confluent GFP and SIRT7GFP overexpressing cells. Note the appearance of distinct cellular colony only in the SIRT7GFP expressing cells but not in the control GFP cells. The top panel is a merged image (bright field and fluorescence) and lower panel shows images taken only in fluorescent channel. Note, SIRT7GFP expression was seen in both the colony and the surrounding cells. (B) Isolation of single cell clones of SIRT7GFP overexpressing cells. Using cloning cylinders, SIRT7GFP cells were isolated both from the compact colonies and the surrounding area. The cells surrounding the colony showed long slender fibroblast morphology and were named LT7 cells. The cells inside the colonies appeared tightly adhering and small in size, hence named ST7. Both ST7 and LT7 cells show nucleolar localization of SIRT7 as revealed by confocal microscopy (inset). (C,D) Quantification of SIRT7GFP expression levels in LT7 and ST7 cells by immunoblotting. n.s.- non-significant.




Microarray and Data Analysis

To characterize the changes associated with SIRT7GFP overexpression, gene expression profiling was performed on control GFP expressing cells and SIRT7 overexpressing LT7 and ST7 cells, using the 8X 60,000 array chips from Agilent. This array had 61,307 probes for 50,090 mouse genes which included both coding and non-coding genes. This work was done at the Genotypic facility based in Bengaluru, India.



Data Normalization

The normalization was done using GeneSpring GX 11.5 Software. The normalization method used was Percentile shift normalization. It is a global normalization, where the locations of all the spot intensities in an array are adjusted. This normalization takes each column in an experiment independently and computes the percentile of the expression values for this array across all spots (where n has a range from 0 to 100 and n = 75 is the median). It subtracts this value from the expression value of each entity. Analysis was done for ST7 and LT7 cells with respect to the control cells expressing GFP alone.



Statistical Analysis

Differential gene expression analysis was done on the normalized data. GFP expressing cells served as the reference control and the differential score was calculated for genes in LT7 and ST7 cells. A fold change greater than or equal to 0.8 in each of the replicates of LT7 and ST7, and a fold change > 1 in the geomean of the two replicates was considered up-regulated. Similarly, a fold change lesser than or equal to 0.8 in each of the replicates of LT7 and ST7 and a fold change lesser than 1 in the geomean of the two replicates were considered down-regulated. The up- and down-regulated genes were ranked on the basis of fold expression, p-value, and average intensity of LT7 and ST7 groups.



Cluster Analysis

Differentially regulated genes were clustered using hierarchical clustering to identify significant gene expression patterns. The clustering algorithm used for this was “Hierarchical.” The most similar expression profiles were joined together to form a group. These were further joined in a tree structure, until all data formed a single group. Clustering was based on the Entities Linkage rule i.e., the average distance between two clusters is the average of the pair-wise distance between entities in the two clusters. Similarity was measured using the Pearson clustering algorithm which measures similarity or dissimilarity between entities.



Immunoblotting

Cells were collected by trypsinization and lysed in ice cold NP40 lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Nonidet P-40) containing protease inhibitor cocktail (Roche, Germany). Lysates were quantified by a BCA method and an equal amount of protein was separated on SDS-PAGE and then transferred to PVDF membranes. The blots were blocked with blocking buffer containing 5% non-fat dry milk in PBS containing 0.1% Tween20 (PBST) for 30 min, followed by incubation overnight at 4°C with primary antibodies. Detection was done using HRP-conjugated secondary antibody (Bangalore Genie, India) and developed by ECL Prime reagent (GE healthcare, USA) according to the manufacturer's protocol.



Immunofluorescence

Cells grown on coverslips were fixed either with 4% paraformaldehyde/0.1% Triton X-100 or methanol/acetone (1: 1). It was followed by blocking with 2% BSA in NaCl/Pi for 30 min, and incubation with primary antibody in 2% BSA. After this the cells were incubated with Alexa Fluor 488- or 594-conjugated secondary (anti-mouse/rabbit) antibodies (Molecular Probes/Invitrogen, Carlsbad, CA, USA) diluted in 2% BSA. The coverslips were mounted in Vectashield mounting media containing 4, 6-diamidino-2-phenylindole (DAPI) (Molecular Probes). Imaging was done on a laser scanning confocal LSM510 microscope (Zeiss, Oberkochen, Germany) or a fluorescence inverted microscope (Olympus 1X51, Tokyo, Japan).




RESULTS


SIRT7 Overexpressing Cells Induced Morphological Changes at High Confluence

SIRT7 tagged to GFP (SIRT7GFP) and a control GFP vector were stably expressed in NIH3T3 fibroblasts. SIRT7 overexpressing cells showed typical nucleolar localization while the GFP alone expressing cells showed a pan-cellular expression (Figure 1A). Previously we had reported that SIRT7 expression delayed the cell cycle progression of NIH3T3 cells (12). At low confluence there was no difference in the morphology of either GFP or SIRT7GFP overexpressing cells. It was noted that when the cells were confluent, SIRT7GFP overexpressing cells showed presence of distinct compact cellular colonies with closely adhered cells (Figure 1B), which was not observed in the confluent GFP overexpressing cells. Additionally, the cells within the tight aggregated colonies appeared smaller in size. The morphologically distinct cell colonies were surrounded by elongated spindle shaped cells with morphology typical of the parental cell line NIH3T3.

As described in the methods section, clonal populations of the two morphologically distinct SIRT7 expressing cells were then derived: (a) those with morphological transition showing conspicuously small size and growing in aggregates, which from henceforth are referred as ST7 cells (small SIRT7 cells), and (b) those which did not show any morphological transition and retained the typical spindle fibroblasts appearance, hence were larger in size and didn't show the aggregating tendency, which from henceforth are referred as LT7 cells (large SIRT7 cells). Both ST7 and LT7 showed prominent nucleolar expression of SIRT7GFP (Figure 1B). To check if the difference in morphologies was due to differential expression of SIRT7GFP, levels of SIRT7GFP were quantified by immunoblotting (Figures 1C,D). LT7 and ST7 cells had no significant difference in the expression levels of SIRT7, thereby ruling out the effect of expression levels in inducing the morphological transition. Differences in cellular architecture were highlighted by F-actin staining. Phalloidin staining revealed thick parallel bundles of cytoplasmic F-actin or actin stress fibers in vector alone GFP expressing and LT7 cells, while ST7 cells showed only membrane staining for F-actin (Figure 6D). Further, both GFP expressing and LT7 cells showed abundant cytoplasm which appeared scanty in the ST7 cells, indicating an increased nuclear to cytoplasmic ratio. In continuous culture, NIH3T3 cells can spontaneously transform into neoplastic foci, hence we tested if the ST7 cells are transformed cells by plating them on soft agar for anchorage independent growth. ST7 cells did not show any growth on soft agar (data not shown), indicating that the morphological changes associated with SIRT7 overexpression are related to cellular transition rather than cellular transformation.



ST7 Cells Show Open Chromatin Structure With Loss of Heterochromatization

While performing the phalloidin staining a prominent change in the nucleus was noted between ST7 and LT7 cells. In general, the mouse nuclei show DAPI bright regions with punctate appearance, which indicate the heterochromatic structure. In accordance, prominent DAPI bright heterochromatic foci were noted in control GFP and LT7 nuclei (Figure 2A). However, the DAPI stained nuclei of ST7 cells displayed a conspicuous absence of heterochromatic foci (Figure 2A). The process of heterochromatization is marked by a protein called heterochromatization protein, or HP1, which in turn binds to methylated lysine residue of histone, H3K9 (31–33). Therefore, heterochromatization status was evaluated by both HP1 and H3K9 dimethylation status by immunofluorescence. Both control GFP cells as well as LT7 cells showed staining with HP1α and H3K9 (Me)2 antibodies (Figures 2B,C). Also, the HP1α staining co-localized with DAPI dense heterochromatization foci. However, ST7 cells showed absence of both HP1α staining and H3K9 di-methylation.


[image: Figure 2]
FIGURE 2. Loss of heterochromatization in ST7 cells. (A) Confocal images of nuclei stained with DAPI (blue). Nuclei of GFP and LT7 cells show distinct DAPI bright regions (arrow) in nucleus indicative of heterochromatic regions which is a characteristic feature of mouse cells. The nuclei of ST7 cells on the other hand displayed a conspicuous absence of DAPI bright heterochromatic foci. (B) Confocal images showing staining for heterochromatin protein HP1α (red). DAPI (blue) was used to counterstain the nuclei. Note the punctate pattern of HP1α corresponding to heterochromatic regions in nuclei of control GFP and LT7 cells but not in ST7 cells. (C) Confocal images showing staining for H3K9 dimethylation (red), an inactive heterochromatin mark. DAPI (blue) was used to counterstain the nuclei.


Heterochromatization is usually indicative of closed chromatin configuration, which is transcriptionally inactive. The absence of heterochromatin marks in ST7 cells is indicative of genome wide chromatin remodeling. Hence, a global gene expression profiling was performed to understand the changes associated with gene expression patterns following SIRT7 overexpression.



Gene Expression Analysis of LT7 and ST7 Cells

Microarray-based gene expression analysis (Agilent Technologies) was done on SIRT7 overexpressing LT7 and ST7 cells, while GFP expressing cells served as a reference control. Biological replicates (from different passages) of RNA samples from each group were analyzed. Following SIRT7 overexpression, LT7 showed differential regulation of 1,678 (5.71%) genes out of a total of 29,360 coding genes, while ST7 showed differential regulation of 26,210 genes (89.3%), indicative of a massive reprogramming (Table 1, Figure 3). As almost 90% of genes were deregulated in ST7 cells, only those genes which were deregulated in LT7 cells as a direct consequence of SIRT7 overexpression were analyzed. Hence, genes specifically altered in LT7 (1,678) were used for functional enrichment analysis.


Table 1. Summary of differentially regulated genes in LT7 and ST7 cells compared to control GFP expressing cells.
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FIGURE 3. Venn diagram representing the number of differentially expressed genes in LT7 and ST7 cells. LT7 cells showed up-regulation of 935 (136 + 799) genes while ST7 showed up-regulation of 19,960 (799 + 19,161) genes. Similarly, 743 (634 + 109) genes were downregulated in LT7 cells and 6,250 (109 + 6,141) genes were downregulated in ST7 cells. A total of 1,678 (935 + 743) genes showed differential regulation in LT7 cells, while 26,210 (19,960 + 6,250) genes were deregulated in ST7 cells.


Functional enrichment analysis by DAVID for GO (Gene Ontology) revealed the differentially expressed genes belonged to varied gene families involving developmentally regulated genes, biosynthetic processes, regulation of cell adhesion, defense response etc. A list of genes involved in cellular proliferation and cell fate commitment is provided in Tables S1, S2. One of the largest class of genes that were found to be differentially regulated upon SIRT7 over-expression in LT7 were those involved in cellular adhesion. The morphological change seen in transition from LT7 to ST7 cells also indicated changes in adhesive properties of cells. A list of differentially regulated genes involved in cellular adhesion is provided in Table S3.

The morphological transition from LT7 to ST7, as well as the differential regulation of genes involved in development and cellular adhesion in LT7 cells, suggested a possible role of SIRT7 in determining cellular plasticity. The LT7 cells showed typical features of fibroblasts (mesenchymal) while the ST7 showed stubby morphology with tight adherence similar to epithelial cells. Hence, the genes involved in the EMT process were filtered and selectively clustered irrespective of their fold expression. Cluster analysis clearly showed an increased expression of genes involved in epithelialization in ST7, accompanied with down regulation of genes involved in maintenance of mesenchymal characters (Figure 4). Thus, the microarray expression analysis indicated an opposing trend of EMT thereby indicative of mesenchymal to epithelial transition (MET) during transition from LT7 to ST7.


[image: Figure 4]
FIGURE 4. Cluster analysis of genes involved in mesenchymal to epithelial transition. A total of 40 genes responsible for maintenance of mesenchymal phenotype were clustered on the basis of the log2 expression ratio. Up-regulated and down-regulated genes are colored in red and green, respectively. Columns refer to the various cell lines, GFP are control cells; LT7 and ST7 are SIRT7 overexpressing cells. Note in ST7 cells the genes involved in MET are grouped in two large blocks, those which regulate epithelial characteristics are up- regulated while genes involved in mesenchymal features are down-regulated.




LT7 to ST7 Transformation Is Accompanied With N- to E- Cadherin Switch

A switch in cadherin expression is often associated with cellular plasticity during the transition from epithelial to mesenchymal state (34, 35). The global gene expression also showed changes in expression of cadherins (Table S3) following SIRT7 expression in ST7 cells. Therefore, the expression of N-cadherin and E- cadherin which serve as adhesion molecules in mesenchymal and epithelial cell types, respectively, was validated by both RT-PCR and immunoblotting assays. GFP expressing control cells as well as LT7 cells showed prominent N-cadherin expression at both transcript and protein levels, while ST7 cells showed absence of N-cadherin expression (Figures 5A,C). ST7 cells on the other hand showed expression of E-cadherin both at the transcript and protein levels, which was conspicuously absent in GFP expressing and LT7 cells (Figures 5B,D). This transactivation of E-cadherin in ST7 cells is suggestive of a gain of epithelial cell type functions. Further, the distribution of E- cadherin was checked by immunofluorescence. Only ST7 showed strong positivity for E-cadherin, which was conspicuously absent in GFP expressing as well as LT7 cells (Figure 5E). This data on cadherin switch from N- to E- type in ST7 cells is indicative of epithelialization.


[image: Figure 5]
FIGURE 5. Cadherin switching in ST7 cells. (A,B) RT-PCR analysis showing expression levels of N- and E- cadherin. (C,D) Immunoblot analysis of N- and E-Cadherin expression. (E) Confocal images showing expression of E-cadherin (red) in ST7 cells but not in control or LT7 cells. DAPI (blue) was used to stain the nuclei.




Role of SIRT7 in Induction of Adhesive Tight Junctions in NIH3T3 Fibroblasts

As SIRT7 mediated the cadherin switch (N- to E-) in NIH3T3 cells, it was imminent to explore the expression of β catenin, which is an E-cadherin binding protein. Immunoblot analysis revealed a progressive increase in expression levels of β catenin from LT7 to ST7 cells, as compared to the control GFP expressing cells (Figures 6A,B). This suggested that SIRT7 over expression helped in stabilization of β catenin protein levels, hence we checked its localization status in LT7 and ST7 cells. Immunofluorescence-based microscopy revealed a faint cytoplasmic staining of β catenin in control GFP expressing NIH3T3 cells. However, SIRT7 overexpressing cells (LT7 and ST7) displayed an intense staining for β catenin on the cell membrane (Figure 6C). Interestingly, the pattern of β catenin distribution on the cell membrane differed between LT7 and ST7. While LT7 showed a discontinuous punctate type staining pattern for β catenin, the ST7 cells showed continuous membrane staining typical of epithelial cells (Figure 6C). These results indicated a role of SIRT7 in β catenin stabilization on the cell membrane for establishment of tight junctions. Yet another feature of tight junction in epithelial cells is membrane-bound F-actin. Immunofluorescence for F actin showed that while F-actin was predominantly associated with cytoplasmic stress fibers in both GFP and LT7 cells, it was restricted to the cell membrane in ST7 cells (Figure 6D). These results indicated a progressive stabilization of β catenin upon SIRT7 overexpression in LT7 and ST7 cells.


[image: Figure 6]
FIGURE 6. Stabilization of ß catenin following SIRT7 overexpression. (A) Immunoblot analysis showing a progressive increase in expression of β catenin in SIRT7 overexpressing LT7 and ST7 cells compared to control GFP cells. (B) Bar graph showing fold change in expression of β catenin as seen over replicate experiments as quantified by Image J. (C) Confocal images showing localization pattern of β catenin (red). Very feeble cytoplasmic localization is seen in GFP cells. The SIRT7 overexpressing cells show stabilization of β catenin on plasma membrane. A discontinuous punctate staining of β catenin was seen on membrane in LT7 cells while a continuous membrane staining was seen in ST7 cells. DAPI (blue) was used to counterstain nuclei. (D) Confocal images of cells stained with rhodamine phalloidin for visualizing the F-actin (red) which appeared as bundles of cytoplasmic stress fibers in GFP and LT7 cells, while it was redistributed to the cell membrane in ST7 cells. DAPI (blue) was used to counterstain nuclei. Note the scanty cytoplasm and prominent nucleus in ST7 cells.




SIRT7 Overexpression Down Regulates Transcriptional Regulators of Cellular Plasticity Viz., Snail, Slug and Zeb

The expression of E-cadherin is silenced in mesenchymal cells by the transcription factors snail and slug. Suppression of these factors is crucial for E-cadherin expression and epithelialization. In accordance with this, a progressive decline in expression levels of slug, snail and zeb1 was noted from GFP control to LT7 and ST7 cells, by both RT-PCR and immunoblot assays (Figures 7A–F). In fact, ST7 cells showed extremely feeble to almost absent expression of protein for all the three transcription factors. Absence of these transcription factors in ST7 cells alleviated the suppression on E-cadherin expression, resulting in the formation of focal adhesions and transition to epithelial-like cell state. The transcript level of TWIST1, another transcription factor involved in maintenance of mesenchymal phenotype, was also checked by reverse transcriptase PCR (RT PCR). Compared to the control GFP cells, expression of TWIST1 also showed a progressive decline in LT7 cells, with the least expression in ST7 cells (Figure 7G).


[image: Figure 7]
FIGURE 7. SIRT7 overexpression leads to progressive down regulation of transcriptional repressor of E-Cadherin. (A,C) Transcription factors Snail 1 and Slug showed a progressive decrease in transcript (RT-PCR) as well as protein levels (western blot, WB) in SIRT7 overexpressing cells (LT7 and ST7) as compared to control GFP expressing cells. (E,G) Western blot (WB) showing Zeb1 expression and RT-PCR for TWIST1 transcript level in control (GFP) and SIRT7 overexpressing cells (LT7 and ST7). (B,D,F) Bar diagram representing the fold change in the expression levels of various transcription factors at protein level over replicate experiments as quantified by image J.




Changes in Expression of Extracellular Matrix (ECM) Proteins

Mesenchymal as well as epithelial cells are characterized by different profiles of extracellular matrix proteins with different repertoires of integrins, collagen, as well as laminin proteins. In view of this, the expression levels of different ECM proteins were evaluated in GFP control, LT7 and ST7 cells. The expression pattern of fibronectin was checked by reverse transcriptase PCR (RT-PCR) and immunofluorescence. Both these techniques showed the expression of fibronectin in control and LT7 cells, with its conspicuous absence in ST7 cells (Figures 8A,C). Levels of α1(I) and α1(III) collagen were checked by RT-PCR, which too demonstrated decreased expression levels in ST7 cells in comparison to both control and LT7 cells. Similarly there was a loss of Integrin 5α (Itga 5α) and Syndecan I (sdc I) at transcript levels in ST7 cells, while equivalent levels were maintained in control and LT7 cells (Figure 8B). On the other hand, ST7 cells showed expression of Occludin which was absent in GFP expressing and LT7 cells (Figure 8B). Expression of Occludin was also checked by immunofluorescence, which showed its expression only in ST7 cells (Figure 8D). Overall, the expression profile of extracellular matrix proteins showed down regulation of mesenchymal ECM proteins when SIRT7 was overexpressed, with a concomitant acquisition of epithelial ECM in ST7 cells.


[image: Figure 8]
FIGURE 8. Expression levels of extracellular matrix (ECM) proteins following SIRT7 overexpression. (A,B) Transcript levels of Fibronectin, Collagen I, Collagen III, Syndecan I, Integrin 5α, and Occludin as evaluated by RT PCR in GFP, LT7, and ST7 cells. GAPDH served as a loading control. (C,D) Immunofluorescence images of GFP and SIRT7 overexpressing (LT7 and ST7) cell showing localization pattern of fibronectin and occludin.





DISCUSSION

A number of factors are involved in the decision of cell fates to transit between mesenchymal and epithelial phenotypes. This transition is accompanied with a switch of adhesive and structural proteins, which are often driven by transcription factors specific to one of these cell types. In the present work we report that SIRT7 overexpression primes mesenchymal cells for transition to epithelial phenotype. Similar to our findings, a recent report demonstrated the role of SIRT7 in promoting MET in breast cancers through SMAD4 deacetylation mediated suppression of Slug and Zeb1 transcription (26). Metastatic cancers were found to down-regulate SIRT7 to suppress this activity of SIRT7 during metastasis. Similarly in oral squamous cell carcinoma (OSCC) cells, SIRT7 is responsible for induction of E-cadherin expression and suppression of N-cadherin, Vimentin and MMP7 (27). In contrast, SIRT7 was found to promote mesenchymal transition in the context of oncogenic roles of SIRT7 in colorectal and prostate cancers, primarily by suppressing E-Cadherin expression (28–30). However, all these studies were done in epithelial cells, which have already undergone a prior process of cell transition to achieve the cancerous state. Based on these studies, there appears to be a difference in the role of SIRT7 in inducing cellular plasticity in different cell types. In our study, we used non-cancerous NIH3T3 cells to demonstrate role of SIRT7 in inducing mesenchymal to epithelial transition (MET). Against this background we could demonstrate two states toward mesenchymal transition—LT7 cells in intermediate and ST7 cells showing complete mesenchymal transition. Although only a fraction of SIRT7 overexpressing cells completed the process of epithelial transition, remaining cells (LT7) showed intermediate epithelial characters demonstrating the effect of SIRT7 on cellular plasticity. The degree of molecular changes observed in LT7 is comparable to SIRT7 reports on cellular plasticity (28–30).

Cells which failed to complete the epithelial transition had characters of an intermediate stage, as indicated by beta catenin staining and intermediary expression levels of transcription factors snail, slug and zeb1. Several recent studies have emphasized the role of intermediate staged cells in development, cancer, wound healing and fibrosis (36, 37). Nieto et al. (38) have proposed an elegant model describing intermediate stages of epithelial and mesenchymal transitions where cells can stay in multiple intermediate stages between complete epithelial and mesenchymal characters. In our report LT7 cells represent such an intermediate state of transition. Although LT7 cells did not show cadherin switch, the level of transcription factors necessary of maintaining mesenchymal characters (snail, slug, and Zeb1), was intermediate between control and ST7 cells. The most striking feature of this intermediate stage was partial and intermediate decoration of β-catenin in LT7 cells compared to a continuous staining in ST7 cells. β catenin is important in the maintenance of epithelial polarity by linking E-cadherin to α-catenin at the cell membrane for intercellular adhesion and cytoskeletal organization. Microarray expression analysis of adhesion genes in LT7 cells also showed an intermediate expression profile between control and ST7 cells.

Mouse fibroblasts have been used in a number of studies related to MET. We tried to reproduce these findings in human fibroblasts WI38 and TIG3. Unfortunately, these cell lines did not demonstrate visible transformation, probably because human cells require additional factors for such a transformation (39). Nonetheless, mouse fibroblasts have helped to delineate several pathways related to cellular plasticity (40, 41).

It has been earlier reported that SIRT7 by causing deacetylation of H3K18 (histone 3, lysine residue 18) can help in maintaining the transformed oncogenic state of cells (9). Association of chromatin-bound SIRT7 together with the SWI/SNF complex is suggestive of its role in chromatin remodeling (42). Transformation of a subset of LT7 cells to ST7 cells might be an effect of global chromatin modulation by SIRT7. This is also evident from the fact that ST7 cells showed total loss of heterochromatization, indicating complete reprogramming. However, why only a sub-population of SIRT7 overexpressing cells undergo MET while others maintained their fibroblast morphology is not fully understood. We have earlier reported that SIRT7 protects cells from DNA damage-induced senescence and apoptosis (12). In general SIRT7 is involved in mitigating several nutritional, genomic and hypoxic stresses in cells (5). While the role of SIRT7 in protection from stress is well-known, what thresholds are required to push the cells toward transitioning to an epithelial phenotype could not be addressed in this manuscript. Most probably a number of threshold barriers (along with SIRT7 overexpression and confluency) has to be crossed for a complete MET process. It is possible that some SIRT7 overexpressing cells are able to cross this barrier, thereby giving rise to two distinct populations of SIRT7 overexpressing cells. A confluent culture condition imposes constraints of space and nutritional stress. Overexpression of SIRT7 may provide a survival advantage by changing cellular fate toward an epithelial phenotype.

There are some earlier studies where the function of SIRT7 has been evaluated using the NIH3T3 cells (8, 43). However, none of these studies described the cellular transition as reported by us. This might be due to the absence of confluency in normal culture conditions, where we first observed the transition of SIRT7 overexpressing cells to epithelial morphology. Why should MET occur in conditions of confluency? While the exact mechanism is still unclear, we surmise a possible role of cellular stress, mechanical stress and nutritional deprivation in contributing toward cellular polarity and transition. Future work will be directed to delineate these components with respect to SIRT7 overexpression and cellular plasticity.
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The effect of calcium sensing receptor (CaSR) on tumor cell proliferation has been studied in several human cancers, and great discrepancies were found in different tumors. However, the role of CaSR in lung adenocarcinomas (LUADs) is not clear. Therefore, we investigated the function of CaSR on regulating the growth of human LUAD and its possible mechanism. The expression of CaSR protein and its relationship with pathological parameters were examined in paraffin sections from 51 LUAD patients, by immunohistochemistry. The results showed that CasR expression was negatively correlated with the Ki-67 index as well as the grade of malignancy in LUAD. Further, CaSR demonstrated an in vitro inhibitory effect on the proliferation of human LUAD A549 cells by regulating CaSR activity with agonist cinacalcet, antagonist NPS2143, or shRNA-CaSR transfection. Tumor xenograft models also verified the in vivo proliferation-inhibiting role of CaSR by subcutaneous injecting A549 cells into nude mice with or without changes of CaSR activity. Molecularly, Western blotting showed that CaSR positively regulated the activity of glycogen synthase kinase 3β (GSK3β), followed by the downregulation of Cyclin D1. We used the dominant negative mutant and the constitutively active mutant plasmid of GSK3β to alter GSK3β activity. Our functional experiments showed that the proliferation–inhibition of CaSR was suppressed by the inactivation of GSK3β and enhanced by the activation of GSK3β. These results suggested that CaSR played a proliferation-inhibiting role in LUAD, at least partially by regulating the GSK3β/Cyclin D1 pathway.
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INTRODUCTION

Lung cancer is the most fatal tumorous disease in the world (Siegel et al., 2019). Its most prevalent histological type, lung adenocarcinoma (LUAD), has shown high relative frequency and accounts for at least half of all cases of non-small cell lung carcinoma (Kumarakulasinghe et al., 2015; Travis et al., 2015). Despite significant advances in conventional surgery, chemotherapy, and radiotherapy, LUAD still has an unacceptable prognosis (Toloza et al., 2006; Bittner et al., 2014). Recent advances in the understanding of cancer genome alterations in LUAD have provided new treatment targets. In clinical practice, some LUAD patients with specific driver oncogene aberrations (such as EGFR and ALK) have already benefited from the precision medicine (Saito et al., 2016). However, there are still many patients who lack the well-known “druggable” driver oncogene aberrations (Saito et al., 2016) and suffer from poor prognosis. Therefore, exploiting novel molecular targets for LUAD is urgently needed.

Calcium sensing receptor (CaSR), a G-protein-coupled receptor (GPCR), first cloned and characterized by Brown et al. (1993), is sensitive to extracellular Ca2+ changes. In human cells, CaSR is ubiquitously observed and is involved in different signaling pathways (Gerbino and Colella, 2018). Some studies indicate that CaSR plays a critical role in either suppressing or promoting the progression of several human cancers. Xie et al. (2017) found that CaSR expression was elevated in gastric cancer specimens and it was considered as a correlate of the tumor progression as well as the poor survival of these patients. Their in vitro studies further manifested CaSR activation, which promoted tumor cell growth and migration through a Ca2+/AKT/β-catenin relay in gastric cancer cell lines (Xie et al., 2017). Similarly, highly expressed CaSR was responsible for promoting extracellular calcium on cell migration and proliferation in bone metastasizing renal cell carcinoma cells (Joeckel et al., 2014; Brenner et al., 2015). A latest review about CaSR and breast cancer illuminated that CaSR acts as an oncoprotein to stimulate cancer cell proliferation as well as skeletal metastases, and is therefore a new target for breast cancer with early-stage bone metastases (Das et al., 2020). In PC-3 prostate cancer cell line, the upregulation of CaSR induced by high [Ca2+]out increased cell proliferation, while the silence of CaSR reduced cell proliferation, indicating the proliferation-promoting role of CaSR in prostate cancer (Bernichtein et al., 2017). Besides, in prostate, growing evidences indicate that the activation of CaSR may promote inflammation and eventually cancer development (Anract et al., 2019). In contrast, in the colon, the activation of CaSR is protective against inflammation and cancer (Iamartino et al., 2018). Consistently, in a clinical study with large sample sizes and long follow-up periods, Yang et al. (2018) found that CaSR-positive expression status was essential for the antineoplastic effect of calcium in colorectal cancer (Yang et al., 2018). Our previous work showed that CaSR activation reduced cell viability and induced apoptosis in endometrial cancer (Xin et al., 2018). These discrepancies of the roles of CaSR on tumor progression among different types of cancers imply that it might be tissue or disease specific. Up until now, little has been known about the effect of CaSR in LUAD. A recent clinical study demonstrated that CaSR protein expression was downregulated in LUAD tissue and the patients with a strong CaSR expression had longer overall survival (Wen et al., 2015). However, the role of CaSR in LUAD is still very unclear.

Therefore, we investigated the role of CaSR on LUAD growth regulation and its mechanism by using human LUAD specimens, A549 cells, and a tumor xenograft model. Our findings demonstrated that CaSR suppresses LUAD cell proliferation possibly by regulating the GSK3β/Cyclin D1 pathway.



MATERIALS AND METHODS


Ethical Approval

The protocols in this work were ratified by the Ethics Committee of Tongji Medical College, HUST. Informed consent was obtained from the patients involved. All experiments were designed based on the required guidelines and regulations. We obtained approval for animal experiments involving BALB/c nude mice from the Institutional Animal Care and Use Committee and National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Tissue Specimen Collection

Formalin-fixed paraffin-embedded specimens of resected LUAD (2009.1–2011.12) were collected from 51 patients at Wuhan TongJi Hospital. Two pathologists confirmed each diagnosis and the grade of LUAD, according to 2015 WHO Classification of Lung Tumors. Before surgery, neither radiotherapy nor chemotherapy was applied to any of the patients.



Cell Culture and Reagents

Human LUAD A549 cell line was purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). CaSR agonist cinacalcet (catalog number: SML2012-50MG) and antagonist NPS 2143 (catalog number: SML0362-25MG) were purchased from Sigma-Aldrich. We treated A549 cells with cinacalcet (0, 0.3, 1, 3, and 10 μM) for 90 min, or NPS 2143 (0, 0.025, 0.05, 0.1, and 1 μM) for 24 h.



Plasmids and Gene Transfection

A549 cells were transfected with shRNA-CaSR plasmid and its empty control vector (Origene), separately, by Lipofectamine 2000 (Invitrogen, CA, United States) as previously described (Zhang et al., 2012). The nature of GSK3β plasmids used here has been verified by former work, S9A-GSK3β—constitutively active, and DN-GSK3β—dominant negative (Li et al., 2008). For cotransfections, each GSK3β plasmid was paired with the shRNA-CaSR plasmid at a molar ratio of 1:5 to ensure shRNA-CaSR would be co-expressed with GSK3β simultaneously. Transduction of shRNA-CaSR in vivo was performed as described in our previous study (Zhang et al., 2012).



Cell Viability Assays

MTS colorimetric assay (Cell Titer, Promega Corporation, Madison, WI, United States) was adopted to decide the role of CaSR to modulate A549 cell growth. Briefly, A549 cells in 100 μl of culture medium with different treatments (cinacalcet, NPS 2143, or transfected with shRNA-CaSR, or transfected with shRNA-CaSR and GSK3β) were cultured in 96-well plates, approximately 2.5 × 103 cells/well. At designated time points, after 90 min for cinacalcet treatment, or after 24 h in the presence of NPS 2143 treatment or plasmid transfections, we added 10 μl/well of CCK-8 solution and then incubated them at 37°C for additional 2 h. We determined the cell viability by reading the absorbance at 450 nm, with the reference wavelength at 600 nm. Control wells containing no cells were used for background absorbance. The relative cell viability (%) was calculated as: [A450 (treated) - A450 (blank)]/[A450 (control) - A450 (blank)].



Western Blot

Whole cell lysates were obtained from different experimental A549 cells (cinacalcet treatment, NPS-2143 treatment, shRNA-CaSR transfection, shRNA-CaSR and GSK3β cotransfection, and no-treatment control). We performed three independent experiments with protein samples or preparations extracted separately. In each experiment, we used the same protein samples and run in different gels for different proteins due to their great disparity (GAPDH and CaSR) or great similarity (GAPDH, GSK3β, P-GSK3β, and Cyclin D1) in molecular weight. However, in each experiment, we performed gel electrophoresis as well as following protein transfer for GAPDH and the aim protein always under the same conditions including the same chamber, buffer systems, power supplies, and time duration. After equal amounts of proteins were loaded for Western blot, different primary antibodies were used for incubation. These antibodies included anti-CaSR, anti-P-GSK3β-ser9, anti-GSK3β, and anti-CyclinD1 (1:500, 1:500, 1:1000, and 1:150, respectively, CST, Beverly, MA, United States). Next, 1:5000 diluted HRP-linked antibodies (Santa Cruz, CA, United States) were employed for further incubation. An Amersham ECL chemiluminescent detection system was applied to develop blots. GAPDH served as the quantity control for protein loading.



In vivo Experimental Protocol

Forty male BALB/c nude mice (4 weeks old) were bought from the Chinese Academy of Medical Sciences Institute of Experimental Animals (Beijing, China) to establish tumor xenograft models of LUAD. The mice were randomly divided into five groups of eight. Either untreated or treated A549 cells (4 × 107) were subcutaneously inoculated into the axillary region of these experimental mice. The five groups were described as follows: (1) the blank control group injected with untreated A549; (2) the empty vector group injected with empty vector-transfected A549; (3) the shRNA-CaSR group injected with shRNA-CaSR-transfected A549; (4) the cinacalcet group injected with untreated A549 for later cinacalcet treatment; and (5) the NPS 2143 group injected with untreated A549 for later NPS 2143 treatment. One week after the injection, xenografts in all the groups had grown to a visible size of more than 0.5 cm in diameter. Then, for the last two groups, daily direct injections of cinacalcet (3 μM) or NPS 2143 (0.05 μM) into subcutaneous tumors were performed, correspondingly. After 14 days, all experimental mice were sacrificed. The subcutaneous tumors were removed for weight and volume measurements; the latter calculated as v = (length × width2)/2.



Immunohistochemistry

A standard streptavidin–biotin–peroxidase complex method was selected to examine CaSR and Ki-67 expression in paraffin sections of LUAD. After the de-paraffinization and rehydration, a short period (about 15 min) of incubation within 3% H2O2 was adopted to block the background endogenous peroxidase activity. For antigen retrieval, we used a microwave oven to boil the slides in 10 mM citrate buffer (pH 6.0). After that, the specimens were shaken within sheep serum solutions at room temperature for 30 min to block non-specific antigens. Then, the anti-CaSR antibody and the anti-Ki-67 antibody (1:100, respectively, #ab 15580, Abcam) were chosen as the primary antibodies (overnight, 4°C). Samples only incubated with PBS served as the negative control.

The intensity of CaSR staining was evaluated semi-quantitatively, based on a four-point system: 0, 1, 2, and 3 (for none, faint, moderate and strong staining). Also, the extent of staining in the tumor cells was examined and scored from 0 to 4 (0, <5%; 1, 5–25%; 2, 26–50%; 3, 51–75%; and 4, >75%). The product of these two numbers was recorded as the final score of each LUAD section, ranging from 0 to 12 (Liu et al., 2018). These scores were used to determine the CaSR expression levels: 0–4, low (1+); 5–8, moderate (2+); and 9–12, high (3+).



Statistical Analysis

Sigmaplot (version 12.5) was used for data analysis. The statistical values were reported as mean ± standard deviations. Multiple hypothesis methods, such as Spearman Rank Order Correlation and Pearson Product Moment Correlation, were adopted for correlation analysis. We used a one-way ANOVA followed by Fisher LSD method to determine the difference in the mean values between groups. Statistical significance was found for p < 0.05.




RESULTS


The Expression of CaSR and Its Relationship With the Ki-67 Index as Well as the Grade of Malignancy in Human LUAD Specimens

Fifty-one cases of excised LUAD specimens were histologically divided into grade 1, grade 2, and grade 3, which corresponded to well, moderately, and poorly differentiated tumors. According to WHO Classification of Tumours of the Lung, Pleura, Thymus and Heart (4th edition, Travis et al., 2015), the grading system of LUAD we adopted here is based on the histological patterns, which have been shown to possess prognostic association. To be specific, in the current study, LUAD with lepidic predominant pattern is classified as grade 1 group (12 cases); LUAD with acinar, or cribriform, or papillary predominant pattern is included in the grade 2 group (26 cases); and LUAD with solid or micropapillary predominant pattern is determined as the grade 3 group (13 cases). The quantities and localizations of CaSR were determined by IHC. Positive staining of CaSR was detected in various subcellular locations. In grade 1 tumors, CaSR positive staining was usually observed in cell membrane and cytoplasm, while in many cases of grade 2 and grade 3 tumors, the positive staining of CaSR was also found in nucleus, in addition to cell membrane and cytoplasm. We found extensive and strong staining intensities of CaSR in normal bronchial and alveolar epithelia, as well as in most cases of grade 1 LUAD. When the tumor malignancy increased to grade 2 or 3, CaSR expression decreased, shown as the reduced positive scopes and staining intensity in Figure 1A. Correlation analysis demonstrated a negative relationship (r = -0.412, p < 0.01) between the CaSR expression and the malignancy grade of LUAD (Figure 1B). Oppositely, Ki-67 labeling index (Ki-67 LI) increased with an increasing malignancy grade of LUAD (Figure 1A). Furthermore, correlation analysis revealed a negative relationship (r = −0.784, p < 0.01) between Ki-67 LI and CaSR in LUAD (Figure 1C), indicating a potential proliferation-inhibiting role of CaSR.
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FIGURE 1. Immunohistochemical staining of CaSR and its correlation with malignancy grades of LUAD and Ki-67 LI. (A) Representative LUAD samples of grades 1, 2 and 3, respectively. (A, upper) Immunohistochemical staining of CaSR in LUAD (IHC × 400); (A, lower) Immunohistochemical staining of Ki-67 in LUAD (IHC × 400); (B) The correlation analysis between CaSR expression and malignancy grades of LUAD (Spearman Rank Order Correlation, r = −0.412, p < 0.01); (C) The correlation analysis between CaSR expression and Ki-67 LI (Pearson Product Moment Correlation, r = −0.784, p < 0.01).




CaSR Played a Proliferation-Inhibiting Role in Human LUAD A549 Cells

To validate the possible proliferation-inhibiting function of CaSR in LUAD, we performed cell proliferation assay in human LUAD cell line A549. Based on the growth curve of A549 cells (Figure 2A), we chose day 3 (the time point at which the cells enter the logarithmic phase from the latent phase) to examine the proliferation of A549 cells with or without treatment of CaSR agonist cinacalcet, CaSR antagonist NPS 2143, or interference plasmid shRNA-CaSR.
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FIGURE 2. The effect of CaSR on A549 cell growth. (A) The growth curve of normal A549 cells; (B) CaSR agonist cinacalcet treatment (∗p < 0.05 vs. 0, 0.3, 1 μM, #p < 0.05 vs. 3 μM); (C) CaSR antagonist NPS2143 treatment (∗p < 0.05 vs. 0 μM); (D) shRNA-CaSR plasmid-transfected A549 cells (∗p < 0.05 vs. control and shRNA-vector). Significance was assessed using one-way ANOVA followed by Fisher LSD method. Error bars denote means ± standard deviations (SD) (n = 5).


The concentrations and time durations of cinacalcet and NPS 2143 treatment we adopted here have proven to be effective and safe in many documents with many cell types. In Flp-In HEK293-TREx c-myc-CaSR cells, Davey et al. (2012) performed time-course experiment and concentration-response assay for cinacalcet (0, 0.01, 0.03, 0.1, 0.3, and 1 μM) and (0, 0.01, 0.03, 0.1, 0.3, 1 and 3 μM) treatment, and demonstrated CaSR activation of cinacalcet and CaSR inhibition of NPS 2143 in a concentration-dependent manner with a time duration longer than 20 min. Consistently, Letz et al. (2014) indicated the inhibition effect of NPS 2143 (0.3 and 1 μM) on CaSR activity in HEK293 T cells. In a study about mouse brain bEND.3 endothelial cells, the authors found 24 h of 1 μM NPS 2143 treatment inhibited CaSR activity, while shorter time duration produced variable effects (Chen et al., 2019). In another research about pharmacologic modulation of CaSR in hematopoietic stem cell, the authors showed that cinacalcet treatment (2.5 μM, 90 min) enhances CaSR signaling without producing cellular toxicity (Lam et al., 2011). Our results demonstrated that the proliferation of A549 cells was inhibited by CaSR agonist cinacalcet treatment for 90 min in a dose-dependent manner. We found that 3 and 10 μM cinacalcet significantly inhibits A549 cell proliferation (∗p < 0.05). The result suggested increasing CaSR viability inhibited A549 cell proliferation (Figure 2B). On the other hand, we treated A549 cells with CaSR antagonist NPS2143 for 24 h and observed the changes in cell proliferation. Compared to the untreated group, all NPS2143 treatments (0.025, 0.05, 0.1, and 1 μM) statistically promoted A549 cell growth (Figure 2C), supporting our conclusion that CaSR inhibits A549 cell proliferation.

To further enhance the above conclusion, we decreased the expression of CaSR by shRNA-mediated knockdown and investigated its impact on the growth of A549 cells. The A549 proliferation profile of the shRNA-vector-transfected group resembled the blank control group. However, the shRNA-CaSR-transfected cells with an incubation of 24 h in 96-well plates displayed a dramatically increased rate of proliferating (∗p < 0.05; Figure 2D).

In summary, increasing CaSR activity inhibited A549 cell proliferation, while decreasing either CaSR activity or CaSR protein expression promoted A549 cell proliferation. These data lead to the conclusion that CaSR played a proliferation-inhibiting role in A549 cells in vitro.



CaSR Played a Proliferation-Inhibiting Role in Implanted LUAD in Nude Mice

To test the role of CaSR in vivo, we established xenograft tumors with BALB/c nude mice. The mice were randomized into five groups (blank control, empty vector, shRNA-CaSR, cinacalcet, and NPS 2143) and inoculated them with the same quantity of untreated or treated A549 cells. The mice in the three groups were implanted with untreated A549 cells plus no additional treatment (blank control group), cinacalcet treatment (cinacalcet group), or NPS 2143 treatment (NPS 2143 group). The other two groups of BALB/c nude mice were implanted with empty vector-transfected A549 (the empty vector group) or shRNA-CaSR-transfected A549 (the shRNA-CaSR group). The growth of implanted tumors was monitored for 22 days (Figure 3A). The dynamic tumor growth rates in the shRNA-CaSR group and the NPS 2143 group were obviously faster than the blank control group, while the empty vector group remained almost unchanged. In contrast, tumors in the cinacalcet group grew much slower than those in the blank control group (Figure 3B). Individual tumor volumes and weights in each group were calculated and their statistical values were compared. The data showed that tumor volumes and weights increased prominently (∗p < 0.05, Figures 3C,D), either by decreasing CaSR protein expression (shRNA-CaSR group vs. empty vector group), or by decreasing CaSR activity (NPS 2143 group vs. blank control group). Meanwhile, increasing CaSR activity (cinacalcet group vs. blank control group) resulted in statistical reductions in both tumor volumes and weights (∗p < 0.05, Figures 3C,D). Thus, we conclude that CaSR inhibited in vivo LUAD growth.
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FIGURE 3. The effect of CaSR on the proliferation of LUAD in vivo in A549-implanted tumor xenograft models in nude mice. Five random groups of BALB/c nude mice were implanted with the same quantity of empty vector-transfected A549 (the empty vector group), shRNA-CaSR-transfected A549 (the shRNA-CaSR group), and untreated A549 for the remaining three groups. Seven days later, 2 groups of mice that received untreated A549 were then treated with intratumoral injection of either cinacalcet (the cinacalcet group) or NPS 2143 (the NPS 2143 group), once a day for 2 weeks. The left untreated group was regarded as the blank control group. The dynamic growth of individual tumors in each group was monitored up to 22 days. Tumors were then excised and measured for their volumes and weights. (A) The representative tumor xenografts in each group. (B) The dynamic growth curves of tumor xenografts in each group. (C) The statistical comparisons of tumor volumes of the nude mice at the 22nd day (data included in figure). (D) The statistical comparisons of tumor weights of the nude mice at the 22nd day. Error bars stand for means ± standard deviations (SD). Significance was assessed using one-way ANOVA followed by Fisher LSD method. (n = 8, ∗p < 0.05 vs. control and empty vector, #p < 0.05 vs. shRNA-CaSR and NPS2143).




CaSR Played a Proliferation-Inhibiting Role in LUAD Possibly by Regulating the GSK3β/Cyclin D1 Pathway

A recent report suggested that CaSR suppresses the malignant behavior of colonic cancer cells by regulating the Wnt signaling pathway including GSK3β and Cyclin D1 (Aggarwal et al., 2015), which was proved to be vitally important in the development and the growth of LUAD in previous studies, including ours (Li et al., 2008; Yang et al., 2015). Meanwhile, GSK3β activity has been shown to be downstream event of CaSR (Sun and Murphy, 2010; Chiarini et al., 2017). Herein, we investigated whether the proliferation-inhibiting role of CaSR in LUAD was associated with the GSK3β/Cyclin D1 pathway. First, we changed the protein expression or the activity of CaSR by either shRNA-CaSR plasmid transfection or agonist and antagonist treatment in A549 cells, and then detected the protein expression level of CaSR, GSK3β, p-GSK3β, and Cyclin D1. As shown in Figure 4A, in contrast to the control, the CaSR protein expression level in the shRNA-CaSR-transfected group obviously decreased (∗p < 0.05), whereas both the CaSR agonist cinacalcet group and the antagonist NPS2143 group remained almost unchanged. Differing from a recent study that indicated that cinacalcet upregulated CaSR protein expression of parathyroid glands in hemodialysis patients (Sumida et al., 2013), our data suggested that in A549 cells, neither agonists nor antagonists of CaSR changed its activity by regulating its protein expression.
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FIGURE 4. The changes of CaSR, GSK3β, p-GSK3β, and Cyclin D1 protein expression in A549 cells by shRNA-CaSR plasmid transfection, CaSR agonist, or antagonist treatment. Western blot analysis for CaSR (A,*p < 0.05 vs. control, cinacalcet, and NPS2143), GSK3β (B), P-GSK3β (C,*p < 0.05 vs. control, #p < 0.05 vs. shRNA-CaSR and NPS2143), and Cyclin D1 (D,*p < 0.05 vs. control, #p < 0.05 vs. shRNA-CaSR and NPS2143) in untreated or treated A549 cells. Band densities were normalized with GAPDH (upper), which was used for evaluating equal amounts of protein loading. n = 3 for each. Representative Western blot assay in A549 cells of each group (lower). Significance was assessed using one-way ANOVA followed by Fisher LSD method.


The GSK3β expression level remained unchanged after altering CaSR expression/activity (Figure 4B). Since the activation of GSK3β is negatively regulated by phosphorylation of serine 9 (Doble and Woodgett, 2003), the expression level of p-GSK3β (ser 9), which has no enzyme activity, could represent its activity condition (Li et al., 2008). In our study, as Figure 4C showed, inhibiting CaSR activity either by shRNA-CaSR plasmid transfection or by antagonist NPS 2143 greatly decreased GSK3β activity, demonstrated by increased levels of p-GSK3β (∗p < 0.05), whereas CaSR agonist cinacalcet exerted the opposite effect (p-GSK3β decreased, ∗p < 0.05). The results demonstrated that CaSR positively regulated GSK3β activity in LUAD A549 cells, and, in turn, the phosphorylation regulation of GSK3β by cinacalcet/NPS 2143 demonstrated their effectiveness on CaSR activation/inhibition.

Cyclin D1 is an important regulator of G1/S phase monitory point in the cell cycle. It was reported that GSK3β negatively regulated Cyclin D1 in LUAD and other tumors (Lu et al., 2008; Liao et al., 2014). Consistent with the previous studies, in the current experiment, the expression levels of Cyclin D1 in the shRNA-CaSR stable-transfection group and the NPS2143 group were statistically increased (∗p < 0.05) while their counterpart in the cinacalcet group decreased (∗p < 0.05) in contrast to the control group (Figure 4D).

Based on the above findings, we concluded that CaSR positively regulated the activity of GSK3β, with a following downregulation of Cyclin D1. Therefore, we hypothesized that the proliferation-inhibiting effect of CaSR in LUAD A549 cells was possibly via the GSK3β/Cyclin D1 pathway.

To test this hypothesis, we changed the GSK3β activity by transiently transfecting GSK3β mutant plasmids into A549 cells. On one hand, the continuously activated type S9A-GSK3β mutant overexpressed GSK3β after transfection, which led to an activation of GSK3β because of ser9 dephosphorylation (decreased p-GSK3β expression). On the other hand, the dominant negative mutant type DN-GSK3β transfection gave the opposite result, which was consistent with our previous study in A549 cells (Li et al., 2008). We then altered CaSR activity with the treatments mentioned above to monitor how CaSR changed A549 cell proliferation at different GSK3β activity levels. Our results showed that both cinacalcet treatment (activating CaSR) and S9A- GSK3β (activating GSK3β) were able to inhibit A549 cell growth, while treatment with NPS 2143 or shRNA-CaSR (decreasing CaSR activity) and DN-GSK3β transfection (decreasing GSK3β activity) both promoted A549 cell proliferation (Figures 5A–C, upper). Thus, CaSR activation and GSK3β activation produced the same effect on promoting A549 cell proliferation. Furthermore, Western blot assay revealed the expression levels of p-GSK3β and Cyclin D1 were apparently suppressed by cinacalcet treatment, but remarkably recovered by an additional treatment of DN-GSK3β (Figure 5A, lower). As we expected, the proliferation-inhibiting function of cinacalcet was suppressed by DN-GSK3β transfection (Figure 5A, upper). Simultaneously, the proliferation-promoting role of NPS 2143 treatment or shRNA-CaSR transfection was eliminated by co-treating with S9A-GSK3β transfection (Figures 5B,C, upper), which was closely associated with the changes of corresponding p-GSK3β and Cyclin D1 expression levels (Figures 5B,C, lower). These reverse experiments strongly suggested that CaSR regulated the proliferation of A549 cells, at least partially through the GSK3β/Cyclin D1 pathway.
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FIGURE 5. The reverse experiments for verifying the proliferation-inhibitory role of CaSR in LUAD cell A549. (A, upper) The effects of cinacalcet on A549 cell proliferation with or without manipulation of GSK3β activity (*p < 0.05 vs. control without cinacalcet treatment, #p < 0.05 vs. control with cinacalcet treatment). (B, upper) The effects of NPS2143 on A549 cell proliferation with or without manipulation of GSK3β activity (*p < 0.05 vs. control without shRNA-CaSR cotransfection, #p < 0.05 vs. control with shRNA-CaSR cotransfection). (C, upper) The effects of shRNA-CaSR plasmid transfection on A549 cell proliferation with or without manipulation of GSK3β activity (*p < 0.05 vs. control without NPS2143 treatment, #p < 0.05 vs. control with NPS2143 treatment). (A–C, lower) The protein expression of p-GSK3β, GSK3β, and Cyclin D1 in A549 cells of each group. GAPDH was used as a marker for equivalent amounts of protein loading. n = 3–5 for each experiment. Significance was assessed using one-way ANOVA followed by Fisher LSD method.





DISCUSSION

Previous documents suggest that CaSR may possess possible roles as either a tumor promoter or a tumor suppressor in different organs, since CaSR regulates various pathophysiological processes, including cell proliferation, differentiation, etc. in a tissue-dependent manner (Tennakoon et al., 2016; Hannan et al., 2018; Das et al., 2020). So far, three published studies reported the function of CaSR in lung cancers. Two of them are about human lung squamous cell carcinoma (LUSCC), including a retrospective study analyzing the metastasis-related genes with 170 LUSCC patients (Dong et al., 2019), and an experimental study with LUSCC cell lines as well as related xenograft tumors (Lorch et al., 2011). The other one is a clinical study involving LUAD patients with 117 resected LUAD specimens (Wen et al., 2015). By TCGA database analysis, Dong et al. (2019) showed in LUSCC patients that the upregulation of CaSR was related to lymphatic metastasis in T1-2 stage. In the experimental study of CaSR and squamous cell carcinoma, Lorch et al. (2011) demonstrated that increasing CaSR expression/activity resulted in humoral hypercalcemia of malignancy, but did not affect tumor cell proliferation in either cultured SCC cell lines or SCC xenograft tumors. In the latter clinical study about CaSR and LUAD, Wen et al. (2015) found that a strong expression of CaSR in resected LUAD tissues was statistically related with longer overall survival periods than normal CaSR expression ones, but they did not detect the effect of CaSR on tumor cell proliferation. In this study, we firstly demonstrated the proliferation-inhibiting role of CaSR in resected LUAD specimens from the patients (Figure 1), human LUAD cell line A549 (Figure 2), and LUAD xenograft tumors (Figure 3). Our results were different from the data shown by Lorch et al. (2011) in human lung SCC, which demonstrated no effect of CaSR on SCC proliferation. From the above points, we believe that the function of CaSR is not only organ- or tissue-dependent, but also disease- or cell type-dependent. Correspondingly, the mechanisms underlying CaSR function might be disease-specific.

CaSR has been reported to adjust cell proliferation through the Wnt/β-catenin pathway in gastric cancer and colonic epithelium (Rey et al., 2012; Xie et al., 2017). Wnt pathway is correlated with the poor survival of LUAD patients since the activation of this important pathway is essential for the proliferative potential of lung cancer cells (Tammela et al., 2017). Several studies including ours have shown that the inactivation of GSK3β activated Wnt signaling and increased Cyclin D1 expression, which was regulated by the Wnt/β-catenin pathway in LUAD (Li et al., 2007, 2008; Gao et al., 2013). Meanwhile, GSK3β seems to be a downstream molecule of CaSR (Sun and Murphy, 2010; Aggarwal et al., 2015; Chiarini et al., 2017). Therefore, we then investigated if CaSR regulates LUAD cell proliferation via the GSK3β/Cyclin D1 pathway.

By changing CaSR expression/activity and then detecting GSK3β activity and Cyclin D1 protein expression, we demonstrated that CaSR positively regulated GSK3β activity in LUAD A549 cells, followed by a downregulation of Cyclin D1 expression (Figures 4, 5). Meanwhile, functional experiments showed that increasing GSK3β activity attenuated A549 cell proliferation, while decreasing GSK3β activity elicited a rapid growth, quite similar to the effects produced by increasing or decreasing CaSR activity (Figure 5). The relationship between CaSR and GSK3β in protein expression and their similar functions in cell growth suggested that GSK3β is a mediator of the proliferation-inhibiting effect of CaSR in LUAD. Moreover, the reverse experiments showed that the proliferation-inhibiting effect of CaSR was suppressed or enhanced when GSK3β activity was decreased or increased, respectively (Figure 5). Thus, our results strongly suggested that the possible mechanism of the proliferation-inhibiting effect of CaSR in LUAD was via activated GSK3β and downregulated Cyclin D1. Consistent regulation of Wnt pathway including GSK3β and Cyclin D1 by CaSR had been addressed in a previous study about colon cancer (Aggarwal et al., 2015) in which the authors observed upregulated GSK3β mRNA expression, reduced Cyclin D1, and decreased β-catenin nuclear translocation in HT29CaSR cells (colon cell line HT29 overexpressing the CaSR), and verified that the inhibition of the Wnt signaling was responsible for decreased invasive potential of HT29CaSR cells. On the contrary, in gastric cancer, CaSR activation enhanced Wnt/β-catenin signaling in tumor cells, and consequently promoted cell proliferation, migration, and invasion (Xie et al., 2017). Many other pathways were described to be downstream targets of CaSR in regulation of tumor cell proliferation. For example, in renal cell cancer, in addition to AKT signaling pathway, PLCγ-1, p38α, JNK, and PTEN, but not ERK1/2, were involved in CaSR-dependent bone metastasis and cellular proliferation (Joeckel et al., 2014). El Hiani et al. (2009) demonstrated that the proliferative effect of CaSR on breast cancer MCF-7 cells was mediated by the upregulation of TRPC1 protein and the activation of the ERK1/2 pathway. Nevertheless, continuously activated ERK1/2 by overexpressing CaSR facilitated apoptosis and reduced cell viability in neuroblastoma cell lines (Casalà et al., 2013).

Together with this research, we summarized four points about CaSR functions and their corresponding mechanisms in tumors. (i) CaSR usually possesses different capabilities in various tumors and the mechanisms differ from each other; the function of CaSR is disease-specific (El Hiani et al., 2009; Joeckel et al., 2014; Aggarwal et al., 2015; Xie et al., 2017; Iamartino et al., 2018); (ii) in different tumors, CaSR may regulate the same downstream pathway in opposite ways to generate unlike actions (Aggarwal et al., 2015; Xie et al., 2017); (iii) CaSR may modulate different downstream pathways to induce the same or similar effects in different tumors (El Hiani et al., 2009; Joeckel et al., 2014; Xie et al., 2017); and (iv) CaSR may similarly regulate the same downstream pathway, but elicit diverse or even opposite results in different tumors (El Hiani et al., 2009; Casalà et al., 2013). Facing such conflicts, it is difficult to find a perfect theory to explain all these phenomena. Notably, in the majority of the above documents, Ca2+ was intimately involved in the interaction with CaSR in regulating tumor behaviors such as proliferation (El Hiani et al., 2009; Joeckel et al., 2014; Aggarwal et al., 2015; Xie et al., 2017). Our preliminary experiments in LUAD A549 cells showed that CaSR induced irregular calcium oscillations under hypoxia. In previous works, we have demonstrated that irregular oscillations were able to regulate transcriptional activities of downstream genes and cellular biological behaviors via cumulative spike duration and spike amplitude (Song et al., 2012; Tan et al., 2013). Thus, we suggest that in different tumors, CaSR-mediated irregular oscillation activates different transcription factors and therefore regulates tumor cell growth or other biological behaviors in different ways.

To sum up, for the first time, we discovered the proliferation-inhibiting role of CaSR in LUAD and its possible mechanism. Because of the key role of CaSR in LUAD, it could be a potential target for future LUAD therapies. The existing CaSR agonists, such as cinacalcet, which is approved by FDA and used to treat secondary hyperparathyroidism, may present a new application to treat LUAD. However, tissue-specific delivery should be considered due to the different roles of CaSR in the different malignancies.
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Colorectal cancer (CRC), the third most common malignant tumor in the world, shows multiple complex and pathologies based on the impaired structure and function of the intestinal mucosal barrier. Goblet cells secrete mucins, which are involved in the formation of the intestinal mucosal barrier and not only lubricate and protect the intestinal mucosa but also participate in the processes of cell adhesion, intercellular signal transduction, and immune regulation. It is accepted that the disordered expression and dysfunction of mucins are associated with the occurrence and development of CRC. This article focuses on the secretory mucins encoded by a gene cluster located on chromosome 11p15.5 and systematically reviews their composition, regulation, function, and role in CRC, to deepen the understanding of the pathogeneses of CRC and to provide a new basis and ideas for the treatment of CRC.
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INTRODUCTION

Globally, the incidence of colorectal cancers (CRCs) ranks third among common malignant tumors, and CRC has the second highest mortality (Bray et al., 2018). Even considering the lifestyle and diet habits of different ethnicities, the incidence and mortality of CRCs are still increasing year by year (Global Burden of Disease Cancer Collaboration et al., 2017). In China, 300,000 individuals are newly diagnosed with CRC annually, with an average 4.2% increase yearly (Chen et al., 2018). The incidence of CRC in males is higher than that in females, and urban areas have a higher CRC incidence than rural regions (Chen et al., 2018), suggesting that the etiological mechanism of CRC is complex and multifactorial as the result of the combined effects of genetic and environmental factors.

It is accepted that the normal function of the intestinal mucosal barrier is important for maintaining digestion and absorption and preventing abnormal disease, while rupture and dysfunction of the intestinal mucosal barrier can lead to a series of pathophysiological changes in the intestinal mucosa and eventually cause the occurrence of malignant tumors and CRCs (Yu, 2018). On the intestinal mucosal barrier, the gelatinous mucus layer covers the mucosal surface and functions as the “first line” to lubricate and protect the intestinal mucosa (Korytowski et al., 2017). More importantly, this layer also participates in the processes of intercellular adhesion, signal transduction, and immune regulation (Jakiela et al., 2014).

Among the components of the gelatinous mucus layer, mucins (MUCs), mainly secreted by goblet cells (GCs), are a family of highly glycosylated proteins with high molecular weights that are widely distributed in various tissues and organs (O’Connell et al., 2002). To date, 27 MUC proteins have been identified, and they are divided into secretory and membrane-bound types, based on their forms (Table 1). Membrane-bound mucins (MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC13, MUC15, MUC16, MUC17, MUC20, and MUC21) exhibit hydrophobic sequences or “transmembrane domains” responsible for anchoring them in the lipid bilayer and have C-terminal peptides that enter the cytosol. The secretory mucins (MUC2, MUC5AC, MUC5B, MUC6, MUC8, and MUC19) with one exception (MUC7) possess one or several von Willebrand factor (vWF)-like D domains, and cysteine-rich peptides, which function in the oligomerization of mucin monomers and in packaging into secretory vesicles (Lehmann et al., 1989; Perez-Vilar and Hill, 1999; Moniaux et al., 2001; Chen et al., 2004; Higuchi et al., 2004; Itoh et al., 2008; Chairatana and Nolan, 2017). According to whether they are capable of forming a gel, the secretory mucins can be further divided into two subtypes, gel-forming and soluble MUCs. Interestingly, MUC2, MUC5AC, MUC5B, and MUC6 belong to gel-forming MUCs and are located near each other on human chromosome 11p15.5 (Pigny et al., 1996a). Unsurprisingly, gel-forming MUCs have similar regulation pathways and functions in the normal intestinal mucosa (Walsh et al., 2013). However, their expression has tissue and cell specificity, and abnormal levels of these MUCs have been found in many diseases, especially CRCs. Hence, this article focused on the secretory type of mucins, MUC2, MUC5AC, MUC5B, and MUC6, located on chromosome 11p15.5, to systematically review their composition, regulation, function, and role in CRC, to deepen the understanding of the pathogeneses of CRC and provide a new basis and ideas for the treatment strategies of CRC.


TABLE 1. The classification of human mucin gene family.
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MUC2

The MUC2 protein, encoded by the MUC2 gene (Figure 1), is the most abundant secreted MUC, covering the mucosal surface of the intestinal cavity in the form of gelatin and forming the basis of the mucous layer (Yamashita and Melo, 2018). The central domain of the MUC2 protein contains a large number of repetitive tandem threonine, serine, and proline polypeptides. The N-terminal domain of MUC2 contains the vWF D-like domain, rich in cysteine, while the C-terminal domain is also rich in cysteine (Rousseau et al., 2004).
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FIGURE 1. MUCs located on chromosome 11p15.5 and their relative positions. The MUC gene cluster spans a region of approximately 400 kb; the map extends to 770 kb, and the beginning and end of each gene are specified under their red arrow.


As shown in Figure 2A, the promoter region of the MUC2 gene includes TATA-binding sites, the CCAAT box, and many other transcription factors binding sites, predicting its multiple transcriptional regulatory pathways, and these features result in the specific expression of the MUC2 gene in goblet cells (Fagerberg et al., 2014). Velcich et al. (1997) isolated a group of overlapping codons harboring the entire MUC2 locus, and found maximal transcriptional activity in the promoter region of the MUC2 gene, from the AUG translational initiation codon +1 to −848, in several intestinal cell lines, and this area did not promote the expression of MUC2 in HeLa cervical cancer cells. Many transcription factors can regulate the expression of the MUC2 gene by binding with its promoter of the MUC2 gene. As SRY-box transcription factor 9 (SOX9) is a high-mobility group box transcription factor, Blache et al. (2004) found that SOX9, downstream of Wnt signaling pathway can transcriptionally inhibit the MUC2 gene. The tumor suppressor p53 directly binds to the promoter of the MUC2 gene and transcriptionally induces the expression of the MUC2 gene in response to cell stress in human colon cancer cells, as well as in breast cancer cells (Ookawa et al., 2002). In colon cancer cells, galectin-3 modulated the expression of the MUC2 gene by forming a complex with AP-1 and directly binding to 1,500–2,186 bp region upstream of its translation start site (Song et al., 2005). The hormone somatostatin (SST) was also found to be involved in the regulation of the MUC2 gene to protect the colon. Song et al. (2019) reported that exogenous SST administration significantly increased colonic expression of the MUC2 gene and mucus secretion through the Notch-Hes1 pathway, while knockdown of SST receptor 5 (SSTR5) in human goblet cell-like LS174T cells effectively blocked the SST-induced increase in MUC2 gene expression and mucus secretion, indicating the role of the SST-SSTR5-Notch-Hes1-MUC2 axis in the regulation of colonic mucus formation.
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FIGURE 2. Promoter regions of MUCs and their functional domains. The promoter region of each gene contains different binding sites for transcriptional factors. (A) MUC2 is regulated at the transcriptional level by the transcriptional factors CDX, CDX2, P53, and Sp. (B) MUC5AC is transcriptionally regulated by the transcriptional factors NF-κB, Hes1, and Sp. (C) The transcriptional level of MUC5B is regulated by the transcriptional factors NF-κB and Sp1. (D) MUC6 is regulated at the transcriptional level by the transcriptional factors NF-κB and Sp. Abbreviations: CDX (caudal-related homeobox); Sp. (signal peptide); AP1 (activator protein 1); NF-κB (nuclear factor-κB); P53 (a tumor suppressor gene, binding to p53-responsive elements in the promoter region); Hes1 (hes family bHLH transcription factor 1).


As a secretory protein, the function of MUC2 is not only regulated by its expression, but also influenced by its exocytosis from colon goblet cells. McCool et al. (1995) found that LS180 colonic tumor cells could synthesize and secrete MUC2 without the addition of secretagogues; however, the disrupted Golgi and inhibition of microtubule assembly inhibited baseline secretion of MUC2, and actin microfilaments was involved in regulated exocytosis. Sentinel goblet cells (senGCs), which are located at the colonic crypt entrance, responded to TLR-ligands interaction via Nlrp6 signaling, and this has been reported to trigger calcium ion-dependent compound exocytosis of MUC2 from the senGCs and generate the intercellular gap junction signal to induce MUC2 secretion from adjacent goblet cells (Birchenough et al., 2016). Recently, using a Vamp8–/– animal model, Cornick et al. (2019) illustrated that VAMP8 promoted the exocytosis of MUC2 protein from colonic goblet cells to maintain innate intestinal homeostasis, and the absence of VAMP8 caused an altered mucus layer and increased encounters with microbial antigens, resulting in high susceptibility to both chemical and infectious colitis.

MUC2 protein serves as an important component to protect the intestinal tract in the following ways. (1) It induces an anti-inflammatory effect. MUC2 provides substantial assistance in the synthesis of antimicrobial peptides, blocks the induction of inflammation, and protects the intestinal mucosa from the destruction of sodium gluconate (Cobo et al., 2017). The decreased expression of MUC2 in the intestinal cavity leads to the invasion of various pathogenic microorganisms and toxic substances, causing intestinal epithelial cell apoptosis, abnormal distribution, and expression of tight junction proteins, resulting in increased intestinal mucosal permeability and impaired intestinal mucosal barrier function (Xu et al., 2012). A deep targeted resequencing of 122 genes in Dutch ulcerative colitis (UC) patients was performed and identified an association of rare variants in the MUC2 gene with UC in the Dutch population but not in the German population, suggesting a putative, population-specific role of MUC2 in UC susceptibility (Visschedijk et al., 2016). (2) In addition, MUC2 maintains homeostasis of the intestinal environment. Susceptible intestinal bacteria are protected by its the antimicrobial effect of MUC2. In vitro and in vivo experiments showed that a lack of MUC2 impaired β-defensin mRNA expression and peptide localization in the colon, causing intestinal microecological and intestinal bacteria imbalance, and endotoxin translocation and increasing the occurrence of spontaneous intestinal inflammation (Cobo et al., 2015). The long-term colonization of intestinal microflora is also required to maintain normal intestinal mucus layers (Johansson et al., 2015), indicating that the relationship between the mucus layer and microflora is mutually beneficial. (3) MUC2 stimulates immune function. Mucins are large O-glycoproteins with numerous O-oligosaccharide chains in their skeleton, which not only provide binding sites for immune molecules, such as secretory immunoglobulin A (IgA) and antimicrobial peptide, but also encapsulate harmful substances at the mucosal surface. Finally, with the cooperation of dendritic cells, mucins could induce the expression of interleukin (IL)-10 and other immune factors and then play a supportive role in the immune response (Johansson et al., 2013).

It is accepted that MUC2 is expressed in normal colon epithelial cells, but abnormal levels of MUC2 can be found in various malignant tumors and precancerous lesions. In patients with UC, a precancerous lesion of colon cancer, the expression of MUC2 was decreased, while in MUC2–/– mice, the early phase of spontaneous colitis was caused by a defective mucus barrier and subsequent contact of bacteria with the intestinal epithelium (Wenzel et al., 2014). A mass spectrometry analysis of mucus in the colon tissues of UC patients showed that the core mucus structural components, including MUC2, were significantly reduced in active UC, even in noninflamed segments, predicting the attenuation of the goblet cell secretory response to microbial challenge independent of local inflammation (van der Post et al., 2019). However, the expression of MUC2 in colorectal cancer is different based on the histopathological type (Kasprzak et al., 2018). In mucinous adenocarcinoma, the expression of MUC2 is significantly elevated, possibly due to the maintenance of Atoh1 expression by the SCF/c-kit signaling pathway, which leads to mucinous colorectal adenocarcinoma (MCA) (Shen et al., 2018). In the nonmucinous type of colon cancer, decreased MUC2 expression was found, and expression was found to be suppressed by the transcriptional factor caudal type homeobox 2 (CDX2), which may have been caused by the high methylation modification of the promoter of the MUC2 gene (Hanski et al., 1997). However, in CRC cells, a glycosylation defect of the MUC2 gene in cancer cells leads to a failure to express the normal mucus type (Yonezawa and Sato, 1997).

By analyzing the relationship between MUC2 expression and clinicopathological parameters in patients with colorectal cancer, Li et al. (2018) found that MUC2 expression was negatively correlated with TNM stage and lymphatic metastasis, but positively associated with survival. However, in the Finland population, Elzagheid et al. (2013) reported the correlation of MUC2 expression with the location of the tumor, recurrence, and prognosis of CRC. It is interesting that low MUC2 expression showed a preferential relationship with the left-sided colon cancer and indicated a short disease-free survival (DFS) and disease-specific survival (DSS), suggesting that MUC2 may be a potential biomarker for differentiating left/right colon cancer and evaluating the prognosis of patients. Hsu et al. (2017) suggested that low expression of the MUC2 gene was related to metastasis of colorectal cancer and was related to the activation of IL-6 signaling.

In terms of influencing treatment, Leteurtre et al. (2004) investigated the tolerance of the colon cancer cell line HT-29 clone to the chemotherapeutic drug 5-fluorouracil (5-FU), and found that HT29-5F12, a mucus-secreting clone mainly expressing MUC2, was composed of nonpolarized cells secreting mucus with anti-colonic mucin immunoreactive activity, suggesting the valuable role of MUC2 in drug resistance pathways. Another study, reported by the same group, showed that these clones resist chemotherapy by acquiring stemness and quiescence and that these phenotypes were associated with the c-Yes/YAP axis (Touil et al., 2014). According to the conclusion of the study, the following questions come into view. Is the MUC2 gene overexpression in HT29-5F12 cells related to resistance to 5-FU? What is the relationship between overexpression of MUC2 and the c-Yes/Yap axis? It is necessary to study these problems more carefully. In addition, Rotkrua et al. (2011) found that miR-9 may promote the proliferation of MKN45 and NUGC-3 gastric cancer cell lines by inhibiting CDX2 and its downstream targets (such as MUC2), which suggests that the anti-miR-9 drugs can indirectly regulate the expression of MUC2 and delay the progression of gastric cancer, which also has important significance for colorectal cancer.

To date, there are few studies on the regulatory mechanisms of MUC2 expression between mucinous and nonmucinous adenocarcinoma, and limited samples have been studied. Based on the current and updated evidence, an understanding of the potential tumor-suppressive role of MUC2 in CRCs is forthcoming, and more investigations are needed to uncover its underlying mechanism.



MUC5AC

MUC5AC, encoded by the MUC5AC gene on chromosome 11p15.5 (Figure 2B), belongs to gastric type mucins and is mainly expressed in gastric goblet cells (Reis et al., 1999), but is also expressed in the trachea, bronchial mucosa and cervical endometrium (Bartman et al., 1999); it is not found in normal colorectal epithelial cells (Fagerberg et al., 2014). The tandem repeat unit of MUC5AC is separated by many cysteine-rich subdomains (Guyonnet Duperat et al., 1995).

Abnormal expression of MUC5AC can be seen in malignant tumors and precancerous lesions. As described above, there seems to be much in common between the MUC2 gene and the MUC5AC gene, both at the level of sequence homology and in the molecular mechanism controlling the transcription and expression of the MUC gene (Van Seuningen et al., 2001). Byrd et al. reviewed all mucins and mucin-binding proteins in colorectal cancer and suggested that the MUC2 gene and MUC5AC gene were expressed simultaneously in mucus secreting cells during carcinogenesis, which may be due to the common regulatory mechanism, namely, pKa, PKC, PKG, Ca2, and SP1/SP3 signal transduction) (Byrd and Bresalier, 2004). Perrais et al. (2002) investigated the regulation of the 11p15.5 mucin gene promoter and found that in lung cancer cells, MUC2 and MUC5AC are two target genes of the epidermal growth factor receptor (EGFR) ligand and are upregulated due to the activation of the EGFR/Ras/Raf/extracellular signal-regulated kinase-signaling pathway and the recruitment of transcription factor Sp1 to the promoter region of MUC2/MUC5AC, suggesting Sp1 as a regulator of both MUC2 and MUC5AC expression. DNA hypomethylation levels were also involved in the regulation of both MUC2 and MUC5AC expression in CRC and were associated with poor differentiation and microsatellite instability (MSI) status; in particular, MUC5AC hypomethylation was strongly associated with MSI status in cancer, suggesting MUC5AC demethylation as a useful hallmark for MSI in CRC (Renaud et al., 2015). In addition to the HT29-5F12 clone, Leteurtre et al. (2004) also provided a mucus-secreting clone, HT29-5M21, which was composed of monolayered polar cells secreting mucus with strong anti-gastric mucin immunoreactivity, mainly expressing MUC5AC and MUC5B, and showing resistance to MTX and sensitivity to 5-FU, suggesting the different functions and chemotherapy sensitivities of MUCs.

Unlike MUC2, the expression of MUC5AC can be found to different degrees during the development of CRC, specifically both in mucinous and nonmucinous adenocarcinomas. Using siRNA technology, Zhu et al. knockdown the expression of MUC5AC in SW620 cells, a CRC cell line with high MUC5AC expression, and found that siMUC5AC significantly inhibited cell migration and invasion and induces cell apoptosis and G1-phase cell cycle arrest; these effects resulted in impaired colony formation (Zhu et al., 2016), suggesting that MUC5AC is a promising target for the treatment of colon cancer. Unsurprisingly, CRC patients with high MUC5 expression showed poor cell differentiation, a high lymph node metastasis rate and late stage CRC (Wang et al., 2017), which suggests that MUC5AC is a promoter of tumors. However, some studies believe that MUC5AC is a protective factor for patients with CRC. For example, Imai et al. (2013) reported that expression of MUC5AC in CRC decreases with increasing malignancy, and the loss of MUC5AC expression may be a prognostic factor for aggressive colorectal adenocarcinoma, which suggests that patients with high expression of MUC5A have a better prognosis. Betge et al. (2016) confirmed that CRC patients with a high level of MUC5AC do have a longer progression-free survival (PFS) than those with a low level of MUC5AC, especially stage II and III CRC patients. The controversial results need further investigation to explore the role of MUC5AC and the underlying molecular mechanisms in patients with CRC.

As the expression of MUC5AC in colorectal cancer tissues is abnormal, what is the humoral immune response to this abnormal protein expression? Will it cause an immune response in vivo to affect normal tissues? Kocer et al. (2006) measured free circulating MUC5AC antibodies and confirmed that serum anti-MUC5AC antibody was detected in 27.3% of healthy people (6 of 22), 45% of polyp patients (9/20) and 60% of CRC patients (18/30). Importantly, CRC patients with high serum anti-MUC5AC antibody positivity were predicted to have advanced stage disease, and poorly differentiated tumors especially showed poor prognostic parameters, DFS and overall survival (OS); these factors may be associated with the decreased expression of the MUC5AC gene in tumor tissues. The findings provide novel therapeutic strategies for targeting the MUC5AC gene in tumor tissues or the anti-MUC5AC antibody in serum, benefiting potential CRC patients with precision medicine.



MUC5B

The total length of the MUC5B gene is 39.09 kb with 48 exons, encoding a 5,662 amino-acid peptide (Desseyn et al., 1998) that contains one Sp1 binding site (NAU62) through which specific interactions with nuclear factors affecting its transcriptional regulation can occur (Pigny et al., 1996b; Figure 2C). Unsurprisingly, consistent with the regulatory mechanism of MUC2 and MUC5AC, hypermethylation of the MUC5B promoter is also the main mechanism of its silencing (Vincent et al., 2007).

MUC5B is mainly expressed in the bronchus, submandibular gland, cervix, pancreas, and gallbladder and is the main component that maintains lubrication and viscoelasticity of saliva, normal lung mucus and cervical mucus (Vandenhaute et al., 1997; van Klinken et al., 1998; Fagerberg et al., 2014). Van Seuningen et al. (2000) investigated the 5′-flanking region and promoter activity of MUC5B in colon cancer cell lines and showed a cell-specific manner of MUC5B promoter activities, as MUC5B it is very active in mucus-secreting LS174T cells, whereas it is inactive in Cac-2 enterocytes and HT-29 undifferentiated cells. MUC5B upregulation has been found in human diseases, such as sinus mucosa polyps (Wu et al., 2011), nasal polyps (Amini et al., 2019), chronic obstructive pulmonary disease (Hancock et al., 2018), and Helicobacter pylori-related gastropathy (Zhang et al., 2018), suggesting the important role of MUC5B and its involvement in the pathogenesis of these diseases. In gastric and intestinal cancer cell lines, the expression of MUC5B was also found to be increased, such as HT-29 MTX cells (Lesuffleur et al., 1995) and LS174T cells (van Klinken et al., 1998). Jiang et al. (2015) demonstrated that the variant rs35705950 in the promoter of the MUC5B gene region was significantly associated with increased susceptibility to idiopathic pulmonary fibrosis (IPF), increased severity of disease and poor OS of patients. Dressen et al. (2018) conducted whole-genome sequencing in people of European ancestry to assess telomere length and identify rare altered protein variants encoded by the rs35705950 risk allele, suggesting that multiple genetic factors contribute to sporadic idiopathic pulmonary fibrosis (IPF) associated with MUC5B.

Further studies investigated the effect of this abnormal expression of the MUC5B gene on the biological behavior of different types of cancers. In lung carcinoma, the MUC5B gene was illustrated to be upregulated by the long non-coding RNA MUC5B-AS1, promoting lung cancer cell mobility in vitro and metastasis in vivo, which was associated with poor outcomes in patients with lung carcinoma (Yuan et al., 2018). A regulatory linkage between dual-specificity phosphatase 28 (DUSP28) and MUC5B/MUC16 was reported in pancreatic cancer cells by a study to elucidate the underlying mechanism by which DUSP28 promotes the development of pancreatic cancer (Lee et al., 2016). The overexpression of the MUC5B gene was reported to lead to the aggressive behavior of breast cancer cells (Valque et al., 2012), and silencing the MUC5B gene efficiently recovered the sensitivity of breast cancer cells to chemotherapeutic drugs by impairing the maturation of dendritic cells and inducing an antitumor immune response (Garcia et al., 2016).

However, research focused on the MUC5B gene in colorectal carcinomas is limited. In the intestinal cancer cell line LS180, the proinflammatory cytokines IL-6 triggered the expression of MUC2, MUC5B, and MUC6 genes, and promoted their secretion, whereas IL-1 or tumor necrosis factor-α (TNF-α) activated the expression of MUC2 and MUC5AC genes, and alteration of mucus layers was induced by these differentially expressed cytokines (Enss et al., 2000). Based on genome-wide association studies (GWAS) in the Swedish population, rs200554635 in the MUC5B gene was reported by Jiao et al. (2018) which is predicted to affect carcinogenesis and clinical outcomes in CRC patients. To understand the effect of abnormal expression of the MUC5B gene on the malignant biological behavior of cancer cells, Lahdaoui et al. (2017) knockdown the expression of the MUC5B gene in the human gastric cancer cell line KATO-III and the colon cancer cell line LS174T and found that the downregulation of the MUC5B gene induced a decrease in cell proliferation and migration in vitro and in vivo, partially mediated by the Wnt/β-catenin pathway. In addition, Garcia et al. (2016) used short hairpin RNA (shRNA) to knockdown the expression of the MUC5B gene in the breast cancer cell line MCF-7. The results showed that reducing the expression of the MUC5B gene could inhibit the cell adhesion, cell growth and clonogenic ability of MCF-7cells but did not increase apoptosis (Reynolds et al., 2019). Valque et al. (2012) highlighted how MUC5B leads to aggressive behavior in MCF7 cells, and they showed that MUC5B promoted proliferation and invasion in vitro and enhanced growth and cell dissemination in vivo. The abnormal expression of the MUC5B gene can also affect the resistance of cancer cells to chemotherapy drugs. Garcia et al. (2016) also showed that MUC5B was associated with a worse response to chemotherapy and that reducing the expression of MUC5B increased chemosensitivity (Reynolds et al., 2019). Leteurtre et al. (2004) found that HT29-5M12 cells, which mainly express the MUC5B gene, were resistant to chemotherapeutic drugs such as MTX and 5-FU. Therefore, assessment of drug sensitivity in CRC patients with high expression of MUC5B and resistance to MTX or 5-FU for follow-up chemotherapy will greatly improve the effectiveness of treatment and compliance of patients. Of course, this mechanism is not very clear at present, and it needs to be verified in other types of CRC cell lines and in vivo experiments.



MUC6

In 1993, the MUC6 gene was first named and reported in a gastric mucosal cDNA library by Toribara et al. (1993). The cDNA of the MUC6 gene is characterized by a tandem repeat region with a 507 bp-long individual repeat unit and the protein sequence of the MUC6 gene is rich in threonine, serine, and proline, containing a relatively large amount of histidine and alanine (Toribara et al., 1993). The N-terminal organization of the MUC6 gene is highly similar to that of the MUC2 gene, both of which contain vWF D-like domain (Rousseau et al., 2004). Although MUC6, similar to MUC5AC, belongs to gastric mucins, it is mainly expressed in glandular epithelial cells, as well as in the gallbladder, pancreas, and duodenum (Reis et al., 1999; Fagerberg et al., 2014; Figure 2D).

Investigations into the regulatory mechanism of MUC6 gene expression have mainly focused on gastrointestinal diseases. Hath1, an important transcription factor in the Notch signaling pathway, was found to transcriptionally increase the mRNA levels of the MUC6 and MUC5AC genes in gastric cancer cell lines, suggesting the potential role of Hath1 in the development of gastric cancer through transcriptional regulation of the MUC6 and MUC5AC genes (Sekine et al., 2006). The promoter region of the MUC6 gene contains a TATA box at −35 bp to −29 bp, an NF-κB consensus sequence at −173 bp to −164 bp, and Sp. family binding sites at −530 bp to −521 bp and −847 bp to −838 bp. Sakai et al. (2005) conducted luciferase assays and confirmed that NF-κB and Sp. family members are transcriptional factors that regulate the expression of MUC6.

On the other hand, the abnormal expression of the MUC6 gene, usually associated with increased tumor cell mobility, has been found in many malignant tumors, such as gastric cancer (Taniyama and Taniyama, 2017), duodenal cancer (Toba et al., 2018), breast cancer (Rakha et al., 2005), pancreatic cancer (Ohya et al., 2017), endometrial cancer (Hodgson et al., 2019), CRC (Tsai et al., 2015), and lung cancer (Duruisseaux et al., 2017). In a case-control study of gastric cancer, five minisatellites (MS1-MS5) were identified in the genomic structure of MUC6, and MUC6-MS5 alleles from cancer-free controls and individuals with gastric cancers were scored. The results showed that the increased incidence of short rare MUC6-MS5 alleles was statistically significant in gastric cancer patients compared to age- and sex-matched cancer-free controls (Kwon et al., 2010). Interestingly, upregulation of MUC6 expression was found in the early stage and absent in the late stage of pancreatic cancer (Leir and Harris, 2011). Overexpression of MUC6 glycoprotein domains significantly inhibited tumor cell adhesion to matrix proteins in LS180 cells (not found in PANC-1 cells), and the N- and C-terminal domains of MUC6 inhibited invasion of both LS180 and PANC-1 cells, suggesting that the MUC6 gene may prevent tumor cells migrations through the basement membrane of the pancreatic duct and suppress the development of infiltrating carcinoma (Leir and Harris, 2011).

However, whether the MUC6 gene can be used as a useful biomarker for the progression of colorectal cancer remains to be further studied. Positive expression of the MUC6 gene was found in colonic hyperplastic polyps and serrated adenomas, and positive expression of the MUC6 gene was also identified in crypt cells (Gibson et al., 2011). However, Gibson et al. (2011) indicated that it was unreliable to use the expression of the MUC6 gene to distinguish proliferative polyps from sessile serrated adenomas/polyps or sessile serrated adenomas/polyps with dysplasia because of the lack of specificity. They also demonstrated that although polyps from the left and right hemi-colons showed positive expression of the MUC6 gene, the positive rate of MUC6 expression in the right hemi-colons of sessile serrated adenoma and traditional serrated adenoma was significantly higher than that in the left hemi-colons of sessile serrated adenoma and traditional serrated adenoma, maybe due to the biological differences among adenomas in different parts of the colon involving the malignant transformation pathway of serrated adenomas (Gibson et al., 2011). Therefore, the relationship between MUC6 and sessile serrated adenoma is controversial. Bartley et al. (2010) found that the expression of the MUC6 gene was strongly associated with the proximal location of serrated polyps but only provided modest utility as a tissue biomarker for sessile serrated adenoma due to relatively low sensitivity. Conversely, the coexpression of MUC5AC and MUC6 genes can be detected in proliferative polyps of the colon with gastric metaplasia, but the specific expression mechanism is still unclear. Betge et al. (2016) examined the expression of the MUC6 gene in 381 CRC tissues by immunohistochemistry and analyzed the survival information of CRC patients. They found that patients with deficient expression of the MUC6 gene showed short PFS, while patients with MUC6 overexpression had long PFS and cancer-specific survival (CSS), especially in stage II and III CRC, indicating the protective role of the MUC6 gene in the occurrence and development of CRC, which was related to favorable outcomes of CRC patients (Betge et al., 2016).



DISCUSSION AND PERSPECTIVES

Mucins are part of a high-molecular-weight epithelial glycoproteins family and have clustered oligosaccharides linked to tandem repeat peptides through O-glycosidic linkages. Among them, the secreted gel-forming mucins MUC2, MUC5AC, MUC5B, and MUC6 are structurally and functionally distinguished from the transmembrane mucins and are encoded by genes located in a similar region, chromosome 11p15.5. Unsurprisingly, there are many similarities in gene regulation and function. Usually, two or more MUCs are coexpressed during the development of many diseases, suggesting the detection of MUC expression as an important tool for clinical diagnosis, treatment and prognosis analysis. The current findings of the expression and function of the MUC gene cluster located on chromosome 11p15.5 in CRC were systematically reviewed above.

In CRC, the activation of the promoter CpG island methylation phenotype, MSI and multiple signaling pathways has been proven to be involved in the regulation of mucin differentiation. For example, specific DNA methylation of the promoter of the MUC2 gene has been illustrated to regulate its transcription. Hypomethylation of the promoter of the MUC5AC gene is significantly related to its protein expression level, poor differentiation, and MSI. Hypermethylation of the promoter of the MUC5B gene is the major mechanism responsible for its silencing, while methylation of the promoter of MUC6 gene is not related to its silencing (Vincent et al., 2007).

Moreover, transcription factors also play different roles in the regulation of MUC gene expression. For example, the Notch/Hath1 axis transcriptionally regulates the expression of MUC6 and MUC5AC genes (Li et al., 2018), while the transcription factors Sp1, SOX9, and CDX2 can participate in the transcriptional regulation of many MUC genes, including MUC2 (Sakai et al., 2005). Furthermore, mutations of tumor suppressor genes, such as p53 and RAS, are involved in the regulation of MUC genes located on chromosome 11p15.5 (Ookawa et al., 2002). Finally, different signaling pathways, such as the EGFR-RAS-RAF signaling pathway, Wnt signaling pathway, and Notch signaling pathway, have also been reported to be involved in the regulation of MUC gene expression.

As the main component of the mucus layer, the secretory mucin MUC2 plays an important role in protecting the intestinal tract through the involvement of the anti-inflammatory response, maintenance of intestinal environment homeostasis and activation of immunity. Although the role of MUC2 in CRC is supposed to be tumor suppressive, the expression of the MUC2 gene or other MUC genes in CRC is controversial in different studies (Wang et al., 2017). First, MUC2 is mainly expressed in normal colon epithelial cells, and there is a difference in MUC2 expression between mucinous carcinomas and nonmucinous carcinomas, suggesting the diverse molecular mechanisms involved in these processes (Walsh et al., 2013). The gastric mucus, MUC5AC is mainly expressed in gastric goblet cells but not in normal colorectal epithelial cells. During the development of CRC, abnormal expression of the MUC5AC gene was found in different stages of CRC, and MUC5AC was expressed in both mucinous and nonmucinous adenocarcinoma (Kocer et al., 2006). MUC5B is the main component that keeps saliva, normal lung mucus and cervical mucus lubricated and viscoelastic. Overexpression of MUC5B gene has been found in some subtypes of gastric and intestinal cancer, but the molecular mechanisms remain unknown (Lahdaoui et al., 2017). Another gastric mucus, MUC6 is mainly expressed in glandular epithelial cells and is absent in many tumors (Betge et al., 2016), predicted to have a tumor-suppressive role in the occurrence and development of CRC.

Correlation analysis of MUC expression and clinicopathological parameters of patients with CRC found that MUC2 and MUC5AC were correlated with tumor stage, lymph node metastasis and prognosis of patients, and could be used as biomarkers to evaluate the prognosis of patients (Li et al., 2018), while the overexpression of MUC5B in CRC cells seemed to be related to degree of malignancy (Walsh et al., 2013), and increased expression of MUC6 was associated with malignancy and poor prognosis in CRC cells (Betge et al., 2016). Based on the current findings, the detection of MUC expression in CRC patients will benefit patients in the following aspects. (1) For diagnosis, MUCs on chromosome 11p15.5 are new potential biomarkers for CRC patients. For example, the differential expression of MUC2 in mucinous/nonmucinous adenocarcinoma, and left/right colon cancer may be an important clue for differential diagnosis. Positivity for anti-MUC5AC antibody in plasma may become a favorable indicator for early screening of CRC. (2) For treatment, MUCs may function as new therapeutic targets for CRC patients. In addition, the potential roles of MUCs in the signaling pathways involved in drug resistance can guide follow-up and in-depth studies and optimize treatment options for patients with CRC in the selection of chemotherapeutic drugs to improve the curative effect, save medical costs and improve prognosis. (3) For predicting prognosis, the advantages of MUCs, especially MUC2 and MUC5AC, are obvious in the current findings. CRC patients without MUC2 expression had short DFS and DSS, predicting poor prognosis. Although the relationship between MUC5AC and the survival of CRC patients is controversial, the detection of MUC5AC is also beneficial for predicting prognosis in combination with other factors. As a potential tumor suppressor, the overexpression of MUC6 is related to favorable outcomes in CRC patients. The current findings indicated the protective roles of MUC2 and MUC6 in the occurrence and development of CRC, while MUC5B was identified as a pathogenic factor. For the controversial role of MUC5AC, further investigation needs to be performed. In the future, more large-scale multicenter experiments are needed to further study the differences in regulatory mechanisms at the molecular level, which is of great significance to further understand the mechanism of CRC and to find new targeted drugs.



CONCLUSION

In conclusion, most of the studies on the expression and roles of the MUC gene cluster located on chromosome 11p15.5 in CRC are confined to the functional level; comprehensive analysis is limited, and research involving molecular and genetic levels is still lacking. The epigenetic and transcriptional regulatory mechanisms of the MUC gene clusters located on chromosome 11p15.5 deserve to be further explored, and the relationships and differences between these genes deserve more attention, especially in the case of coexpression or differential expression of MUCs in CRC. Therefore, a large number of in-depth, multidimensional and high-quality studies are needed to reveal the roles of MUCs in CRC. It is believed that soon, the roles of MUC genes in the diagnosis, treatment and prognostic evaluation of CRC patients will provide insights and hope t patients and clinicians.
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Esophageal cancer is a type of gastrointestinal carcinoma and is among the 10 most common causes of cancer death worldwide. However, the specific mechanism and the biomarkers in the proliferation and metastasis of esophageal tumors are still unclear. Therefore, the development of several natural products which could inhibit esophageal tumors deserve attention. In the present study, different sources of cancer cells were used to select the sensitive cell line (esophageal cancer cell KYSE450) and the proper dose of angustoline, which were utilized in the following cell viability, migration and invasion assays. Then the lipidomic detection of clinical samples (tissue and blood plasma) from esophageal cancer patients was performed, to screen out the specific phospholipid metabolites [PC (16:0/18:1) and LPC (16:0)]. Considering lysophosphatidylcholine acyltransferase 2 (LPCAT2) was tightly relative with phospholipids conversion, serine/threonine-protein kinase 11 (LKB1), 5′-monophosphate (AMP)-activated protein kinase (AMPK) and embryonic lethal, and abnormal vision, drosophila-like 1 (ELAVL1) were investigated, to evaluate their expression levels in esophageal tumor tissue and KYSE450 cells. Additionally, KYSE450 tumor bearing mouse model was constructed, the role of angustoline in inhibiting esophageal tumors through regulating LKB1/AMPK/ELAVL1/LPCAT2 pathway was validated, and found that the conversion from LPC (16:0) to PC (16:0/18:1) was blocked by angustoline in some degree. The above results for the first time proved that angustoline suppressed esophageal tumors through activating LKB1/AMPK and inhibiting ELAVL1/LPCAT2, which consequently blocked phospholipid remodeling from LPC (16:0) to PC (16:0/18:1).
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INTRODUCTION

Esophageal cancer is a type of gastrointestinal cancer and is among the 10 most common causes of cancer death worldwide. Statistical data shows that over 3,000 thousands of patients die from esophageal cancer every year (1). There are two main histological types, squamous cell carcinoma (SCC), which is the predominant histological type worldwide, and adenocarcinoma (ADC). Adenocarcinoma is mainly a disease of developed countries, and the epidemiology of esophageal cancer differs markedly from those of other epithelial cancers. There is a huge variation in its incidence worldwide, with > 100-fold differences observed between high-incidence areas, such as China and Iran, and low-incidence areas, such as western Africa. The average age of patients with esophageal cancer is > 45 years; the proportion of males is higher than that of females; and the typical symptoms of this cancer include progressive dysphagia and severe pain (1).

Research has shown that the etiology of esophageal cancer is associated with age, sex, occupation, region, living environment, dietary habits, and hereditary susceptibility, which suggests that esophageal cancer is a multifactorial disease.

Although the surgical treatments of esophageal cancer are well-established, the specific mechanism of its pathogenesis and especially the biomarkers of the its development, are still unclear. In this study, we utilized lipidomics methods to screen out the specific lipid metabolites in the tumor tissues and blood plasma samples of patients with esophageal cancer. Additionally, the effects of angustoline on viability, migration and invasion of esophageal cancer cells (KYSE450) were evaluated, as well as the regulation of angustoline in LKB1/AMPK/ELAVL1/LPCAT2 pathway in KYSE450 tumor bearing mice was investigated.



MATERIALS AND METHODS


Chemicals and Reagents

The human colorectal cancer cell line (HT29), human esophageal squamous cell lines (KYSE150, KYSE450, ECA109, TE13), human hepatocellular carcinoma cell line (HepG2), human breast cancer line (MDA231), human lung cancer line (A549), and normal esophageal epithelial cell line (HET1A), were purchased from the Chinese Academy of Science (Shanghai, China). Dulbecco's modified eagle medium (DMEM), Roswell Park Memorial Institute (RPMI)-1640 medium, fetal bovine serum (FBS), and penicillin-streptomycin solution was purchased from Gibco (New York, NY, USA). Angustoline was purchased from Sigma (San Francisco, CA, USA), with the purity of 95%. The AMPK activator (AICAR) was purchased from Abcam (Shanghai, China), LKB1 small interfering RNA (siRNA), AMPK siRNA, and LPCAT2 siRNA fragments were synthesized by Sangon (Shanghai, China). Antibodies directed against LKB1, AMPK, ELAVL1, LPCAT2, and β-actin, and the corresponding secondary antibodies, were purchased from Santa Cruz Biotechnology (San Francisco, CA, USA). Other reagents for the western blotting assay were purchased from Solarbio (Beijing, China). The enhanced chemiluminescence (ECL) reagent was purchased from Thermo Scientific (Waltham, MA, USA).



Cell Culture

HT29 cells, KYSE150, KYSE450, ECA109, and TE13 cells were grown in RPMI-1640 medium containing 10% FBS, HepG2 cells, MDA231 cells, and A549 cells were grown in DMEM medium containing 10% FBS. The growth medium was replaced with fresh medium every day. The cells were passaged every 2 days. All cells were cultured with 1% penicillin-streptomycin in a humidified incubator (Thermo Scientific) at 37°C under 5% CO2.



Detections of Cell Viability, Migration, and Invasion

HT29 cells, KYSE150 cells, KYSE450 cells, ECA109 cells, TE13 cells, HepG2 cells, MDA231 cells, A549 cells, and HET1A cells (1 × 104 cells in 100 μL growth medium per well) were plated in a 96-well plate and incubated for 24 h, respectively. When the medium was replaced with 100 μL fresh medium containing increasing concentrations of angustoline (0, 10 μg/L, 100 μg/L, 1 mg/L, 10 mg/L, 100 mg/L and 1 g/L), and cultured for another 48 h. The CCK-8 kit was then utilized according to the manufacturer. The optical densities at 490 nm were measured using a Microplate Reader (Thermo Scientific). The cell viability = (A test–A blank)/(A control–A blank) × 100%. Through comparing with the cell viabilities under the same dosage among five sources of cells (HT29, KYSE450, HepG2, MDA231, and A549), the sensitive cell line (KYSE450) was selected. Furthermore, through comparing with the viabilities of normal esophageal epithelial cells (HET1A) and four types of esophageal tumor cells (KYSE150, KYSE450, ECA109, TE13), the sensitive cell line (KYSE450) to angustoline was further determined. Then the dosages with the cell viability > 85%, as well as those significantly different from control cells (p < 0.05), were selected as the final concentration of angustoline used in the following experiments.

The effect of angustoline on the migratory capacity of the sensitive cell line was detected by transwell. The upper chambers were seeded with 5 × 103 cells in 150 μL serum-free medium and 600 μL of medium containing 10% FBS was added to the lower chambers. Samples of angustoline (final concentrations: 100 μg/L and 1 mg/L) were added to the upper chamber and cells were cultured for 24 h. The top surface of the filter was scrubbed gently with cotton swabs, and the migrated cells on the undersurface were fixed with 15% ice methanol for 20 min, then stained with 0.1% crystal violet for 15 min prior to washing with ice PBS buffer (3 min × 3). The stained cells were then photographed and counted, the mean number of stained cells was calculated in three random fields on each undersurface, and the number of migrated cells in the control and treatment groups were compared and analyzed.

The effect of angustoline on the invasion of the sensitive cell line was detected by scratch analysis. Cells were plated in a 6-well plate and incubated for 24 h to achieve a cell density > 85%. A single lesion ~3.0 mm wide was scratched across the cell monolayer by mechanical scraping. The cells were then incubated with angustoline (final concentrations 1 mg/L), and the width of the scratch wound was photographed and scanned 24 h later. The scratch width at the timepoint of 0 h was chosen as the primary scratch width (control 0 h), and the scratch width in the treatment groups represented the inhibitory activity of angustoline on cell invasion. The recovery rate (%) = the scratch width of the denuded area in the treatment groups / the scratch width of the denuded area in the control group (0 h) × 100%.



Clinical Samples Collection

From May 2018 to January 2019, 30 patients with esophageal cancer were enrolled and treated surgically in this study. Patients' characteristics are reported in Table 1. All patients gave their informed written consent to use biological specimens for investigational procedures, according to the Ethics Committee approval of the First Affiliated Hospital of Chongqing Medical University. The site of anastomosis was selected according to the location of the tumor: cervical manual anastomosis for tumors located in the upper one-third of the esophagus and stapled intrathoracic anastomosis for tumors located in the lower two-thirds of the esophagus. The gastric tube was formed from the distal aspect of the lesser curvature of the stomach using linear staplers by resecting the lesser curvature of the stomach. The formation of the gastric conduit (about 3 cm in diameter) ensured the preservation of the gastroepiploic vessels of the greater curvature of the stomach. Irrespective of the site of anastomosis, all the gastric tubes were placed in the posterior mediastinum. The following tissue samples were taken from the patients with esophageal cancer: the esophageal tumor tissue, as well as the adjacent paracancerous tissue, between which the distance was at least 5 cm, was regarded as the normal tissue. Blood samples of the patients were taken upon admission on the morning of the surgical operation day. As the normal control group, 30 healthy people were selected and enrolled in the study. Their blood samples were collected upon admission in the morning.


Table 1. Patients' clinicopathological characteristics.
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Lipidomics Detection and Data Analysis

Cell samples (1 × 107 per dish) were treated with 200 μL of isopropanol, vortexed (10 s), and sonicated (5 min). Tissue samples (50 mg) including esophagus tissue, tumor tissue from xenograft mouse and patients were treated with 500 μL of isopropanol, vortexed (20 s), and sonicated (15 min). The above mixture samples were frozen at −20°C for 1 h and then centrifuged (12,000 g, 10 min). The upper layer was collected and transferred to a sample vial to be injected and analyzed with ultrahigh-performance LC-(UPLC)-QTOF-MS, as described in Supplementary Material.

The high-accuracy MS data were recorded with the MassLynx 4.1 software (Waters). The raw data were imported into the commercial software Progenesis QI (version 2.4, hereinafter referred to as “QI”) for processing, which included peak annotation and normalization. Lipids were identified with a database search with the Progenesis QI software (Waters). The differences in all the lipid species between groups were analyzed, and the concentration of each lipid species was compared with the non-parametric Wilcoxon rank-sum test (R package, Robert Gentleman and Ross Ihaka, Auckland, New Zealand) to determine the difference in each metabolite between two groups. A multivariate statistical analysis was performed with OPLS-DA and the VIP of each lipid species was calculated (R package). The relevant false discovery rate (FDR) based on the p-value was calculated, and p < 0.05 and VIP > 1 were considered to indicate a significant difference. The differential lipid species were graphed with a box plot in GraphPad Prism 7.0.



Lipid Quantities Determined With LC-MS/MS

The lipid contents of the special lipid metabolites were determined, including PC (16:0/18:1) and LPC (16:0). The standard compounds were obtained from Avanti® Polar Lipids (St. Louis, MO, USA), which is a Sigma company. The 1 μL samples were injected into the LC-MS/MS apparatus (Xevo® TQS, Waters) using an amide column (Acquity UPLC BEH Amide Column, 130 Å, 1.7 μm, 2.1 mm × 100 mm). Mobile phase A was acetonitrile/isopropanol (1:1) containing 10 mM ammonium formate and 0.1% formic acid; mobile phase B was acetonitrile/H2O (1:1) containing 10 mM ammonium formate and 0.1% formic acid. The gradient conditions were: 0–1 min, 0.1–70% B; 1–3.5 min, 70–90% B; 3.5–3.6 min, 90–0.1% B; 3.6–5 min, 0.1% B. The flow rate was 0.3 mL/min. The column temperature was 45°C and the sample room temperature was 10°C. Data were acquired in both positive ion modes. The mass spectrometry operating parameters were: capillary voltage of 3 kV and sampling cone voltage of 10 V; desolvation gas flow of 1,000 L/h; and a temperature of 500°C. The source temperature was set at 150°C. The MRM mode was used to acquire the data, and the ion pairs were 496.3>184.1 for LPC (16:0); 524.4>184.1 for LPC (18:0); 522.4>184.1 for LPC (18:1); 762.5>184.1 for PC(16:0/18:0); and 760.5>184.1 for PC(16:0/18:1). The cone voltage was 10 V and the collision energy was 30 V. The data were analyzed with TargetLynx, including their integration, standard curve construction, etc.



Detection of the Role of Angustoline in Regulating LKB1, AMPK, ELAVL1, and LPCAT2

Sixty samples (50 mg / sample) including 30 esophageal tumor tissue and 30 adjacent paracancerous tissue (normal control), were frozen in liquid N2 and homogenized rapidly, and then treated with protein lysis buffer (Solarbio) and centrifuged at 10,000 g (4°C, 10 min). Cell samples were prepared as follows, the KYSE450 cells were seeded into six-well plates for 24 h to achieve 25% confluence. LKB1 siRNA (10 μM), AMPK activator (10 μM), LPCAT2 siRNA (10 μM), AMPK siRNA (10 μM) and angustoline (1 mg/L) were added into the wells, respectively. siRNA fragment treatment complex was prepared as follows, (1) Transfectant reagent (4 μL/well, Santa Cruz Biotechnology) was diluted in 1 mL of fresh 1,640 medium. (2) The siRNA fragment (4 μg/well) was diluted in 1 mL of fresh medium. (3) The compounds in (1) and (2) were mixed together and the DNA-liposome complex (2 mL per well) was added into the cells. The samples were incubated at 37°C for 24 h, and then the DMEM-DNA-liposome mixture was added to the medium and cultured for another 24 h. The cell samples were collected and lysed with protein lysis buffer (Solarbio).

After 90°C heat treatment for 5 min, the protein samples were subjected to 12% SDS-polyacrylamide gel electrophoresis, and the samples were then transferred onto nitrocellulose membranes by Trans-Blot machines (Tanon, Shanghai, China). The membranes were blocked with 2% BSA buffer for 1.5 h at 25°C. LKB1, AMPK, ELAVL1, LPCAT2, and β-actin proteins were then probed with primary antibodies for 4 h at 25°C. β-actin was used as the internal reference to ensure equal loading. After three washes with TBST buffer (Solaribio, 6 min × 3), the membrane was incubated with secondary antibodies at 25°C for 2.5 h and then washed (7.5 min × 4). The protein bands in membranes were finally captured with ECL reagent (Tanon) and analyzed by Image J software (National Institutes of Health, Bethesda, MD, USA).



Nude Mouse Xenograft Model

30 female BALB/c nude mice (18–20 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China), and were fed in cages at 25°C with a relative humidity of 55%. The mice were acclimatized for at least 5 days before commencement. All procedures for animal experimentation were performed according to Chinese guidelines for animal care, confirming to internationally accepted principles in the care and use of experimental animals (NIH publications No. 8,023, in 1978). Animal experiments were approved by the Ethics Committee of Chinese Academy of Agriculture Sciences (Beijing, China), with the permission code of “CAS20190315 (Date: 15/03/2019).” The mice were randomly divided into six groups, control group (xenograft group), AMPK antibody treatment group, AMPK activator treatment group, angustoline treatment group, (AMPK antibody + angustoline) treatment group, (AMPK activator + angustoline) treatment group, n = 5. KYSE450 cells were cultured in a large scale, then 5 × 106 cells in 200 μL matrigel medium (Corning) were subcutaneously injected into the right flank of each nude mouse in xenograft group. When the tumor volume reached 90–100 mm3, the mice in different groups were administered with AMPK antibody (1 mg/kg b.w.), AMPK activator (1 mg/kg b.w.), angustoline (10 mg/kg b.w.), AMPK antibody (1 mg/kg b.w.) + angustoline (10 mg/kg b.w.) and AMPK activator (1 mg/kg b.w.) + angustoline (10 mg/kg b.w.) by tail intravenous injection every 2 days. From the first day of administrations, all mice were sacrificed on the 25th day, the esophagus tissue in control group as well as tumors were separated out. All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering. Tumor diameters were recorded with a caliper every 4 days, and tumor volume was calculated using the following formula: tumor volume (mm3) = 0.5 × width (mm)2 × length (mm). Individual tumor suppression rate (%) = (the average tumor weight in the control group—the individual tumor weight in the lactoferrin treatment groups)/the average tumor weight in the control group × 100%, and the average tumor weight in the control group was calculated by each tumor weight in the control group. Relative tumor volume (RTV, %) = detected volume/volume before dosing × 100%. Relative tumor proliferation rate (%) = RTV of each tumor in the kinases or antibodies treatment groups/the average RTV in the control group × 100%, and the average RTV in the control group was calculated by RTV of each tumor in the control group. Mouse blood samples were collected, PC (16:0/18:1) and LPC (16:0) were detected by with LC-MS/MS.



Data Analysis

All the data were presented as means ± standard deviations (SD). All data analyses were performed with the GraphPad Prism 7.0 software (GraphPad, San Diego, CA, USA). Statistical analyses were performed with Student's t-test and one-way analysis of variance (ANOVA). In the experiments based on ELISAs or western blotting, a p-value of < 0.05 was considered to indicate a statistically significant difference between the control and other groups.




RESULTS


Angustoline Inhibited the Viability, Migration, and Invasion of KYSE450 Cells

Through CCK8 detection, we found that angustoline inhibited viabilities of HT29 cells, KYSE450 cells, HepG2 cells, MDA231 cells, and A549 cells in different degrees, and the inhibition on KYSE450 cells was the highest one (Figure 1A). Further to compare the effect of angustoline on normal esophageal epithelial cells and esophageal tumor cells, we performed the viability detections in normal esophageal epithelial cell lines (HET1A), as well as in several esophageal tumor cell lines, including ECA109, KYSE450, KYSE150, and TE13. Results demonstrated that angustoline significantly inhibited the viabilities of the esophageal tumor cells, when compared with the normal esophageal epithelial cells (p < 0.05), and there seemed no obvious difference of cell viabilities among these esophageal tumor cells, indicating that esophageal tumor cells were sensitive to angustoline, when compared with esophageal epithelial cells (Figure 1B). Thus, esophageal tumor was selected as the sensitive one, KYSE450 cell was selected as the proper cell line and 1 mg/L was finally confirmed as the proper dose in the following experiments. In transwell and scratch analysis assays, angustoline with the dose of 1 mg/L was proved to inhibit migration and invasion of KYSE450 cells significantly (compared with the control, p < 0.05, Figures 1C–F). The above phenotypic experiment results indicated that angustoline could inhibit the growth and development of esophageal cancer.


[image: Figure 1]
FIGURE 1. The effect of angustoline on the viability, migration and invasion of KYSE450 cells. (A) The viabilities of HT29 cells, KYSE450 cells, HepG2 cells, MDA231 cells, and A549 cells. (B) The viabilities of esophageal epithelial cells (HET1A), as well as several esophageal tumor cells, including, ECA109, KYSE450, KYSE150, and TE13. (C) The migration rate of KYSE450 cells in transwell assay. (D) The recovery rate of KYSE450 cells in scratch analysis assay. (E) Statistical analysis of the migrated cells. (F) Statistical analysis of the recovery rate. The data were represented as mean ± SD, n = 3. *p < 0.05, compared with the control. The photograghs were captured under 100 × magnification.




Two Special Lipid Metabolites Were Screened Out by Lipidomics Detections

The tissues of 30 esophageal cancer patients and their paracancerous tissues (considered to be as normal one), as well as the blood plasma of 30 healthy volunteers and 30 esophageal cancer patients were analyzed with a lipidomic approach using high-resolution quantitative time-of-flight (QTOF) mass spectrometry (MS). The data for all the samples were processed with an orthogonal partial least squares discriminant analysis (OPLS-DA) model. The scores plot indicated the clear separation of the lipidomic profiles of the esophageal cancer and normal subjects (Figures 2A,B), with good fits and predictive performances (R2Y = 0.52, Q2Y = 0.57 in tissues; R2Y = 0.71, Q2Y = 0.81 in blood plasma). We combined a variable importance in the projection (VIP) value of > 1 (Figures 2C,D, s-plot, red circles) and p < 0.05 to identify 78 different lipids in the tissues and 52 in the blood plasma (Figure 2E). The cross between tissue samples and blood plasma samples demonstrated that lysophosphatidylcholine (LPC; 16:0) and phosphatidylcholine (PC; 16:0/18:1) were the overlapped metabolites (Figure 2E). As quantifications of the two lipids by liquid chromatography (LC)-tandem MS (MS/MS) demonstrated, the average level of PC (16:0/18:1) in esophageal cancer patients was significantly higher than the one in healthy volunteers, while the level of LPC (16:0) in cancer patients was significantly lower than the healthy one (compared with the healthy control, p < 0.05, Figures 2F,G).


[image: Figure 2]
FIGURE 2. The scores plot and s-plot in clinical tissue samples and blood plasma samples, and the contents of special lipid metabolites in blood plasma samples. (A) The scores in tumor tissue and normal tissue from esophageal cancer patients; (B) The scores in blood plasma of esophageal patients and healthy volunteers; (C) The s-plot in tumor tissue and normal tissue; (D) The s-plot in blood plasma of esophageal patients and healthy volunteers; (E) The overlapped metabolites between tissue samples and blood plasma samples; (F) PC (16:0/18:1) content in blood plasma samples; (G) LPC (16:0) content in blood plasma samples. The data were represented as mean ± SD. In (A–G), the total number (n) in tissue group or blood plasma group is 60, 30 normal samples, and 30 esophageal cancer patients samples, respectively. The data were represented as mean ± SD, *p < 0.05, compared with the control. n = 3.




The Role of Angustoline in Regulating LKB1/AMPK/ELAVL1/LPCAT2 Pathway Both in Human Tissues and KYSE450 Cells

To investigate the effect of angustoline on the molecular mechanism underlying lipids transformation in esophageal cancer, the protein levels of LKB1, AMPK, ELAVL1, and LPCAT2 were detected in 30 tumor tissues, as well as in the corresponding 30 paracancerous tissues. Results showed that the levels of AMPK and LKB1 in a large majority of the tumor samples were lower than the normal controls, the levels of ELAVL1 and LPCAT2 in tumor samples were higher than the normal control (p < 0.05, Figures 3A,B). Furthermore, to determine the role of AMPK in affecting ELAVL1 and LPCAT2, AMPK activator AICAR and LPCAT2-directed siRNA fragments) were utilized in KYSE450 cells, to investigate whether AMPK was the upstream regulator of ELAVL1 and LPCAT2. Results demonstrated that cytoplasmic ELAVL1 and LPCAT2 were downregulated in AMPK activator treatment group, and only the level of LPCAT2 was downregulated in LPCAT2 siRNA treatment group, when compared with the control (p < 0.05) (Figures 4A,D), proving that AMPK was the upstream negative regulator of ELAVL1 and LPCAT2, and LPCAT2 was the downstream sponsor of the other two factors. Additionally, LKB1 siRNA, AMPK siRNA, and angustoline were also utilized in KYSE450 cells, to prove the direct regulation of angustoline on AMPK and downstream factors through activating LKB1. The in vitro results showed that angustoline activated the expressions of LKB1 and AMPK and subsequently inhibited the levels of ELAVL1 and LPCAT2 (Figures 4B,C,E,F), which elucidated the anti-tumor mechanism of angustoline in esophageal cancer cell model.


[image: Figure 3]
FIGURE 3. The levels of LKB1, AMPK, ELAVL1, LPCAT2, and β-actin proteins. (A) Expression of these proteins in 30 normal tissue samples and 30 esophageal cancer tissue samples. (B) Densitometric quantitations for normalized proteins relative to β-actin (%) in (A).
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FIGURE 4. The levels of LKB1, AMPK, ELAVL1, LPCAT2, and β-actin proteins. (A) Expression of these proteins in KYSE-450 cells treated with AMPK activator or LPCAT2 siRNA fragment. (B) Expression of these proteins in KYSE-450 cells treated with AMPK siRNA or angustoline. (C) Expression of these proteins in KYSE-450 cells treated with LKB1 siRNA or angustoline. (D) Densitometric quantitations for normalized proteins relative to β-actin (%) in (A). (E) Densitometric quantitations for normalized proteins relative to β-actin (%) in (B). (F) Densitometric quantitations for normalized proteins relative to β-actin (%) in (C). The data were represented as mean ± SD, *p < 0.05, compared with the control. n = 3.




The Mechanism of Esophageal Tumor Growth Profiles Was Validated in Nude Mouse Xenograft Model

Data from the tumor-bearing nude mice model suggested that treatments of AMPK activator, angustoline, and (AMPK activator + angustoline) inhibited the growth and development of KYSE450 tumors implanted in nude mice. As shown in Figure 5, the relative tumor proliferation rate and relative tumor volume in the above three groups were reduced obviously, when compared with the control groups (p < 0.05) (Figures 5B,D). On the 25th day, KYSE450 tumor weights in all the treatment groups showed 2.41 ± 0.17 g, 2.30 ± 0.11 g, 1.55 ± 0.18 g, 1.39 ± 0.24 g, 2.19 ± 0.15 g and 1.32 ± 0.27 g, respectively (Figure 5C). Additionally, there seemed no obvious difference of tumor weights in control group, AMPK antibody group and (AMPK antibody + angustoline) group, indicating angustoline took anti-tumor effects mainly through activating the expression of AMPK.


[image: Figure 5]
FIGURE 5. In vivo effects of AMPK activator/AMPK antibody/Angustoline on KYSE450 tumor-bearing nude mice. (A) Treatment of AMPK antibody/AMPK activator/Angustoline/(AMPK antibody + Angustoline)/(AMPK activator + Angustoline) on the size of KYSE450 tumors. (B) Relative tumor volume, which was calculated by each tumor volume. *p < 0.05, comparing with the control, n = 5. (C) Tumor suppression rate, which was calculated by each tumor weight. *p < 0.05, comparing with the control, n = 5. (D) Relative tumor proliferation rate, which was calculated by relative tumor volumes of different groups. *p < 0.05, comparing with the control, n = 5.




The Effect of Angustoline on the Levels of PC (16:0/18:1) and LPC (16:0)

Further to observe the effect of angustoline on phospholipid remodeling, the levels of PC (16:0/18:1) and LPC (16:0) in mice blood plasma were detected. Results demonstrated that with the treatments of AMPK activator, angustoline or (AMPK activator + angustoline), PC (16:0/18:1) was downregulated and LPC (16:0) was upregulated when compared with the control (p < 0.05, Figure 6), validating that angustoline could suppress esophageal tumor through activating AMPK and inhibiting ELAVL1/LPCAT2, which consequently affecting phospholipids remodeling.


[image: Figure 6]
FIGURE 6. PC (16:0/18:1) and LPC (16:0) content detected by HPLC MS/MS analysis in mice blood plasma. (A) PC (16:0/18:1) content in mice blood plasma samples; (B) LPC (16:0) content in mice blood plasma samples. The data were represented as mean ± SD (n = 5). *p < 0.05, comparing with the control.





DISCUSSION

Cancer is currently considered to be a metabolic disease (2). Metabolomics (of which lipidomics is a branch), is a promising field of systems biology that investigates the sets of metabolites and lipids present in biological systems. Therefore, metabolomics and lipidomics have been used to study the biomarkers of many human diseases, including esophageal cancer (3–12). In this study, through primary screening of sensitive cancer cell lines, esophageal cancer was selected, and an untargeted lipidomic analysis based on an LC-MS/MS analysis of clinical samples (blood plasma samples from healthy volunteers and esophageal cancer patients, tumor tissues and paracancerous tissues from esophageal cancer patients), were performed to identify candidate lipid biomarkers in esophageal cancer. The special lipids PC (16:0/18:1) and LPC (16:0) were screened out as the candidate metabolites that differed significantly between esophageal cancer samples and normal subjects, and lipidomics was proved to be an excellent method for distinguishing esophageal cancer.

As an indole alkaloid, angustoline (C20H17N3O2, m.w. 331.37) also named vinmajine I, is isolated from the stems and leaves of Nauclea officinalis. Referring to its biological activities, there were several studies about it anti-inflammatory and antimalarial activity. Liu et al. (13) proved that angustoline showed a significant inhibitory activity on nitric oxide production induced by lipopolysaccharide in mouse macrophage RAW 264.7 cells. Sun et al. (14) found that indole alkoloids from Nauclea officinalis, including angustoline, took a weak antimalarial activity in plasmodium falciparum infected model. In colorectal cancer cells (LOVO), lung cancer cells (A549) and liver cancer cells (HepG2), angustoline showed very weak cell toxic effects (13). Though the research related with its anti-tumor effects was few, several analogs of angustoline were proved to demonstrate anti-tumor effects, like two diastereoisomeric 3,14-dihydroangustolines could inhibit the proliferation of bladder cancer cells (T-24) (15), as well as subditine, a new monoterpenoid indole alkaloid from bark of nauclea subdita (Korth.) Steud., could induce apoptosis of human prostate cancer cells (LNCaP and PC-3) (16). Considering the study on the effects of angustoline on esophageal tumor was rarely reported, the present manuscript investigated anti-tumor role of angustoline in vitro and in vivo, and explored the regulation of angustoline in LKB1/AMPK/ELAVL1/LPCAT2 pathway and phospholipid remodeling.

According to KEGG map of AMPK signaling pathway, serine/threonine-protein kinase 11 (also named LKB1) is one of the upstream factors of AMPK. LKB1 is a type of tumor suppressor gene and relatively highly expressed in esophageal tissue, which directly activates AMPK catalytic subunit PRKAA1, PRKAA2, and thereby regulates other downstream processes. The protein level of LKB1 decreased throughout prostate carcinogenesis, with a significant reduction already evident in high-grade prostate intraepithelial neoplasia lesions and a complete loss in adenocarcinomas (17). Studies demonstrated that ~30% of sporadic breast cancer samples expressed low levels of LKB1, yet overexpression of LKB1 protein was associated with a decrease in tumor micro vessel density (18). Similarly, researchers found that LKB1 inhibited proliferation of HeLa cell through activating AMPK, which subsequently inhibited the development of cervical carcinomas (19).

AMPK was known to play roles in the growth and metastasis of several types of cancers, including thyroid cancer, prostate cancer, ovarian cancer, lung cancer, etc., proving that AMPK could inhibit tumor cell growth and promote cell metastasis in vivo and in vitro (20–22). It was reported that the inactivation of AMPK prompted the growth and development of thyroid tumors, and the AMPK-activator (AICAR) could inhibit the basal and the TNF α-induced CXCL8 secretion, both in normal human thyroid cells and in thyroid cancer cell lines (20). Zhou et al. ever found that the inhibition of AMPK accelerated cell proliferation and promoted malignant behavior such as increased cell migration and anchorage-independent growth, and as a prototypical AMPK activator, AICAR caused the opposite changes in prostate cancer models (21). O'Brien et al. (22) also proved that salicylate could activate AMPK and synergize with metformin to reduce the survival of prostate and lung cancer cells ex vivo through inhibition of de novo lipogenesis. However, the investigation of AMPK in esophageal cancer models was rarely seen. Thus, we selected AMPK as a candidate regulator in the growth and metastasis of esophageal tumors in the present study. Human antigen R (HuR) is a member of the embryonic lethality-abnormal vision (ELAV) gene family and is also known as ELAVL1, which was widely involved in the regulation of gene transcription as it being a mRNA binding protein (23). Of the cis-acting elements of eukaryotic mRNA, the most characteristic is the ARE element (AU-rich element), ELAVL1 can increase the stability of its target mRNA by binding to the ARE elements located on the 3'-untranslated region (UTR) of a number of unstable mRNAs (23). Under normal physiological conditions, ELAVL1 is mainly localized to the nucleus, however, under conditions of stress, ELAVL1 binds to its target mRNA to form a complex and is shuttled to the cytoplasm, thus protecting its bound mRNA from degradation (24). Donahue ever found that in the absence of p53, ELAVL1 overexpression resulted in increased survivin mRNA stability and protein expression, which provided an additional explanation for the increased survivin expression observed in esophageal cancer cells that have lost p53 (25). A clinicopathological study performed by Zhang et al. (26) showed that cytoplasmic ELAVL1 expression was positively associated with lymph node metastasis, depth of tumor invasion, and advanced stage, whereas nuclear ELAVL1 expression was not correlated with any clinicopathological factors. Xu et al. (27) proved that ELAVL1 played a key role in the progression of esophageal carcinoma by targeting IL-18, which might be a potential therapeutic target for the treatment of ESCC. Referring to the roles of LPCATs in tumors, LPCAT1 were always applied and investigated in tumor models, results showed that the levels of LPCATs were sharply upregulated in colorectal cancer, prostate cancer, etc., which suggested LPCAT1 prompted the growth and metastasis of tumors (28, 29). However, the role of LPCAT2 in esophageal tumor model was rarely reported. Therefore, LKB1, AMPK, ELAVL1, and LPCAT2 were chosen as the possible candidate factor in esophageal tumor models in our study, their roles in the growth and development of esophageal tumor, as well as the effect of angustoline on their expression levels, were investigated.

With the transfection of LKB1 siRNA, LPCAT2 siRNA, or AMPK activator, we proved that LKB1 was the upstream regulator of AMPK and AMPK was the upstream factor of ELAVL1 and LPCAT2, with the treatment of LKB1 siRNA, AMPK siRNA, and angustoline, we further validated that angustoine inhibited esophageal tumor through activating LKB1 and AMPK, then suppressing ELAVL1, and LPCAT2.

Phospholipids and LPCATs are reported to be key factors in cell growth, tumor progression, and cancer aggressiveness, especially LPCAT1 (28, 29), but only a few studies have investigated the roles of LPCAT2 in regulating phospholipids only in colorectal cancer (CRC) patients (30, 31). No direct evidence or a fully comprehensive mechanism has yet been reported. Here, for the first time, we had used siRNA fragments to provide a mechanism that linked ELAVL1 with phospholipid remodeling, proving ELAVL1 was involved in the overexpression of LPCAT2, which further catalyzed the conversion of LPC (16:0) to PC (16:0/18:1) in esophageal cancer cells.

Further to verify the roles of LKB1, AMPK, ELAVL1, and LPCAT2 in the development of esophageal cancer, as well as the anti-tumor effect of angustoline in esophageal tumor model, we also utilized AMPK antibody and AMPK activator to treat the KYSE450 tumor bearing nude mice, and found that the tumor weights, relative tumor volume and tumor proliferation rate were significantly inhibited with the treatments of AMPK activator or angustoline, when compared with the non-treatment control. The results further confirmed that angustoline suppressed esophageal tumors through regulating LKB1/AMPK/ELAVL1/LPCAT2 and consequently inhibiting the excessive conversion from LPC (16:0) to PC (16:0/18:1). Therefore, the development of angustoline or AMPK inhibitor as novel anti-tumor drugs or adjunctive therapy drugs, provided novel treatment plans in clinical esophageal cancer field. Additionally, two factors, LPC (16:0) and PC (16:0/18:1) were determined to participate in the growth and development of esophageal tumors, which might be developed as clinical prognostic indicators, and predict the patient's response to conventional neoadjuvant therapies or to the more recently described immunotherapies for advanced-stage disease.
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Esophageal cancer micro environment factor WNT2 was critical in cancer metastasis. However, very little is known about WNT2 receptors and their role in the malignant progression of ESCC. The clinical significance and underlying molecular mechanisms of FZD2, one of the receptors of WNT2, was further investigated in ESCC. We found that FZD2 expression was positively correlated with WNT2 levels in clinical ESCC specimens through database analysis. Upregulated FZD2 expression was detected in 69% (69/100) of the primary ESCC cases examined, and increased FZD2 expression was significantly correlated with poor prognosis (P < 0.05). Mechanistically, FZD2 induced the migration and invasion of ESCC cells by regulating the FZD2/STAT3 signaling. In vivo xenograft experiments further revealed the metastasis-promoting role of FZD2 in ESCC. Moreover, we found that the WNT2 ligand could stabilize and phosphorylate the FZD2 receptor by attenuating FZD2 ubiquitination, leading to the activation of STAT3 signaling and the initiation of ESCC cell metastasis. Collectively, our data revealed that a novel non-canonical WNT2/FZD2/STAT3 signaling axis is critical for ESCC progression. Strategies targeting this specific signaling axis might be developed to treat patients with ESCC.

Keywords: esophageal squamous cell carcinoma (ESCC), metastasis, WNT2, FZD2, ubiquitination, STAT3signaling


INTRODUCTION

Esophageal carcinoma (EC) is the sixth leading cause of cancer-related death worldwide due to its high risk of metastasis and recurrence (1). The most prevalent histological subtype of EC in eastern Asia (particularly in China) and in eastern and southern Africa is esophageal squamous cell carcinoma (ESCC) (2, 3). The 5-year post-operative survival rate of ESCC patients remains below 30% because a large proportion of these patients are diagnosed at an advanced stage with distant metastasis (4). Lymph node (LN) metastasis is an indicator of distant metastasis and poor prognosis for patients with ESCC (5). Metastasis to regional LNs is a complex process. Aberrant WNT signaling, one of the key signaling cascades that regulates the tumourigenesis and metastasis in many types of cancers, is also observed in ESCC (6, 7). However, the mechanisms by which the WNT pathway is activated during ESCC metastasis remain to be further explored.

WNT ligands have been reported to bind to a panel of different receptors to preferentially activate the canonical and/or non-canonical WNT signaling, including ten transmembrane receptors of the frizzled (FZD) family (8). The WNT/FZD axis has been found to be a critical mediator of tumor-stromal interactions, promoting the metastasis of breast, colon, stomach, thyroid, and lung cancer cells (9–13). In addition, FZD2 is up-regulated in many types of cancers, which is considered to be a new predictor of tumor recurrence. It is involved in the metastasis of various cancers including endometrial cancer (14), neuroblastoma (15), oral squamous cell carcinoma (16), tongue squamous cell carcinoma (17), hepatocellular carcinoma (18), colon cancer (19), and prostate cancer (20, 21). Recently, the down-regulation of miR-30a-3p/5p was reported to promote ESCC cell proliferation through the up-regulation of WNT2 and FZD2, respectively (7). Furthermore, WNT2, which is also known to be a robust factor that mediates tumor-stromal interactions, is one of the up-regulated WNT genes in cancer-associated fibroblasts isolated from primary ESCC, which may contribute to the invasiveness of ESCC cells (22). In our present study, FZD2 was found to be a WNT2 receptor. However, the functions and mechanisms of WNT2-FZD2 in the progression of ESCC remain unclear.

FZD2 activates both the β-catenin-dependent (canonical) and β-catenin-independent (non-canonical) signaling (23). For instance, it has been demonstrated that in the presence of WNT3a, FZD2 activates β-catenin-dependent signaling in lung cancer (24), while in melanoma cell lines, WNT5a/FZD2 signaling activates the non-canonical WNT/Ca2+ pathway (25). In addition, in metastatic liver, lung, colon and breast cancer cell lines, FZD2 drives the epithelial-mesenchymal transition (EMT) and cell migration through the non-canonical WNT5a/FZD2/STAT3 pathway (26).

In the present study, we aimed to investigate the interaction between WNT2 and FZD2, as well as the molecular mechanisms of the WNT2-FZD2 signaling axis in the progression of ESCC.



MATERIALS AND METHODS


Analysis of ESCC Data From the Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) Databases

The ESCC dataset was downloaded from the TCGA portal (https://tcga-data.nci.nih.gov/docs/publications/tcga) (27). The dataset included the RNA expression levels in 85 tumor tissues and 3 matched non-tumor tissues, generated using Illumina sequencing technology. Another two datasets [GSE20347 (28) and GSE77861 (29)] from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) (30) were also downloaded. Paired t-tests were used to analyse the differences between ESCC tumor and normal tissues. Correlations between the expression of FZD2 and EMT-related genes (26) from the TCGA database were assessed using Pearson's correlation analysis; adjusted P-values (rounded to three decimal places) were calculated using the FDR method. An adjusted P < 0.05 was considered as statistically significant.



Tissue Collection

In total, 100 primary ESCC tissues and 80 corresponding adjacent non-tumor tissues collected from the National Human Genetic Resources Sharing Service Platform (No. 2005DKA21300) were used as tissue array samples. Additionally, 8 other pairs of tumor and normal tissues were collected from the First Affiliated Hospital of Zhejiang University (Hangzhou, China). Written informed consent for the use of the collected samples was obtained from all participants. This study was approved by the Institutional Review Board and Ethics Committee of the First Affiliated Hospital of Zhejiang University.



Immunohistochemical (IHC) Staining

IHC staining was performed to detect FZD2 expression in tissue samples. The standard streptavidin–biotin–peroxidase complex method was used for IHC staining. Briefly, after blocking of endogenous peroxidase activity in tissue sections with 3% H2O2 and antigen retrieval with a target retrieval solution (S1699; Agilent Technologies Inc., Santa Clara, CA, USA) according to the manufacturer's instructions, the sections were incubated with 10% normal goat serum (S-1000; Vector Laboratories, Burlingame, CA, USA) in PBS for 30 min. Next, sections were incubated with a primary anti-FZD2 antibody (ab109094, 1:200, Abcam, Cambridge, UK) at 4°C overnight. After three washes with PBS, the sections were incubated with donkey anti-goat IgG H&L (HRP) (ab205723, 1:2000, Abcam, Cambridge, UK) for 30 min at room temperature. Finally, sections were incubated with a peroxidase substrate solution (Sk-4100, Vector Laboratories, Burlingame, CA, USA) until the desired staining intensity was attained. Sections were rinsed with tap water, counterstained with haematoxylin, and mounted with coverslips. The results of IHC staining were viewed and scored separately by two experienced pathologists. The expression levels of FZD2 expression were assessed and scored as follows: negative (0; complete absence of staining), weak staining (score: 1), moderate staining (score: 2), or strong staining (score: 3).



Cell Culture and Reagents

HEK293T cells and the human ESCC cell line KYSE150 were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, P. R. China). The human ESCC cell lines KYSE30 and KYSE410 were obtained from the China Centre for Type Culture Collection (Wuhan, P. R. China). All the cells were verified using short tandem repeats (STRs). All experiments were performed with mycoplasma-free cells. HEK293T and KYSE30 cells were maintained in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA). KYSE150 and KYSE410 cells were cultured in RPMI-1640 medium (Thermo Fisher Scientific) supplemented with 10% FBS. Cells were incubated at 37°C in a 5% CO2 atmosphere. The recombinant human WNT2 protein was purchased from Mulder Company (Hangzhou, P. R. China). All cells were cultured in the biosafety level 2 laboratory.



RNA Extraction, Reverse Transcription, and Quantitative Real-Time PCR

Total RNA was extracted from cells using TRIzol (Thermo Fisher Scientific). Reverse transcription was performed using the PrimeScript™ II 1st Strand cDNA Synthesis Kit from Takara (Beijing, P.R. China) according to the manufacturer's instructions. Amplification by real-time PCR was performed using Luna Universal qPCR Master Mix (New England Biolabs, UK) according to the manufacturer's protocol. The following primer sequences were used for qPCR: FZD2, forward 5′- GTGCCATCCTATCTCAGCTACA-3′ and reverse 5′-CTGCATGTCTACCAAGT ACGTG-3′; β-Actin, forward 5′-CATGTACGTTGCTATCCAGGC-3′ and reverse 5′-CTCCTTAATGTCACGCACGAT-3′. Cycle threshold (Ct) values were calculated, and the relative mRNA levels of targeted genes were analyzed using the 2−ΔΔCT method.



Western Blot Analysis

Cells were harvested, washed and lysed in lysis buffer supplemented with a protease/phosphatase inhibitor cocktail (Cell Signaling Technology, MA, USA). Proteins were separated using SDS-PAGE and transferred to PVDF membranes (Millipore, Bedford, MA, USA). Membranes were blocked with 5% skim milk in tris buffered saline containing 0.5% Tween-20 (TBST) overnight and then incubated with primary antibodies at 4°C. The primary antibodies were against FZD2 (1:1,000 dilution, R&D Systems, Minneapolis, MN, USA), TWIST1 (1:1,000 dilution, R&D Systems), Slug, STAT3, p-STAT3-Tyr705, p-STAT3-Ser727, active β-catenin, β-catenin, HA tag, GAPDH, Mcl-1, Bcl-2, cIAP-2, and survivin (1:1,000 dilution, Cell Signaling Technology), Flag-tag and β-Actin (1:3,000 dilution, Sigma-Aldrich, Merck KGaA, St Louis, MO, USA), Cyclin D1 (1:5,000 dilution, Abcam), and Ub (1:500, Santa Cruz). Membranes were then incubated with secondary antibodies (1:5,000 dilution, Lianke Bio, P.R. China). Proteins were detected using an Enhanced Chemiluminescence Kit (Millipore) according to the manufacturer's instructions. An anti-β-actin antibody (Sigma-Aldrich) was used to detect uniform loading.



Immunofluorescence Staining

Cells were grown to 80% confluence on glass coverslips. Then, the cell layers were washed with PBS and fixed with 4% paraformaldehyde (PFA). Cells were incubated with ice-cold 100% methanol for 10 min at −20°C. After rinsing with PBS for 5 min, the cells were incubated with blocking buffer (1 × PBS/5% normal serum/0.3% Triton™ X-100) for 60 min. The anti-β-catenin antibody (1:100 dilution, Cell Signaling Technology) was diluted in antibody dilution buffer (1 × PBS/1% albumin from bovine serum albumin (BSA)/0.3% Triton™ X-100). Cells were incubated with diluted primary antibodies overnight at 4°C. After thorough washing, cells were incubated with fluorescent dye-conjugated secondary antibodies (1:1,000 dilution, Cell Signaling Technology) for 1 h at room temperature. Finally, cells were washed with PBS and stained with DAPI (Thermo Fisher Scientific) for 10 min at room temperature in the dark. Slides were covered with mounting medium, and images were captured under a Leica TCS SP8 fluorescence confocal microscope (Wetzlar, Germany).



Cell Counting Kit-8 (CCK-8) Assay

Tumor cell growth was quantified using the CCK-8 assay (Dojindo, P.R. China) according to the manufacturer's instructions. Briefly, cells were plated in 96-well plates (3 × 104 cells/well) and incubated with 100 μL of medium overnight. The absorbance at 450 nm using a microplate spectrophotometer (Varioskan Flash, Thermo Fisher Scientific) after culturing the cells with 10 μL of CCK-8 reagent. The P-values and F-values were carried out by GraphPad Prism with two-way ANOVA analysis.



Lentiviral Packaging and Infection

Lentiviral vectors encoding the human FZD2 shRNA were designed and synthesized by GeneChem (Shanghai, P.R. China). Transfection was performed according to the manufacturer's instructions. The RNAi sequences targeting FZD2 gene were 5′-CCACGTACTTGGTAGACAT-3′ and the negative control sequence was 5′-TTCTCCGAACGTGTCACGT-3′. The knockdown efficiency was evaluated using fluorescence microscopy, qPCR and western blot analysis. The lentiviral vectors overexpressing FZD2 (pGC-FU-3FLAG-SV40-EGFP-IRES-Puromycin) and the empty lentiviral vector for control were purchased from GeneChem (Shanghai, P.R. China). Both the lentiviral vector overexpressed WNT2 (pCDH-CMV-MCS-EF1-RFP) and the empty lentiviral vector for control were purchased from Mulder Company (Hangzhou, P. R. China). Stably transfected cells were selected according to the manufacturer's instructions. The overexpression of FZD2 was verified using qPCR, western blot analysis and fluorescence microscopy.



Wound-Healing Assay

Wound-healing assays were performed using 12-well plates. Cells were grown to a confluent monolayer for 24 h before the assay. The surface of the monolayer was carefully scratched with a 200 μL sterile pipette tip. The wells were washed twice with fresh medium. Cells were imaged under a light microscope at 0, 8, and 16 h after scratch. For each sample, an image of the scratched area was captured at least three times.



Cell Migration and Invasion Assays

Cells were cultured in serum-free medium for 24 h before performing the migration and invasion assays. Cells (1 × 105) in 0.5 mL of serum-free medium were seeded in the upper chamber (8 μm pore size, BD Biosciences, San Jose, CA, USA) with 40 μL of 1 mg/mL Matrigel, and 0.7 mL of complete medium containing 10% FBS was added to the lower chamber. After a 48-h incubation, the cells on the top of the membrane (non-migrating) were removed with cotton swabs. Cells that had migrated to the bottom well were fixed with methanol for 10 mins and stained with a 0.05% crystal violet solution. The number of invading cells was counted in three randomly selected light microscopy fields (Olympus Corporation, Japan, magnification, 40 ×).



Co-immunoprecipitation and Ubiquitination Assay

Cells were cultured in 6-well plates at a density of 5 × 105 cells/well overnight before being transfected with the indicated plasmids. After 36 h, the cells were incubated with 20 μM MG132 for 4 h. Total proteins were extracted using cell lysis buffer containing a protease/phosphatase inhibitor cocktail (Cell Signaling Technology). Cell lysates were incubated with anti-Flag M2 affinity gel (A2220, Sigma-Aldrich) at 4°C overnight. After washing the beads three times with cell lysis buffer, the immunoprecipitates were collected for immunoblotting. For HA-tagged protein and Ubiquitin protein immunoprecipitation, the lysates were incubated with 1 mg of an anti-HA (3,724, Cell Signaling Technology) antibody, an anti-ubiquitin antibody (sc-271289, Santa Cruz) or IgG overnight and were then incubated with 30 μL of 50% GammaBind plus Sepharose beads (17-0886-01, GE Healthcare, Sweden) for an additional 4 h. After washing the beads three times with cold lysis buffer, the immunoprecipitated proteins were analyzed using immunoblotting.



In vivo LN Metastasis Assay

The study protocol was approved by the Experimental Animals Ethics at the Zhejiang Chinese Medical University. The study was performed as previously described (31). KYSE150-negative control (NC) and KYSE150-shFZD2 cells (2 × 105 mean cells) were subcutaneously injected into the foot pads of 4-week-old male SCID mice (n = 5). Gentle pressure was applied to the mouse's hind limb above the foot during the injection to prevent the overflow of cell suspension out of the foot pad and up to the leg. The mice were examined for tumor growth in the foot pads at 15-day post-injection. Live imaging of luciferase bioluminescence was performed every 5 days for 1 month beginning at 15-day post-injection. Following sacrifice, swollen inguinal LNs, metastatic tumor cells and tumors were collected, fixed with 4% PFA and embedded in paraffin blocks for haematoxylin and eosin (H&E) staining.



Statistical Analysis

The expression levels of FZD2 in ESCC and normal tissues are shown as the mean ± SD, and differences in expression levels between the tumor and normal tissues were analyzed using the paired t-test. The correlation between FZD2 expression and clinic-pathological features was assessed by calculating Spearman's correlation coefficient, and P-values were evaluated using two-tailed t-tests. All statistical analyses were performed using SPSS (PASW Statistics 18, IBM, USA) software. A two-sided P < 0.05 was considered statistically significant.




RESULTS


Overexpression of FZD2 in Primary ESCC Correlates With WNT2 Expression, EMT, and a Poor Prognosis

The levels of FZD2 mRNA in ESCC and normal tissues were first analyzed using public databases. In the TCGA database, significantly higher levels of FZD2 mRNA were observed in the ESCC tissues than in the normal tissues (1.80 ± 0.78 vs. 0.30 ± 0.18, P = 0.001) (Figure 1A). Two additional datasets (GSE20347 and GSE77861) containing ESCC tissues from the GEO database were also used. In both datasets, the FZD2 mRNA was expressed at higher levels in the ESCC tissues than in the normal tissues (Figure 1B).
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FIGURE 1. FZD2 was significantly up-regulated in patients with ESCC. The expression levels of FZD2 in non-matched and matched ESCC and normal tissue datasets from the TCGA (A) and GEO (B) databases were analyzed. (C) The correlation between WNT2 and FZD2 in ESCC and normal tissue datasets from the TCGA database. (D) Heatmaps showed the correlations between FZD2 and WNT2 expression with the mRNA expression of mesenchymal and epithelial markers in ESCC tissues in datasets from the TCGA. P-values were adjusted using the FDR method and are shown below. (E) IHC staining showed higher FZD2 expression in ESCC tissues (T) and lower or negative expression in adjacent non-tumor tissues (N). (F) Scores corresponding to the FZD2 expression levels in non-tumor and ESCC tissues from all 180 informative cases from the TMA. (G) Kaplan-Meier survival analysis stratified according to the FZD2 expression in 100 informative ESCC samples (P = 0.030 using the log-rank test) (*P < 0.05).


Our previous study showed that CAF-secreted WNT2 is a critical tumor microenvironment factor that can enhance ESCC cell motility and invasiveness (22). Thus, we initially analyzed the correlation of WNT2 and its potential receptor FZD2 at the mRNA level in ESCC using the TCGA database. The mRNA levels of FZD2 and WNT2 were positively correlated in primary ESCCs (r = 0.36, P = 0.004) (Figure 1C).

Moreover, the mRNA levels of FZD2 were positively correlated with mesenchymal cell markers, such as Snail (SNAI1), Slug (SNAI2), Vimentin (VIM), N-cadherin (CDH2), and Fibronectin (FN1) but were negatively correlated with epithelial cell markers such as Epcam (Epcam) and E-cadherin (CDH1) (Figure 1D). Based on these results, the expression of FZD2 mRNA was up-regulated in ESCC tissues and positively correlated with the expression of WNT2 and EMT-related genes.

Next, IHC staining of tumor and normal tissues from 8 ESCC patients were performed. The results showed that FZD2 was heterogeneouslly overexpressed in tumor tissues and weakly expressed in non-tumor tissues (Figure 1E). Then, a tissue microarray (TMA) was constructed and subjected to IHC staining to examine the levels of FZD2 protein in 100 primary ESCC tissues and 80 corresponding adjacent normal tissues (Table 1). A double-blinded evaluation of the IHC staining results was performed according to the clinico-pathological standard (Table 1). As shown in Table 1, moderate-to-strong membrane staining of FZD2 was detected in 69% (69/100) of the ESCC tissues, whereas negative-to-weak membrane staining of FZD2 was observed in 31% (31/100) of the ESCC tissues. The FZD2 protein level was significantly higher in the ESCC tissues than in the normal tissues (P < 0.0001; Figure 1F and Table 2). Furthermore, the Kaplan-Meier analysis results revealed a shorter survival time for patients with ESCC who exhibited high FZD2 expression (n = 69, median survival time = 27 months) than those who exhibited low FZD2 expression (N = 31, median survival time = 45 months; P = 0.030; Figure 1G). The correlations between FZD2 expression and the clinico-pathological features of ESCC patients were also analyzed. High expression of FZD2 protein was positively correlated with more progressive pathological grade (P < 0.05) and more advanced clinical stage (P < 0.05). However, high FZD2 expression was negatively correlated with tumor size (P < 0.05) (Table S1). Thus, FZD2 was expressed at high levels in ESCC tissues and was associated with a poor prognosis.


Table 1. Demographic and clinicopathological features of ESCC patients (n = 100).
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Table 2. Expression of FZD2 in ESCC and normal tissues.
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FZD2 Promotes the Migration and Invasion of Human ESCC Cells

We examined the expression levels of FZD2 in three ESCC cell lines (KYSE30, KYSE410, and KYSE150) to investigate the functional consequences of high FZD2 expression in ESCC. Higher expression of FZD2 was detected in KYSE30 and KYSE150 cells than in the KYSE410 cells (Figure 2A). Transwell invasion assays were then performed to assess the correlation between FZD2 levels and the invasive capacity of these ESCC cell lines. The levels of FZD2 expression positively correlated with the invasive capacity of ESCC cells (Figure 2A).
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FIGURE 2. FZD2 knockdown inhibited tumor migration and invasion, while FZD2 overexpression promoted tumor migration and invasion in vitro. (A) The expression levels of FZD2 in ESCC cell lines were assessed. Representative images of staining showed the different invasive capacities of ESCC cell lines, and the percentages of the invaded area were quantified. (B) The expression levels of FZD2 in FZD2-knockdown cell lines were examined using qPCR and western blot analyses. (C) Decreased migration and (D) invasion of FZD2-knockdown cells was observed compared to the control cells. Average migration distances and the percentages of invaded area are presented as the mean ± SD of triplicate experiments (***P < 0.001 using t-test). (E) The expression levels of FZD2 in FZD2-overexpressing cell lines were determined using qPCR and western blot analysis. (F) Increased migration and (G) invasion of FZD2-overexpressing cells were observed compared with the control cells. Average migration distances and invaded area percentages are presented as the mean ± SD of triplicate experiments (**P < 0.001 and ***P < 0.001 using t-test).


Next, stable lines of KYSE30 and KYSE150 cells with lentivirus-mediated knockdown of FZD2 expression (KYSE30/KYSE150-shFZD2) were established. Non-template shRNA-transfected cells (KYSE30/KYSE150-NC) were also established as controls. The knockdown efficiency of FZD2 was confirmed using qPCR and western blot analysis (Figure 2B). Migration and invasion assays were subsequently conducted and the results showed that the migration (Figure 2C) and invasion (Figure 2D) of KYSE30-shFZD2 and KYSE150-shFZD2 were suppressed compared with those in the KYSE30-NC and KYSE150-NC cells, respectively.

We established stable FZD2-overexpressing (FZD2-OE) KYSE410 cells and vector-transfected KYSE410 cells as controls (NC) to substantiate the findings described above. Both qPCR and western blot analyses were used to confirm the FZD2 overexpression in KYSE410 cells (Figure 2E). FZD2-OE KYSE410 and control cells were used to perform migration and invasion assays. Compared with the control cells, FZD2 overexpression promoted cell migration and invasion (Figures 2F,G). These findings support the hypothesis that FZD2 is a key factor in modulating ESCC metastasis.



FZD2/STAT3 Signaling Induces TWIST1 and Slug Expression in ESCC Cells

Here, we confirmed that the migration and invasion of FZD2-mediated ESCC cells were independent from the canonical WNT signaling and indeed required STAT3 activation. FZD2 knockdown attenuated STAT3 activation at Tyr705 site, but not Ser727 site (Figure 3A). This result was confirmed by immunofluorescence staining for β-catenin in the KYSE150-shFZD2 and KYSE150-NC cells (Figure S1A). Moreover, the expressions of several key downstream targets of β-catenin, including transcriptional factor 1/7 (TCF1/7), CD44, and Met, were also unchanged in the KYSE150-shFZD2 cells compared with that in the KYSE150-NC cells (Figure S1B). In addition, only STAT3 Tyr705 phosphorylation, but not activated β-catenin, was observed to be increased in the FZD2-OE cells (Figure 3B).
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FIGURE 3. FZD2-induced expression of TWIST1 and Slug in ESCC cells was dependent on STAT3 activation but not β-catenin activation. Western blot analysis of FZD2-knockdown cells (A), FZD2-overexpressing cells (B), and corresponding control cells.


It is well-known that TWIST1 and Slug are direct transcriptional targets of STAT3. These genes significantly enhance the EMT, migration and invasion of cancer cells, subsequently promoting metastasis (32). To determine whether FZD2-mediated STAT3 activation was associated with TWIST1/Slug-induced EMT, we compared the expression of TWIST1 and Slug between FZD2-OE or knockdown ESCC cells and their control cells, respectively. In the FZD2-knockdown ESCC cells (KYSE30 and KYSE150), the expression levels of TWIST1 and Slug were decreased (Figure 3A). In contrast, the expression levels of TWIST1 and Slug were increased in FZD2-OE KYSE410 cells compared with those in the control cells (Figure 3B). Based on these findings, FZD2-induced EMT required STAT3 activation in ESCC cells.



FZD2 Promotes the Dissemination of ESCC Cells in a Mouse Model of Spontaneous Metastasis

We established a spontaneous metastasis mouse model by injecting ESCC cells into the footpads of 4-weeks-old male SCID mice to further study the role of FZD2 in ESCC cell metastasis. Swollen popliteal LNs were observed in 80% (4/5) of the mice at day-45 post-injection of KYSE150-NC cells. In contrast, no swollen inguinal LNs or metastatic tumor cells were observed in the popliteal LNs from 5 mice injected with KYSE150-shFZD2 cells (Figure 4A). Additionally, the tumors composed of KYSE150-shFZD2 cells in the foot pads grew at a much slower rate than tumors of KYSE150-NC cells during the observation period (Figure 4B). We further analyzed the mice injected with KYSE150-NC cells and found that their inguinal LNs were swollen by day-30 post-injection (Figure 4C), and metastatic tumor cells had accumulated in their popliteal LNs at day-45 (Figure 4C). Lymphocytes in inguinal LNs were identified at day-30 post-injection, and these cells had disappeared by day-45, which were likely replaced by tumor cells in the KYSE150-NC group (Figure 4D). Thus, FZD2 silencing in ESCC cells significantly reduced LN metastasis.
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FIGURE 4. FZD2 promoted the metastasis of ESCC cells in a mouse model. (A) Representative images of swollen inguinal LNs and metastatic tumor cells (red arrows) in popliteal LNs of SCID mice following subcutaneous footpad injection of FZD2-knockdown KYSE150 cells and corresponding control cells were shown on the left. Live images of luciferase bioluminescence by Caliper IVIS Lumina II in mice were shown on the right. (B) The mean increased footpad volume following subcutaneous footpad injection of FZD2-knockdown KYSE150 cells and corresponding control cells on days 15, 25, 35, and 45 post-injection (**P < 0.01). (C) Representative images of swollen inguinal LNs and metastatic tumor cells on day 30 (L1 and T1, respectively) and day-45 (L2 and T2, respectively) post-injection. (D) Representative H&E staining of inguinal LNs and metastatic tumor cells on day 30 (L1 and T1, respectively) and day 45 (L2 and T2, respectively) post-injection (magnification 100 ×).




WNT2-Induced Migration and Invasion Is Dependent on FZD2 Overexpression

A previous study reported that STAT3 interacts with FZD2 and plays a critical role in WNT5a/FZD2-mediated cancer cell metastasis (26). The secretion of WNT2 from cancer-associated fibroblasts is an important factor that promotes ESCC motility and invasiveness (22). A wound healing assay showed that the migration capacities of ESCC cells were enhanced in response to WNT2 treatment (50 ng/mL) for 12 h. However, the efficacy of WNT2-induced cell migration capacity was attenuated after the knockdown of FZD2 (Figure 5A). We also found that the invasive capacities of KYSE30 and KYSE150 cells were highly increased after the treatment with WNT2 protein (50 ng/mL) for 48 h. However, the WNT2-induced increase in the invasion of KYSE30 and KYSE150 cells was attenuated in FZD2-knockdown cells compared with control cells (Figure 5B). Moreover, the levels of STAT3 phosphorylation at Tyr705 and the STAT3-transcribed mesenchymal markers TWIST1 and Slug were substantially increased in the KYSE150 cells after WNT2 treatment, and these changes were attenuated by FZD2 knockdown (Figure 5C). TWIST1 and Slug were significantly down-regulated in the FZD2-deficient cells within 24 h after WNT2 treatment (50 ng/mL), compared to their expression in control cells. The FZD2 protein expression level was also upregulated after WNT2 treatment (Figure 5C). In addition, cell proliferation within 72h was examined but no significant changes were detected for the knockdown of FZD2 or WNT2 treatment in KYSE150 cells (Figure S2A). We also examined for the expression levels of biomarkers associated with cell survival (Mcl-1, Bcl-2, cIAP-2, and survivin) and proliferation marker cyclin D1, however, there was no significant difference when control or shFZD2 cells treated with WNT2 protein (50ng/ml, 24h) (Figure S2B).
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FIGURE 5. WNT2 induced the metastatic capabilities of ESCC cells via the FZD2/STAT3 signaling axis. (A) The migration distances of FZD2-knockdown ESCC cells and control cells with or without WNT2 treatment (50 ng/mL) were observed. Average migration distances are presented as the mean ± SD of triplicate experiments (*P < 0.05, ***P < 0.001 and n.s. non-significant; t-test). (B) The invasive capacity of FZD2-knockdown ESCC cells and corresponding control cells with or without WNT2 treatment (50 ng/mL). The percentage of invaded area were measured and are presented as the mean ± SD of triplicate wells (*P < 0.05, **P < 0.01, ***P < 0.001 and n.s. non-significant; t-test). (C) Western blot analysis of the levels of STAT3 signaling and its downstream mesenchymal markers TWIST1 and Slug in FZD2-knockdown KYSE150 cells and corresponding control cells with or without WNT2 treatment (50 ng/ml, 24 h). (D) Western blot analysis of FZD2, STAT3, p-STAT3-Y705, p-STAT3-S727, active β-catenin and β-catenin levels after WNT2 treatment (50 ng/mL) at 0, 0.5, 1, 2, 3, and 4 h.


Next, we examined the effect of WNT2 protein on FZD2 expression in ESCC cells. When the WNT2 protein (50 ng/mL) was added to the culture medium of ESCC cells, FZD2 levels were increased at 30 min post-treatment and remained at a high level throughout the 4-h examination. Interestingly, STAT3 phosphorylation at Tyr705 was progressively increased in a time-dependent manner by WNT2 treatment, but the Ser727 site remained unchanged (Figure 5D). Because the p-STAT3-Y705 level was increased after FZD2 aggregated, we inferred that STAT3 activation may be influenced by FZD2. In contrast, in the KYSE150-shFZD2 cells, WNT2 induced lower increased levels of FZD2 expression and STAT3-TWIST1/Slug signaling activation compared with the control cells (Figure 5C).

Thus, WNT2-induced migration and invasion in ESCC cells was dependent on FZD2 expression and associated with STAT3 signaling.



WNT2-Induced FZD2 Expression Depends on the Inhibition of Ubiquitination-Mediated Protein Degradation

To identify the interaction between WNT2 and FZD2, we packaged overexpressed lentiviruses for WNT2 and FZD2 and infected the KYSE150 cells for co-immunoprecipitation assays to test the interaction between WNT2 and FZD2 proteins. The results showed that WNT2 and FZD2 interacted with each other (Figure 6A). Since WNT2 increased the expression level of endogenous FZD2 (Figure 5D), we further investigated whether the FZD2 protein level was affected by ubiquitination and proteasome-mediated degradation in response to WNT2 treatment. The result showed that the FZD2 expression levels can be increased after WNT2 or MG132 treatment, respectively (lane 1 vs. lane 2; lane 3 vs. lane 4; lane 1 vs. lane 3). However, there is no significantly additive increase of FZD2 after WNT2 and MG132 co-treatment, which may attribute to the deubiquitination of FZD2 (lane 2 vs. lane 4) (Figure 6B). Immunoprecipitation for ubiquitin in KYSE150 cells revealed that the ubiquitination of FZD2 was reduced when WNT2 protein treated (Figure 6C). When the Flag-tagged FZD2 expression construct (Flag-FZD2) and an HA-tagged ubiquitin (HA-Ub) plasmid were co-transfected into HEK293T cells with or without WNT2 treatment, robust expression and ubiquitination of FZD2 were detected in the whole cell lysates (WCLs). Subsequent IP assays with an anti-Flag antibody showed that the level of the slow migrating smear of HA-Ub was attenuated in response to WNT2 treatment. The decrease in the smear indicated that the binding of ubiquitin molecules to the FZD2 protein was reduced in response to WNT2 exposure (Figure 6D, IP: Flag, upper panel). Meanwhile, immunoprecipitation with anti-HA antibody revealed that the smear resulting from ubiquitinated Flag-FZD2 was also reduced in response to WNT2 treatment (Figure 6D, IP: HA, middle panel). Additionally, western blot assays revealed an increase in the endogenous and exogenous FZD2 expression after WNT2 treatment (Figures 6C,D).


[image: Figure 6]
FIGURE 6. WNT2 ligand stabilized and phosphorylated the FZD2 receptor. (A) WNT2 interacts with FZD2 in the ESCC cells. The lentiviral vectors overexpressed the Flag-tagged FZD2, the His-tagged WNT2 or the empty lentiviral vectors for controsl were stably infected KYSE150 cells according to the labels. The whole cell lysates (WCL, input) were detected using western blot analysis (3 panels on the left). The Flag-tagged FZD2 was immunoprecipitated with Flag-M2 beads, and immunoblotting for Flag and His was performed (3 panels on the right). (B) Western blot analysis for FZD2 protein levels of control and under WNT2 (50 ng/ml) exposure cells after treatment with MG132 (20 μM) for 6 h or not. (C) WNT2 reduced FZD2 ubiquitination. Total tissue lysates extracted from KYSE150 cells were immunoprecipitated by Ub antibody and probed with indicated antibodies. Non-specific mouse IgG was used as control. (D) Flag-tagged FZD2 and HA-tagged Ub were transfected into HEK293T cells for 48 h and then treated with or without WNT2 (50 ng/mL, 4 h). Empty vectors were used as controls. Western blot analysis showed exogenous FZD2 and Ub expression (WCL, lower panel). Flag-tagged FZD2 was immunoprecipitated with anti-Flag M2 beads (IP: Flag, upper panel); total ubiquitinated proteins were immunoprecipitated with the anti-HA antibody (IP: HA, middle panel); and immunoblotting was performed with the indicated antibodies. (E) WNT2 increased tyrosine phosphorylation of FZD2. Flag-tagged FZD2 plasmid and the empty vector plasmid were transfected into the HEK293T cells for 48 h, and then, the cells were treated with or without WNT2 (50 ng/mL, 4 h). Western blot analysis showed the exogenous FZD2 levels and total phosphotyrosine levels in all lines (WCL, lower panel). Flag-tagged FZD2 was immunoprecipitated and immunoblotting was performed with total phosphotyrosine or Flag antibody (IP: Flag, upper panel). (F) Proposed mechanism of WNT2/FZD2 signaling pathway in ESCC. WNT2 can bind to FZD2 receptor. WNT2-induced ESCC cell migration and invasion is dependent on FZD2 overexpression by inhibiting its ubiquitination-mediated protein degradation. FZD2 promotes metastatic capabilities of human ESCC cells by activating STAT3 signaling.


Next, the tyrosine phosphorylation of FZD2 was detected by immunoblotting with anti-phosphotyrosine antibody (p-Tyr) in immunoprecipitates with Flag-FZD2 pulldown. We also found that the FZD2 level increased in WCLs and immunoprecipitated samples with the Flag antibody were treated with WNT2. Additionally, the tyrosine phosphorylation of FZD2 was also increased after WNT2 treatment, as detected using a p-Tyr antibody Figure 6E). Therefore, WNT2 likely binds to FZD2, inhibiting its ubiquitination and degradation, and inducing its tyrosine phosphorylation.

Overall, these data indicate that WNT2-induced ESCC cell metastasis is dependent on FZD2 overexpression by inhibiting its ubiquitination-mediated protein degradation, leading to the activation of STAT3 signaling and initiation of EMT process (Figure 6F).




DISCUSSION

Despite extensive research in the diagnosis and treatment of ESCC, the 5-year survival rate of patients after curative surgery remains low (only 20–30%). The poor outcomes mainly result from the occurrence of tumor metastasis and recurrence (33, 34). However, the molecular mechanisms underlying ESCC metastasis are not yet completely understood.

We previously showed that CAFs-secreted WNT2 is a metastasis-promoting WNT ligand in ESCC (22). Here we screened the potential binding receptors of WNT2 and further investigated the significance of FZD2, in the pathogenesis of ESCC. Despite the tumor-promoting function of WNT5a/FZD2 pathway was found in previous study, WNT5A is frequently silenced by promoter CpG methylation in ESCC (26, 35), indicating that WNT5A may not be a critical ligand binding to FZD2 in ESCC progression. We performed a detailed investigation to determine the association between WNT2 and FZD2 in ESCC cells and in clinical specimens.

The canonical and non-canonical WNT pathway plays important roles in tumourigenesis and tumor metastasis (36–38). Previous studies have shown that FZD2 promotes cancer development by activating both the canonical and non-canonical WNT pathways (24–26). Here, FZD2, which induced STAT3 activation, induced the migration and invasion of ESCC cancer cells, and a high level of FZD2 expression predicted a poor prognosis for patients with ESCC. Therefore, FZD2 is an oncogene that is involved in the maintenance of the mesenchymal phenotype and the metastasis of ESCC cells.

Accumulated evidence has revealed the importance of LN metastasis in the progression of many types of tumors (39–41). Regional LN metastasis is usually considered to be an early step for ESCC dissemination and progression, leading to poor prognoses (39, 42). In this study, we found that inhibiting FZD2 expression in ESCC could significantly reduce LN metastasis, which may serve as a potential therapeutic target for the treatment of ESCC patients.

STAT3 plays important roles in the progression of various cancers by regulating the proliferation, invasion, angiogenesis and immune surveillance evasion (42, 43). The Tyr705 phosphorylation site in STAT3 translocates into the nucleus and binds to the specific promoter sequences of various EMT master transcription factors, such as TWIST and Slug (32, 44). Constitutive STAT3 activation is associated with the progression of ESCC and poor prognosis (45). As shown in the present study, FZD2 knockdown reduced STAT3 phosphorylation on Tyr705 in ESCC cells, consistent with the findings by Gujral et al. (26). Furthermore, we demonstrate that FZD2 induces EMT and metastasis in ESCC cells via the STAT3/TWIST1 and STAT3/Slug pathways.

The tumor microenvironment is crucial for the development of cancer (46, 47). Cancer-associated fibroblast-secreted WNT2 acts as a growth- and invasion-promoting factor in ESCC cells (22). We found that FZD2 mRNA was co-expressed with WNT2 mRNA in ESCC, suggesting a positive correlation between FZD2 and WNT2 levels. In the present study, FZD2 directly interacted with WNT2, thereby activating the STAT3 signaling pathway in ESCC cells. We demonstrated, for the first time, that WNT2 and FZD2 were both positively correlated with mesenchymal cell markers but negatively correlated with epithelial cell markers (TCGA-ESCC database analysis). The WNT2 protein not only induced ESCC metastasis as we previously reported (22), but also activated STAT3 at Tyr 705 site by binding to, stabilizing and phosphorylating FZD2. To the best of our knowledge, this report is the first to describe this interaction between WNT2 and FZD2. However, alternative mechanisms for WNT2-induced STAT3 activation are worthy of further investigations.

In conclusion, we demonstrated a novel molecular mechanism underlying the effects of WNT2-FZD2 on ESCC metastasis. Moreover, strategies that target the WNT2/FZD2/STAT3 signaling axis might be developed to treat patients with ESCC.
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Mammary adipose tissue (AT) is necessary for breast epithelium. However, in breast cancer (BC), cell-cell interactions are deregulated as the tumor chronically modifies AT microenvironment. In turn, breast AT evolves to accommodate the tumor, and to participate to its dissemination. Among AT cells, adipocytes and their precursor mesenchymal stem cells (MSCs) play a major role in supporting tumor growth and dissemination. They provide energy supplies and release a plethora of factors involved in cancer aggressiveness. Here, we discuss the main molecular mechanisms underlining the interplay between adipose (adipocytes and MSCs) and BC cells. Following close interactions with BC cells, adipocytes lose lipids and change morphology and secretory patterns. MSCs also play a major role in cancer progression. While bone marrow MSCs are recruited by BC cells and participate in metastatic process, mammary AT-MSCs exert a local action by increasing the release of cytokines, growth factors and extracellular matrix components and become principal actors in cancer progression. Common systemic metabolic diseases, including obesity and diabetes, further modify the interplay between AT and BC. Indeed, metabolic perturbations are accompanied by well-known alterations of AT functions, which might contribute to worsen cancer phenotype. Here, we highlight how metabolic alterations locally affect mammary AT and interfere with the molecular mechanisms of bidirectional communication between adipose and cancer cells.
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INTRODUCTION

Breast cancer (BC) is the most common tumor in women and represents the second cause of cancer-caused death after lung cancer (1). In 2018, over 2 million new BC cases were estimated worldwide (2). In the past 3 decades, patient survival rate has increased, thanks to improvements in treatment and detection (3). However, patients’ quality of life is still negatively affected by chemotherapy side effects. Targeted and hormone therapies in most cases do not have long lasting effects; and a number of patients display or acquire resistance to treatments, with a significant reduction of therapy efficacy (3, 4).

The increased incidence and the worse prognosis for BC are parallel to the alarming increase of metabolic disturbances. BC risk is about twofold higher in obese and 16% higher in women with type 2 diabetes (T2D), independently of obesity (5). Patients with obesity and T2D have larger tumors at diagnosis, and worse outcome, with increased risk of distant metastases and mortality (6–8). Moreover, obesity and T2D affect chemotherapy toxicity and surgical complications (9–11).

Breast tissue is composed by 90% of adipose tissue (AT) with permanent interactions between epithelial cells and adipose cells (12). Adipocytes and their precursor mesenchymal stem cells (MSCs) may sustain tumor phenotypes by either acting as energy reservoirs for neighboring cancer cells or through secretion of signaling molecules and vesicles containing proteins, lipids and nucleic acids (13, 14). The dysfunction of AT is now considered a central mechanism for the development of obesity and T2D metabolic complications (15).

In this manuscript, we overview the role of mammary AT as a support for BC cell growth and progression, and describe the known molecular mechanisms underlying the AT/tumor bidirectional crosstalk, especially in the presence of metabolic disorders.



MAMMARY ADIPOSE TISSUE AND BREAST CANCER

AT is a loose connective tissue characterized by marked cellular heterogeneity. It is made up of about one-third of adipocytes and two-thirds of stromal-vascular fraction cells, a combination of MSCs, endothelial precursor cells, fibroblasts, smooth muscle cells, pericytes, macrophages and preadipocytes in various stages of development (16). MSCs are located in perivascular niches and participate to cell turnover and to the vascular network for AT tropism (17). For a long time, AT has been considered as an energy depot. Since 90s, the role of AT has been revised and broadened to an active endocrine organ, able to control systemic energy and metabolic homeostasis through a complex network of signals (16, 18).

In the mammary gland, adipose cells are characterized by high plasticity and support the growth and function of the mammary epithelium (19). Mammary AT surrounds the epithelial ducts, which are the milk-producing structures of the breast. In vitro and in vivo studies have shown the importance of mammary AT for the growth, the branching and the preservation of the ducts and for the functional differentiation of the epithelium ahead of pregnancy (20). For instance, A-Zip mice, which have mammary gland lacking mature adipocytes, display rudimental epithelial ducts with reduced branching and severe distention (21).

The role of AT, and more specifically of adipocytes and their precursors MSCs, in BC progression and metastasis, is a quite new area of research. However, adipose cells communicate with cancer cells within the breast, and this may contribute to cancer progression, through different mechanisms.

• Release of signaling molecules: Either locally released molecules, either those coming from distal sites converge in the interstitial fluids of the mammary AT (19). Some AT-released factors contribute to AT remodeling, adipogenesis, innervation and angiogenesis by acting through autocrine and paracrine ways. Other AT-factors act in an endocrine manner and influence the functions of many tissues, thus controlling appetite, food intake, glucose disposal and energy expenditure (16, 18, 22). Over 350 proteins have been identified in mammary AT by using proteomic approaches. These factors are called “adipokines” and include leptin, adiponectin, resistin, growth factors (IGF1, insulin-like growth factor 1; VEGF, vascular endothelial growth factor; EGF, epidermal growth factor; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; NGF, nerve growth factor; TGFβ, transforming growth factor), enzymes (autotaxin) and cytokines (interleukin [IL]-1, IL-6, IL-8, CCL5, tumor necrosis factor-TNF-α) (16, 22, 23). These molecules are crucial for the physiology and development of AT and breast epithelium and for the entire organism. However, the same factors may as well contribute to proliferation, motility, invasiveness, epithelial to mesenchymal transition (EMT) and stemness of BC cells, as well as to tumor angiogenesis by activating different molecular mechanisms (12, 24–26).

• Mechanical support: Among AT-secreted proteins, there is a wide variety of extracellular matrix (ECM) proteins needed for the tissue structure, but also involved in cell-cell communication systems and in the sequestering of growth factors for a time-and context-dependent release (27). Some of these factors may sustain cancer progression. For instance, adipocyte-derived collagen VI promotes BC progression via bNG2/chondroitin sulfate proteoglycan receptors, while endotrophin, a cleavage product of collagen VI, contributes to tissue fibrosis and EMT of BC cells through enhanced TGF-β signaling (28, 29).

• Energy supply: Lipids and metabolites are largely released by AT in mammary glands. Mammary epithelium is able to utilize and metabolize fatty acids to a variety of derivatives (19). However, lipids are taken up also by cancer cells which display a characteristic “lipid metabolic reprogramming.” BC cells take advantage of fatty acids and glycerol for the biosynthesis of membranes, needed for their proliferation, and for the generation of lipid-derived biomolecules such as steroid hormones, diacylglycerol, eicosanoids, phospholipids and sphingolipids which sustain all the functions of cancer cells (12, 30). Recently, it has been shown that the inhibition of fatty acid receptor CD36 impairs metastasis in human BC-derived tumors (31).

Therefore, adipose cells may accommodate BC cells with stimulatory, supportive and nutritive functions.



BC-ASSOCIATED ADIPOSE CELLS

Emerging evidence indicates that relevant phenotypic changes occur in AT surrounding BC. Indeed, the invasion of AT by BC cells located at the margin of tumor mass is associated with tumor aggressiveness and poor prognosis (32).

Overall, AT adjacent to malignant breast tumors displays down-regulation of the expression of adipogenesis-related genes Homeobox C Cluster (HOXC) 8, HOXC9, fatty acid binding protein 4 (FABP4) and hormone sensitive lipase (HSL) and up-regulation of inflammatory cytokines, like TNF-α and monocyte chemoattractant protein 1 (MCP-1) and of leptin, with a decrease of adiponectin levels (33).

The impact of BC cells specifically on adipocytes has been documented by analyzing adipocytes isolated from human and mouse tumor samples and by using in vitro systems of BC cells co-cultured with different types of human and murine adipocytes. Compared to normal adipocytes, the so called “cancer- associated adipocytes” (CAA) are smaller cells, with a reduction in the number and size of lipid droplets and modification of basement membranes and ECM (34). Adipocytes adjacent to breast tumors display increased levels of matrix metalloproteinase-11 (MMP11), which inhibits pre-adipocyte differentiation and reverses mature adipocyte differentiation to maintain the invasive property of cancer cells (34, 35). Impaired adipogenic differentiation program of CAAs is accompanied by the downregulation of Peroxisome Proliferator Activated Receptor Gamma (PPARγ), CCAAT-enhancer-binding protein α (C/EBPα), FABP4, and resisitin mRNA levels (36, 37). Moreover, BC cell-released TNF-α and IL-11 drive a desmoplastic reaction in pre-adipocytes, leading to downregulation of adipogenic master genes (37). PPARγ reduction is also related to the increase of miRNA-155 in exosomes of adipocyte-BC co-coltures (38). Notably, the reduction of lipid droplets takes place with the metabolic reprogramming that adipocytes undergo in contact with BC cells and with the acquisition of a brown-like phenotype. Indeed, cancer cells induce the lipolysis in CAAs via HSL and adipose triglyceride lipase (ATGL). Free fatty acids enter into cancer cells, are transported through FABP4 and degraded to provide ATP and bioactive lipids needed for cell invasion, angiogenesis and immunosuppression (11, 30). Consistently, during BC progression, in cancer cells there is an increase of FABP4 and of lipogenic enzymes, like fatty acid synthase (FASN). FASN controls the response of BC cells to E2-stimulated ERα signaling and its levels are associated to a poor clinical outcome in patients with BC (39, 40). Gene expression profiling of breast adipocytes shows greater brown adipocyte-related activity next to breast tumors than in benign breast lesions (33). This is consistent with the finding that in co-coltures of adipocytes- BC cells there is an increase of the exosomal miRNA-144 that promotes beige/brown adipocyte differentiation by downregulating MAP3K8/ERK1/2/PPARγ and of exosomal miRNA-126 that plays a crucial role in metabolic reprogramming of adipocytes, targeting IRS1 (Insulin receptor substrate 1) and AMPK (5’ AMP-activated protein kinase) (41). In addition to MMP11, CAAs express MMP1, MMP7, MMP10, MMP14 and PAI, thus damaging ECM integrity in BC environment (34). Furthermore, cancer cells induce adipocytes to secrete fibronectin, which, in turn activates STAT3 signaling pathway in BC cells, thus promoting EMT (42). Fibronectin activates also AKT2 in BC cells, interfering with p38 pathway and docetaxel-induced apoptosis (43). Beside ECM proteins, CAAs display an imbalanced secretion of adipokines, cytokines and growth factors or associated proteins. For instance, compared to normal adipocytes, CAAs secrete a higher amount of leptin, IL-1b, IL-6, CCL5, MCP-1, TNF-α, VEGF and insulin-like growth factor binding protein-2 (IGFBP-2) which in turn promote invasion and metastasis of BC (24, 44, 45). Indeed, CCL5 immuno-detection in peritumoral AT of women with triple negative BC (TNBC) correlates with lymph node and distant metastases and shows a negative correlation with the overall survival of patients (46). In addition, adipocytes co-cultured with BC cells induce the expression of IL-6 in cancer cells, resulting in the phosphorylation of effector kinase CHK1 and the acquisition of a radio-resistant phenotype in BC cells (47). Mature adipocytes also contribute to HER2 + BC cell resistance to trastuzumab-mediated antibody-dependent cellular cytotoxicity and impair immunotherapy efficacy by the hyperexpression of programmed death- ligand 1 (PD-L1), that prevents the antineoplastic functions of CD8 + T cells (24, 48).

Similar to adipocytes, MSCs are largely modified by cancer cells. Per se involved in tissue repair, angiogenesis and immunomodulation, MSCs, in contact with cancer cells become cancer supportive cells, so called carcinoma-associated MSCs (CA-MSCs). Nowadays, the contribution of MSCs in BC progression has been investigated mainly by using bone marrow-derived MSCs (BM-MSCs). BM-MSC homing in BC is mediated by tumor (and CAA) –derived chemokines (MCP-1, CCL5, CXCL 16- chemokine [C-X-C motif] ligand 16, SDF1-stromal cell-derived factor 1), growth factors (VEGF, IGF1, TGFβ, FGF) and miRNAs (i.e., miRNA-126/miRNA-126∗) (49, 50). Once educated by cancer cells, BM-MSCs secrete CXCL1, CXCL2, SDF1, IL-6, IL-8, TGFβ and microvesicles containing miRNA, such as miRNA-21 and miRNA-34a, all factors implicated in BC survival, progression and chemo-resistance (51, 52). For instance, BC cell-released TNF-α stimulates BM-MSCs to secrete CXCR2 (C-X-C Motif Chemokine Receptor 2) ligands which, in turn, recruit CXCR2 + neutrophils into the tumor, thus promoting metastases (53). Following MSC co-colture, BC cells upregulate IL-6 and CXCL7 pathways with enhanced mammosphere formation efficiency (54). BM-MSCs enhance angiogenesis by releasing soluble factors (VEGF, Leukemia inhibitory factor- LIF, Macrophage Inflammatory Protein 2-MIP2) and exosomes that induce VEGF expression in cancer cells by activating extracellular signal-regulated kinase1/2 (ERK1/2) pathway (55). Moreover, BC cell migration is fostered by BM-MSCs through ER (estrogen receptor)-SDF-1/CXCR4 crosstalk and CXCR2 activation (56, 57). BC cells prompt BM-MSCs to secrete large amount of CCL5, which, in turn, were shown to increase BC metastatic potential of about 5 fold (58). Occurrence of BC metastases in lungs and bones is also supported by the induction of TWIST transcription by BM-MSC production of lysil oxidase enzyme (59) and by the production of exosomes containing miRNA-222/223 (60). Finally, it has been shown that, in contact with BC cells, BM-MSCs are able to transdifferentiate into cancer associated fibroblasts (CAFs), the best companions for BC cells (50, 51, 61).

The crosstalk between BM-MSCs and BC cells is highly relevant since BC typically metastasizes to bone, and bone marrow could represent an ideal environment for the development of BC micro-metastatic niches. However, the interaction of BC cells with mammary AT resident MSCs should be taken into account for its potential role in BC progression.

Recently, it has been shown that MSCs isolated from mammary AT of patients with BC, express high levels of brain-derived neurotrophic factor (BDNF), neurogenic locus notch homolog protein 1 (NOTCH1) and cytoskeletal Vimentin, and reduction of growth differentiation factor 15 (GDF15), IGF1, MMP2, platelet-derived growth factor receptor b (PDGFRB) and TGFβ. Moreover, when co-injected with BC cells in immune-compromised SCID/beige mice, MSCs generate tumors with an increased volume and innervation (52). MSCs isolated from mice bearing BC xenograft tumors can be incorporated in tumor vessels and display up-regulation of SDF1 and α-smooth muscle actin (α-SMA - marker of CAF) (62). Mammary MSCs significantly promote ER-negative BC cell migration and invasion in vitro and tumor invasion in a co-transplant xenograft mouse model by producing IL- 6 upon activation of cofilin-1, a well-known regulator of actin dynamics (63). Noteworthy, in another study, using co-culture models, AT-derived MSCs promote BC cell migration and invasion through P2X-mediated purinergic signaling and ATP-loaded microvescicles (64). AT- derived MSC exosomes lead to an up-regulation of WNT target genes Axin2 and Dkk1, and β-catenin in BC cells, thus enhancing cell migration (65). Moreover, mammary MSCs promote mammosphere formation via cytokines, EGF/EGFR/Akt and adipsin pathways (26, 44, 66). In addition, it has been shown that AT-derived MSCs fuse with BC cells spontaneously and this fused population is enriched in BC stem cells (CSC) CD44+CD24–/lowEpCAM+ (67). Finally, MSCs isolated from BC patients with pathological stage III disease, induce up-regulation of mRNA expression levels of IL-4, TGF-β1, IL-10, CCR4 and CD25 in peripheral blood leukocytes and an increase of the percentage of CD4 + CD25(high)Foxp3(+) T regulatory cells in vitro, thus sustaining an anti-inflammatory response within the tumor microenvironment (68).

Taken together, these data indicate that both adipocytes and MSCs are largely modified by cancer cells and, once educated by BC cells, become principal actors in metastatic process.



ADIPOSE CELLS AS LINK BETWEEN METABOLIC DERANGEMENTS AND BC PROGRESSION

Several studies have highlighted that hyperlipidemia, hyperglycemia, hyperinsulinemia and anti-diabetic drugs may be determinant in the association between metabolic imbalance (i.e., obesity and T2D) and BC (7, 8). Changes in body weight and genetic polimorphisms may significantly interact to increase pre- and post-menopausal BC risk (69). However, it is still poorly understood how mammary AT changes related to obesity and T2D conditions might influence BC progression.

In general, in presence of chronic overnutrition, AT expands beyond its capacity in order to maintain a sufficient angiogenesis, leading to persistent hypoxia, fibrosis, cellular senescence, necrotic adipocyte death and a large secretion of pro-inflammatory cytokines, such as TNF-α, IL-6, IL-8 and MCP-1. Compromised AT cells recruit immune cells, particularly monocytes that amplify the local inflammation, determining the “low grade chronic inflammation.” The unhealthy AT expansion largely contributes to the systemic metabolic derangements associated to obesity and T2D (15, 27, 70).

It has been reported that adipocytes and MSCs from human lipoaspirate of obese donors, compared to adipocytes/MSCs from lean subjects, enhance BC cell growth at higher extent and promote tumor metastasis at least in part by IGF1 and leptin pathways (71, 72). Leptin from obese-derived MSCs increases expression of SERPINE 1, SNAI2, IL-6, TWIST1, and cyclooxygenase-2 -COX-2, which are crucial in EMT and CSC programs in BC cell lines and in TNBC PDX-derived cells (72). Moreover, leptin modulates exosome biogenesis in BC cells and promotes invasive ductal and lobular carcinoma in vivo (12, 73). Leptin increase and adiponectin reduction are hallmarks of obesity. While leptin involvement in BC progression is widely recognized (12, 74), the role of adiponectin is still controversial and depends on ERα expression in BC (75). In ERα + cells, low adiponectin levels, like those observed in obesity, stimulate cell proliferation. In contrast, in ERα- cells, adiponectin is able to inhibit cell growth and progression in vitro and in vivo (76). In AT of obese subjects and mouse models an increase of survivin has also been observed. Survivin is an antiapoptotic protein strongly linked to cancer cell growth. Consistently, its increase in obesity protects MSCs from apoptosis and controls adipocyte lipolysis and lipid storage and may contribute to cancer progression (77, 78). Increased lipid content and external lipid stimuli largely modify adipocyte-BC cell communication. Indeed, lipid-overloaded 3T3-L1 adipocytes transfer about twofold more fatty acids to BC cells, compared to “normal” adipocytes. BC cells in turn up-regulate Carnitine palmitoyltransferase 1A (CPT1A) and electron transport chain complex protein levels and display an increase of proliferation and migration that is parallel to adipocyte lypolisis (79). Mammary adipocytes, incubated with palmitate or oleate or cultured in high glucose medium release higher amounts of IGF1 and CCL5 and promote BC cell proliferation and invasiveness (46, 71). High glucose concentrations also stimulate mammary adipocytes to secrete IL-8, which contributes to tamoxifen resistance in BC cells possibly through up-regulation of Connective Tissue Growth Factor (CTGF) (80). CTGF levels in tumoral tissues of patients with ER + BC correlates with hormone therapy resistance, distant metastases, reduced overall and disease-free survival (80). In addition, tumor-surrounding adipocytes induce multi-drug resistance in BC cells through up-regulation of a transport-associated major vault protein (MVP) which mediates the efflux of the chemotherapeutic agent doxorubicin. This effect is amplified by obesity (81). Recently, it has been shown that in mice bearing triple negative BC, diet-induced obesity (DIO) inhibits fatty acids storage and amplify local inflammation in mammary AT. In parallel, cancer cells increase fatty acid synthesis and change fatty acid composition. Lipid saturated cell membranes protect cancer cells from the cytotoxic effects of doxorubicin (82). Moreover, lipid peroxidases secreted by visceral AT of DIO rats are able to modify carcinogenesis-related genes in non-tumoral breast epithelium cells, thus indicating that in obesity, AT-secreted factors are also involved in early stages of tumor development (83). AT hypoxia and BC progression seem to be strongly linked. A high amount of adipocytes enhances cancer progression inducing the expression of Hypoxia-inducible factor-1α (HIF-1α) and its target genes, which causes the loss of ERα protein in BC cells (84). A positive correlation between breast adipocyte size and the presence of crown-like structures (CLS; spread inflammatory loci characterized by M1 macrophages around necrotic adipocytes) in peritumoral AT has been observed, likely reflecting local inflammation. In patients with both obesity and BC, the presence of CLS accumulation in mammary AT is concomitant with aggressive, high-grade tumors and positive lymph node involvement (85). In the inflamed breast tissue of obese BC patients, higher levels of both NF-κB binding activity and aromatase expression have been reported (85). Mammary AT inflammation, characterized by CLS, inflammatory cytokines and recruitment of a number of immune cells, is largely considered the link between metabolic derangements and worse BC prognosis (70, 86). For this reason, great efforts are being made for disrupting the obesity-cancer link by targeting inflammation with omega-3 fatty acids, non-steroidal anti-inflammatory drugs, monoclonal antibodies against specific cytokines, selective COX-2 inhibitors or polyphenolic compounds. Resveratrol, for example, appears to protect against the protumorigenic effects of obesity in a murine model of BC, at least in part, by inhibiting adipocyte hypertrophy, CLS formation, pro-inflammatory cytokines and COX-2 expression (87).



CONCLUSION AND PERSPECTIVES

As genetic and epi-genetic mutations accumulate in cancer cells (88, 89), functional alterations appear in AT and support BC progression. AT and BC cells communicate through a network of exosomes, lipids and proteins; extracellular environment may further interfere with these signals (Figure 1). However, most of the studies are based on MSCs/adipocytes isolated from different AT reservoirs (i.e., abdominal, dermal, umbilical), both of murine and human origin. Since the functional diversity of AT depots is well established (20), it is necessary to strengthen the research activity on AT-BC communication in the context of the breast. In addition, the expanded crosstalk of adipocytes and MSCs between each other and with other components of breast microenvironment, such as endothelial cells, pericytes and immune cells should also be exploited concerning BC progression.


[image: image]

FIGURE 1. Adipose and breast cancer cell bidirectional communication. Adipocytes (yellow round cells) and mesenchymal stem cells (gray elongated cells) communicate with breast cancer cells (red cells) with a plethora of signals that include exosomes, lipids and proteins. The extracellular environment affects either adipose cells either cancer cells, thus interfering on cell-cell communication systems.
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Colorectal carcinoma (CRC) is a leading cause of cancer mortality. Tumorigenesis is a dynamic process wherein cancer stem cells (CSCs) and their microenvironment promote initiation, progression, and metastasis. Metastatic colonization is an inefficient process that is very complex and is poorly understood; however, in most cases, metastatic disease is not curable, and resistance mechanisms tend to develop against conventional treatments. An understanding of the underlying mechanisms and factors that contribute to the development of metastasis in CRC can aid in the search for specific therapeutic targets for improving standard treatments. In this review, we summarize current knowledge regarding tumor biology and the use of stroma cells as prognostic factors and inflammatory inducers associated with the use of tumor microenvironments as a promoter of cancer metastasis. Moreover, we look into the importance of CSC, pericytes, and circulating tumor cells as mechanisms that lead to liver metastasis, and we also focus on the cellular and molecular pathways that modulate and regulate epithelial–mesenchymal transition. Finally, we discuss a novel therapeutic target that can potentially eliminate CSCs as a CRC treatment.
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INTRODUCTION

Colorectal carcinoma (CRC) is one of the most common tumors, with a global occurrence of over 2 million new cases each year (1). CRC represents the third most common cancer worldwide in terms of incidence and mortality for both men and women (2). Approximately 20–25% of patients with CRC already exhibit metastases at the time of diagnosis, and a striking 25% will develop metastatic spread during or after their follow-up (3). Briefly, CRC metastases begin with a series of mutations in the epithelial cells of the colon, continuing with the detachment of several cells from the primary tumor. This is followed by the invasion of surrounding tissue, diffusion through blood or lymphatic circulation, establishment, and finally, their proliferation to a distant location (1, 2).

Common sites of distant metastasis include the liver with a frequency of 60% and 25% to the peritoneum (3). Furthermore, the total number of metastases, tumor volume, and tumor microenvironment (TME) composition are strong predictors of prognosis (4). TME regulation is highly dependent on exosome production. Exosomes are extracellular vesicles (30–150 nm in diameter) that carry various contents such as growth factors, miRNAs, and enzymes. Sites of interactions between cancer cells and their microenvironment include blood vessels, extracellular matrix (ECM), signaling molecules such as transforming growth factor-beta (TGFβ), angiopoietin 1 and 2, platelet-derived growth factor (PDGF), and vascular endothelial growth factor (VEGF). They also include other tumor-recruited cells such as cancer-associated fibroblasts (CAFs), stromal myofibroblasts, endothelial cells, pericytes, diverse immune cells, mesenchymal stem cells, and cancer stem cells (CSC). All of these contribute to tumor growth and serve as a prerequisite for tumor cell invasion and metastasis (5). Table 1 describes the participation of each cell type in the development or establishment of metastasis.


Table 1. TME-associated cells.
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CSCs, also known as tumor-initiating cells, have recently been described as responsible for tumor growth, relapse, and treatment resistance. These cells represent a small subset of tumor cells (1–10%) that are involved in tumor development and self-renewal (6). They are crucial in maintaining stemness, tumor cell proliferation, and differentiation, and they are known to be regulated by pluripotency-related transcription factors such as OCT4, SOX2, KLF4, MYC, and NANOG. Moreover, these cells have been characterized and are known to present the following markers: CD44, CD24, CD133, CD166, LGR5, ALDH1, CD29, CD26, and CD51 (6, 21), all of which are not exclusive markers. When either CRC or CSC presents the CD51 marker and is co-localized with the TGFβ receptor, they can promote TGFβ/Smad signaling that upregulates epithelial–mesenchymal transition (EMT)-related genes, such as PAI1, MMP9, and Snail, which then promotes sphere formation, cell motility, and subsequent tumor formation (22, 23). Moreover, the standard form of CD44 (CD44s) is encoded by 10 constant exons. Alternative splicing generates CD44 variant isoforms (CD44v), of which specific isoforms are key in tumor development. Previously, studies on tissue CRC patients have shown that CSC-expressing CD44v6 permitted migration, enhanced autophagy flux, caused the phosphorylation of AKT and ERKs in the presence of a chemotherapy drug, and generated metastatic tumors; these were all associated with poor prognosis (24). Furthermore, the microenvironment surrounding CSCs plays an important role in supporting EMT induction, enhancing migration, homing, recolonization, and establishing metastasis (5).



EPITHELIAL–MESENCHYMAL TRANSITION

EMT is a phenotype switch carried out by epithelial cells that enables them to assume a mesenchymal phenotype, thereby enhancing their migratory capacity, among other things (23). This process improves CSC proliferation and allows for the invasion of other tissues, thereby establishing metastasis. During EMT, metastasis begins with the loss of cell–cell junctions (based on cadherins, claudins, and occludins), secretion of enzymes (e.g., matrix metalloproteinases), and the loss of apicobasal polarity due to the weak expression of cadherin–catenin anchorage to the cytoskeleton (25). It is worth noting that cadherins are among the cell adhesion molecules (CAMs) that include selectins, integrins, and proteoglycans. CAMs govern the assembly of cells into three-dimensional tissues, allowing epithelial cells to change to a mesenchymal phenotype, thus giving cancer cells acquired capabilities to extensively proliferate, invade, migrate, and metastasize (26). The overall mechanism of EMT can be regulated in several ways such as through epigenetic regulation, growth factors, and transcription factors (27). Tight regulation of EMT permits the timely expression of important biomarkers such as N-cadherin, vimentin, smooth muscle actin alpha (α-SMA), fibronectin, and other crucial regulatory factors such as the paired-related homeobox 1 (Prrx1) (23). Prrx1 functions in attenuating the complementary expression of Snail1, and the loss of Prxx1 is required for CSC to colonize organs in vivo, which in turn reverts them to an epithelial state and removes the acquired CSC phenotype (28).

Transcription factors are proteins that enable the transcription of genes by binding to specific sites in the promoter region of a gene. Hence, in concert, they induce the activation of signals responsible for the regulation of proliferation, invasion, metastasis, differentiation, therapy resistance, and apoptosis of cells (29). As such, EMT progression requires the transcription factors Snail1 (Snail), Snail2 (Slug), Snail 3 (Smuc), basic helix-loop-helix factors (TWIST1/TWIST2), and zinc finger E-box binding homeobox (ZEB) (23, 25). EMT activation through transcription factors is illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. Schematic of the signal transduction pathways associated with epithelial–mesenchymal transition (EMT). TGFβ and RTK ligands mediate signaling in liver cells, playing pivotal roles as upstream mediators for inflammation, growth, cytoskeletal rearrangement, proliferation, reducing cell–cell adhesion, and metastasis. TGFβ induces the Smad signaling cascade to block E-cadherin, which is a strong blocker of EMT transition. Additionally, both TGF and RTKs can mediate inflammation by inducing SNAL/SNAG and by activating FOXk1 and Cyr61. Hence, inducing EMT via epigenetic changes results in the activation of α-SMA, N-cadherin, vimentin, and fibronectin. Stem cell signature is also further affected as miR-7 works in concert with Twist to block let-7 and activate miR-10b. Because of inflammatory loopback signaling, HIF-1a, along with IL-8, is no longer induced. Through this response, miR-34 is downregulated and miR-200c is upregulated, leading to the activation of ZEB1 (activator of EMT), which then upregulates SMARC4, setting up the pathway for metastasis. Furthermore, ZEB1 activation is responsible for TGFβ, NOTCH, and Wnt/β-catenin pathway activation, which then leads to proliferation.


The transcription factor Snail is promoted by upstream signaling of the hepatocyte growth factor, epidermal growth factor (EGF), fibroblast growth factor (FGF), and bone morphogenic protein, resulting in downstream binding to receptor tyrosine kinases (RTKs). Furthermore, both the RAS-MAPK and the PI3K-Akt pathways can also activate NF-kβ, which consequently leads to Snail activation (30). An important trait of Snail is the SNAG domain in its N-terminus, which can recruit multiple chromatin enzymes such as HDAC, G9a, and Suv39H1 to the E-cadherin promoter. Chromatin modifications such as methylation at H3K27 can inhibit E-cadherin promoter activity (31). Moreover, Snail activates IL-8 expression by binding to its E3/E4 boxes, thus inducing cancer stem-like activities (32). Certain cytokines, such as tumor necrosis factor-alpha (TNFα), can induce the degradation of IκBα, which is an inhibitor of NF-kβ, and induce its nuclear translocation (33). This then induces the overexpression of Snail and other related genes (such as JUN) and correlates with both tumor and EMT progression (31).

As mentioned in other studies, TGFβ signaling plays an important role in EMT (30). TGFβ activates the Smad signaling pathway by binding to its receptors TGFβRI/TGFβRII, after which downstream effectors Smad2/Smad3 become phosphorylated. These then form a complex with Smad4, which induces the transcription of Snail1, vimentin, and fibronectin in CRC (31). Moreover, TGFβ signaling represses E-cadherin expression, which then initiates EMT (23). Furthermore, Snail1 activation also triggers FOXK1 expression, which is another EMT inducer, by upregulating the cysteine-rich angiogenic inducer 61 (Cyr61), which is a marker associated with metastasis by expression in CRC tissue (34).

The basic helix–loop–helix factor, TWIST, has an important role in metastasis, angiogenesis, chromosomal instability, and therapy resistance of tumors (30). Activation of its signaling pathway, along with Slug, leads to E-cadherin repression. Moreover, under hypoxic conditions, TWIST can regulate expression of the polycomb group RING finger protein BMI1 (BMI1) and promote the self-renewal of stem cells (31). The transcription factor TWIST-1 has also been reported to induce miR-10b, which promotes metastasis by targeting Homeobox D10 (HOXD10), which is associated with the inhibition of cell migration and may reduce E-cadherin expression, resulting in EMT (35); this mechanism is associated with hypermethylation of the miR-10 promoter in CRC tissues; however, studies with greater samples and in different stages to know the role in CRC progression were necessary. In a recent study, miR-10b was found to target Kruppel Like Factor 4 (KLF4), resulting in a classically metastatic and aggressive phenotype (36), but the molecular mechanism in CRC is not known.

The zinc finger E-box binding homeobox 1 (ZEB1) protein is the main element in EMT (37). ZEB1 can regulate expression of E-cadherin, vimentin, and various metalloproteases (25, 31). In CRC cells, ZEB1 can repress lethal giant larvae homolog 2 (LgI2) and promote metastasis (38). ZEB1 also contributes to the epigenetic silencing of E-cadherin and downregulates miR-34a expression. miR-34a helps remodel the cytoskeleton and improves the invasion and metastatic capabilities of CRC and colon CSC (39, 40). The invasiveness of a tumor can also be promoted by ZEB1 through the inhibition of plasminogen activator inhibitor-1 (PAI-1) and the activation of plasminogen activator (uPA); these are done by reducing its mRNA stability and through a mechanism involving histone acetyltransferase p300, respectively (31).

ZEB1 regulates other signaling pathways including TGFβ, Nanog, Notch, and canonical Wnt (β-catenin/TCF4) (41); this makes ZEB1 an ideal therapeutic target that can affect the population of CSC. Currently, there is no exclusive CSC marker nor an identified resistance mechanism that makes these cells less susceptible to conventional treatments. The miR200 family consisting of miR-200a, miR-200b, miR-141, and miR-429 (which all share a consensus seed sequence) have been gathering much attention, as they have been identified as key regulators of EMT, and are involved in reverse transition (23, 41). Other miRs can regulate cancer-related genes such as oncogenes or genes implicated in cell growth, cell survival, angiogenesis, and tissue differentiation. It was found that a miR-181a gene target, WiF-1 (Wnt inhibitory factor 1), leads to a potent liver metastasis effect by suppressing epithelial markers such as E-cadherin and β-catenin and by overexpressing the mesenchymal marker vimentin found in CRC tumor tissues with liver metastasis (42). In contrast, miR-19a has been stated to promote proliferation and invasion by targeting T-cell intracellular antigen-1 (TIA1), which is an important tumor suppressor reported in colon cancer cells (in vitro) and in a xenografted mice model (in vivo). Conversely, it has also been reported to inhibit tumorigenesis; this occurs through angiogenesis inhibition as a result of KRAS targeting (43). miR-17-92a is an exosomal miR cluster widely regarded as a protumoral miR (44), whereas miR-885-5p is overexpressed during CRC liver metastasis by inhibiting the cytoplasmic polyadenylation element-binding protein 2 (CPEB2), resulting in TWIST upregulation, which then leads to EMT. Both are detected in serum and CRC tissue but this requires validation with a greater number of samples.



CANCER STEM CELLS AND CIRCULATING TUMOR CELLS

As previously stated, epithelial tumor cells gain invasiveness and migratory abilities in the process of EMT; these are essential for successful metastatic spread and CSC generation (45). Diverse CSC clones can typically coexist within primary tumors, allowing for great intratumoral heterogeneity. After EMT, other CSC subpopulations may acquire properties such as quiescence, self-renewal, asymmetric division, drug resistance, and radiation resistance (46). Theoretically, under differing TME conditions, the CSC and non-CSC subpopulations undergo a dynamic conversion through EMT. Adversely, CSC can undergo the reverse mesenchymal–epithelial (MET) transition, which generates epithelial cells. These newly developed epithelial cells can be further extravasated into distant organs. It is known that disseminated cancer cells need to regain their epithelial phenotype to initiate the growth of a solid tumor at a secondary site (47).

Circulating tumor cells (CTC) are cells that have separated from the tumor mass and enter the bloodstream, and they originate either from primary sites or metastases that circulate freely in the peripheral blood. They have been detected in most epithelial cancers such as CRC (48). CTCs express similar markers as the cancer niche, and these markers are correlated with the occurrence of metastases and reduced survival in patients (49, 50). Furthermore, heterogeneous populations of CTC were detected as they demonstrated variants corresponding to different major regulatory pathways including KRAS, PIK3CA, and BRAF (51).



METABOLISM CHARACTERISTICS OF CSC THAT ENHANCE INVASIVENESS

The altered metabolism of CSCs causes them to fail in efficiently producing ATP, in part due to the hypoxic environment. Therefore, fulfillment of much of the energy requirements comes from glycolysis, which is the fastest energy-producing pathway (52–54) due to the Warburg effect that is characterized by high pyruvate and low lactate production (55–57). Furthermore, the high volume of glycolysis intermediates is then used in the pentose phosphate pathway (PPP) to produce ribose, which is necessary for nucleotide synthesis and in anabolic reactions for lipid synthesis (56, 58).

Interestingly, the Warburg effect and the enhancement of the PPP in CSCs seem to be responsible for the enhanced production of antioxidant molecules and the overall reduction of reactive oxygen species (ROS) demonstrated in vivo and in vitro models (15, 55, 59). CD44 (CD44v) expression in CSCs suppresses PKM2 (mice model), thereby decreasing pyruvate dehydrogenase activity and promoting PPP; these are all consistent with the stabilization of the cysteine/glutamate antiporter and elevated GSH levels (58, 60–62). All these lead to higher survival rates of CSC even in hostile environments (15, 57, 58). In isolated CRC, miR-124, miR-137, and miR-340 have been reported as being able to switch the Warburg effect's glycolytic mechanism into one involving oxidative phosphorylation in CRCs, which impairs cancer growth as a result (63). In the liver, miR-3662 suppresses the hypoxia-inducible factor (HIF)-1α-mediated Warburg effect in hepatocellular carcinomas, which results in an antitumor effect (64). Other research groups have reported several other miRs with different important observations regarding the Warburg effect. First, miR-145 reduces the Warburg effect by KLF4 silencing in bladder cancer (65), and second, in breast cancer, miR-548a-3p targets sine oculis homeobox 1 (SIX1), which is a transcription factor that causes the Warburg effect, and miR-30a-5p targets the lactate dehydrogenase A (LDHA)-mediated Warburg effect, thereby suppressing tumor growth and metastasis (66, 67). The aforementioned studies were done using animal models, hence showing the true potential of miRs in the biological system. Yet, we believe a CRC-focused study is essential, given the complexity and the tissue-dependent role of miRs.

In the liver, aldolase B, which is one of the three aldolase isoforms, participates in the interconversion of both fructose-1-phosphate and frutose-1,6-bisphosphate to dihydroxyacetone and glycerol-3-phosphate, which acts as a rate-limiting step for fructose metabolism in the liver (68–73). Moreover, aldolase A and aldolase B have been linked to EMT in colon cancer, as they seem to interact with HIF-1 (74). Moreover, another study in mice showed that metastatic CRC cells in the liver upregulate aldolase B (ALDOB), which then promotes fructose metabolism to fuel glycolysis, gluconeogenesis, and PPP, which is a mechanism that is not seen in primary sites (75).

CSCs also heavily rely on glutamine for their metabolic needs; this is supplemented by conversion of other circulating branched-chain amino acids to glutamate and further aminated to glutamine. It is known that glutamine metabolism regulates the sensitivity of CSCs to metformin via the AMPK-mTOR pathway (76). Furthermore, glutamine can be hydrolyzed to glutamate which can be used to produce GSH (60–62).

Therefore, CSCs can switch between glycolysis and oxidative phosphorylation (OXPHOS), but they also can be influenced by the cancer stroma microenvironment. For example, CAF-secreted metabolites including lactate and ketone bodies can lead to OXPHOS (77). Moreover, CSCs relying on OXPHOS have better use of their limited nutrients (52), and even when OXPHOS operates at a lower rate, it represents a more efficient source of ATP, providing a selective survival advantage to the CSCs (78).

Beyond energy production, mitochondria are also involved in cellular redox rate, ROS generation, calcium buffering, synthesis of intermediate molecules as acetyl-CoA and pyrimidines, apoptosis regulation, and immune modulation (52, 79). In contrast to other cancer cells, CSCs have enhanced mitochondrial activity, more ROS and higher rates of oxygen consumption, and an apoptosis deficit. Moreover, they depend on fatty acid oxidation of ATP and on NADH generation (77). Mitochondrial DNA (mtDNA) is a factor that regulates this metabolic flexibility due to it possessing genes encoding the electron transport chain; abnormalities in the mtDNA are associated with cancer progression and metastasis (79). Enhanced mitochondrial biogenesis is also a key factor for CSC functionality, whereas an increased mitochondrial mass can be used to identify cells with enhanced self-renewal capacity and chemoresistance (78).

A recent report on CRCs showed that cancer cells perform an alternative type of metabolism to reach the liver and establish secondary tumors. CRC cells induce the secretion of creatine kinase brain-type (CKB) into the microenvironment by downregulating miR-483 and miR-551a. CKB phosphorylates extracellular creatine to produce phosphocreatine, which is necessary to maintain cellular ATP levels. Moreover, the metastatic potential of cancer cells has been associated with the transcription co-activator peroxisome proliferator-activated receptor gamma co-activator 1 alpha (PGC-1α), which has been shown to couple oxygen consumption, OXPHOS, and mitochondrial biogenesis with the enhanced invasion characteristics of cancer cells (80).

Another metabolic stimulus derived from the TME is decreased extracellular pH levels, which are associated with CSC phenotypic features (e.g., slow-proliferating state, expression of stem cell markers, invasive capacities, and therapy resistance); this may also be involved in minimizing residual disease and long-term clinical dormancy/relapse (81). However, the transcriptional element sensitive to acidosis has not yet been reported. Decreased pH levels improve cell migration and invasion by enhancing the activity of matrix metallopeptidases and ECM remodeling (82). There have been clinical reports of pH effects on CRC liver metastasis, wherein acidic pH levels were associated with higher volumetric liver increase and a higher incidence of liver metastasis [62%] (83).

Hypoxia is a state characterized by low oxygen levels and, in cancer, is associated with changes in TME, leading to cancer progression. Under hypoxic conditions, CSCs express high levels of hypoxia-inducible factor 1α (HIF-1α), which in turn promote migration, invasion, and EMT (84). Upregulation of HIF-1α and HIF-2α under hypoxic conditions activates the change from OXPHOS to glycolysis through the expression of GLUT1 and glycolytic enzymes such as LDHA and pyruvate dehydrogenase kinase (PDH). However, a master regulator of gene expression in cancer cells under acidic conditions is HIF-2α, which acts through the activation of NAD+-dependent histone deacetylases (sirtuins) 1 and 6 (SIRT1/6), leading to the deacetylation of lysine residues in the HIF-2α regulatory amino-terminal transactivation domain (N-TAD) (85). In a rat liver colon cancer metastasis model, cells were injected into the portal vein, after which it was established that decreased pH significantly enhanced liver metastasis (83). By altering the states of hypoxia and levels of pH, we can see the influence on the energy balance of cells which is a crucial step in regulating invasiveness of pH regulator molecules such as monocarboxylate transporters, V-type H+ ATPases (V-ATPase), carbonic anhydrase (CA), Na+/H+ Exchanger (NHE), and Cl−/HCO3− anion exchanger 2 play critical roles in maintaining pH homeostasis. Regulation of pH through miR-34a and miR-34c has been reported to regulate lactate dehydrogenase. Moreover, miR-24 and miR-224 play crucial roles in cancer progression by regulating the expression of their target pH regulatory molecules CAIX, Cl−/HCO3− anion exchanger 1, and SLC4A4 (a Na+-coupled HCO−3 transporter), respectively. Furthermore, miR-494 expression in intestinal epithelial cells under acidic pH and lowered miR-224 expression in colorectal cancer are associated with methotrexate resistance (86).

Upregulation of miR-210 and miR-21 and downregulation of miR-126 expression are potential CRC biomarkers because of their participation in HIF-1α/VEGF signaling during the initiation of colon cancer. In a hypoxic microenvironment, achaete scute-like 2 (Ascl2) is overexpressed, leading to EMT by miR-200b repression while allowing regulatory feedback for CRC EMT-MET plasticity. Conversely, miR-199a downregulation has been associated with metastasis in CRC by enhancing HIF-1α/VEGF expression. In CRC, p53 downregulates miR-107, which, in turn, enhances HIF-1β expression. miR-107 overexpression reduces tumor growth, VEGF expression, and angiogenesis. Moreover, in CRC, miR-145 expression is reduced, which can regulate p70S6K1 expression, which, in turn, targets HIF-1-α and VEGF. miR-145 expression is negatively correlated with p70S6K1, which acts as a tumor suppressor in CRC (87).

In TME, hypoxia attracts tumor-associated macrophages (TAMs), which through IL-10 and IL-12 contribute to migration, invasion, and metastasis; moreover, adipocytes provide fatty acids as an energy source (88). Endothelial cells increase the expression of miR-210 via HIF-1α, which downregulates ephrin A3, resulting in decreased migration and decreased capillary-like endothelial cells (89). At the same time, HIF-1α contributes to autophagy and aerobic glycolysis, stimulating CAF, which contributes to tumor progression (84). Furthermore, hypoxia has been shown to increase the secretion of tumor-derived procollagen-lysine and 1-oxoglutarate 5-dioxygenase (PLOD1). PLOD1, which is an HIF target that hydroxylates lysine residues on collagen, promoting the formation of mature collagen crosslinks, which has been reported to facilitate metastasis (90). Moreover, it is worth noting that PLOD1 expression is upregulated in gastrointestinal cancer compared with normal tissues, predominantly in gastric cancer associated with the overexpression of p53 (91).

Under these conditions, CSC is more resistant to chemotherapy and radiotherapy because of the induction of HIF signaling and upregulation of stem pathways such as CD44 and Notch. Furthermore, CSC is more resistant because of lower ROS production. Moreover, CSC in a hypoxic microenvironment demonstrates immunosuppressive and immune evasion properties: for example, VEGF suppresses dendritic cell function and promotes the expression of PD1 ligand (PD-L1), which generates resistance to cell immunity. In clinical settings, the use of anti-PDL1 drugs is currently becoming an adopted strategy. Also, a downregulation of MHC complexes occurs that leads to immunosuppressive effects (92). Although HIF-1α expression is not associated with the primary lesion, it may be used as a prognostic marker in metastasis.



MIGRATING CSC AND METASTASIS

The spread of colorectal CSC from the primary tumor to a secondary tumor requires phenotype changes such as the development of CTC. They require the formation of clusters together with stromal cells (e.g., fibroblasts, endothelial, tumor-infiltrated myeloid cells, or pericytes) to increase the viability of tumor progression, as shown in Figure 2. Pericytes promote the formation of CTC groups termed as circulating tumor microemboli, which are formed by 2–50 CTC with improved metastatic potential and tumor progression (15, 93).
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FIGURE 2. Colonocytes (from the primary tumor) undergo EMT. During EMT, initial activation of miR-181a leads, whereas further activity is accomplished by miR-885-50, thereby converting colonocytes to CSC. Macrophages play a key role as they help induce hypoxia and MMP activation, which ultimately leads to ECM removal. CSCs then convert to CTCs and migrate. The primary site for CTC migration is the liver; here, colon CTCs are further assisted by bone marrow stem cells to establish a new metastatic niche after which they invade.


As previously mentioned, certain CTC have all the hallmarks of CSC. They could develop metastasis, including the shedding and invasion of primary cancer cells into the circulatory system. They also have the abilities of migration, penetration of the vascular endothelial cell layer, tissue invasion, cell proliferation, and angiogenesis (93). Moreover, during tumor progression, some of the epithelial cells convert to CSC through EMT, thereby promoting angiogenesis. In vitro, these endothelial cells can transdifferentiate and acquire mesenchymal or myofibroblastic markers such as α-SMA and type I collagen with the stimulation of growth factors such as TGFβ, which leads to endothelial cytoskeleton remodeling and increased vessel permeability (94). Although there are other mechanisms of tumor dissemination and metastasis progression, we will focus on the most reported.

During cancer, EMT is regulated by extracellular stimuli derived from TME such as growth factors, cytokines, and physical stresses including hypoxia (45). Growth factors such as TGFβ can inhibit E-cadherin expression, which stimulates the relocation of the membrane in CRC during the invasion step (23). In detail, TGFβ production is stimulated by hypoxic stress from myeloid cells, mesenchymal cells, and CSC. Development of hypoxia activates genes encoding glucose transport, glycolytic enzymes, VEGF, PDGF, bFGF, erythropoietin, angiopoietin, and placental growth factor (95). Combined, these genes help promote angiogenesis and metastasis (90).

Recently, stem cell markers have been used to identify three CSC subpopulations within liver metastasis from CRC samples isolated from patients. One population within the tumor niche had the markers SOX2+/NANOG+/KLF4+/c-MYC+/OCT4−, and two populations in the peritumoral stroma had the markers SOX2+/NANOG+/KLF4+/c-MYC+/OCT4− and SOX2+/NANOG+/KLF4+/c-MYC+/OCT4+. The presence of OCT4 in the stroma was theorized to represent the most primitive subpopulation of CSC. This report showed that a highly specialized microenvironment plays an important role in maintaining the stem cell pool in liver metastasis (96). Interestingly, this specialized microenvironment can express components of the renin–angiotensin system (PRR, ACE, ATIIR1, and ATIIR2) in a wide variety of cancers including CRC (97). Stromal cell-derived factor 1 (SDF-1) is another factor that upregulates E-cadherin expression. The process of E-cadherin redistribution on the cell surface indicates that EMT has a regulation that seems to be crucial in tumor spread; however, more analyses of epithelial status at different stages of the metastasis process is needed. Moreover, SDF-1 is expressed in stromal cells such as fibroblasts and endothelial cells in vitro, and its interaction with the CXCR4 receptor on the CSC improves CRC liver metastasis because of its chemoattractant role (98).

Pericytes and endothelial cells promote intravasation, which is the process wherein cancer cells move into the blood and lymphatic flow (15); however, tumor progress for angiogenesis due to the increased expression of metalloproteases and growth factors depends on the high expression of VEGF-A and Wnt7B, which are both expressed by macrophages that co-express Tie2. These macrophages mediate the loosening of vascular junction and enhance vascular permeability and MMP-9 expression by tumor-associated neutrophils. MMPs (MMP-2, MMP-3, MMP-7, MMP-9, MMP-13, and MT1-MMP) degrade the ECM, which then facilitates the extravasation of tumor cells and CSC (99). Endothelial cells, pericytes, and TAMs contribute to tumor intravasation by performing pro-angiogenic effects; conversely, VEGF, colony-stimulating factor-1 (CSF-1), and Ang2 induce neo-vessel formation via the expression of interleukin 8 (IL-8) (5, 100) in murine cancer models.

Not all CTC or CSC that undergo extravasation can generate metastases. Some CTC are not completely differentiated and have both epithelial cell markers such as epithelial CAM and mesenchymal cytokeratin markers such as cytokeratin (CK)-8, CK18, and CK19 (48). Subclones with an intermediate phenotype are known to have the greatest plasticity for microenvironment adaptation. These populations generate a more aggressive cell type with resistance to therapy and metastatic growth in breast cancer (101).

Aside from the difference between CTCs and primary tumor cells, heterogeneity also exists in different CTC subpopulations. Malara et al. showed different biological behaviors in two expanded CTC (eCTCs) subpopulations derived from patients with colon cancer. First, an eCTC subpopulation expressed CXCR4+CK20+; these were not tumorigenic cells. Next, a second eCTC subpopulation that additionally expressed CD45−CD133+ were tumorigenic. Patients with different CTC prevalence had different clinical outcomes (102). Thus, on the basis of this heterogeneous CTC composition, many researchers now believe that traditional clinical treatment strategies might not be useful for patients with metastasis, as these strategies are often based on the pathological and molecular characteristics of the primary tumor. This shows that CSC migration and metastasis are achieved by a combination of characteristics from cells; also, these microenviroments have been studied by different groups; nonetheless, CSC are capable of changing these properties to improve their survival and metastasis.



PRE-METASTATIC NICHE

CTC invasion requires preparation of the microenvironment to allow for the development of metastasis (93). To establish the pre-metastatic niche, a series of contributors are necessary: (1) tumor-derived secreted factors, (2) extracellular vesicles, (3) immune cells, and (4) cell and molecular changes in distant organs that promote mobilization of bone marrow-derived cells and contribute to niche formation and tumor cell homing (103, 104).

In recent years, small non-coding RNAs such as microRNA (miR) have gained traction for their roles as regulatory factors in angiogenesis or in tumor metastasis during CRC (18, 104), as shown in Table 2. Other components of microenvironments involved in CRC progression to liver metastasis include immune cells such as CD11b+ myeloid cells that express integrins and various chemokines (CXCR2-CXCL1, CXCL12-CXCR4, and CCL12-CCR1) studied in a murine model of liver metastasis (126). Moreover, tumors and endothelial cells express sphingosine-1-phosphate receptor 1 (S1PR1) in a CRC murine model, which is a key element involved in the persistent activation of signal transducer and activator of transcription-3 (STAT3). STAT3 regulates inflammatory mediators (e.g., IL-6, IL-10, and TNFα, and GM-CSF) (127). Similarly involved are TAMs that release factors that contribute to tumor growth, immunotolerance, angiogenesis, and therapy resistance. M2 macrophages have protumor activity and are recruited in the metastatic and pre-metastatic niche by the cytokines CCL2, CCL5, VEGF, and CSF-1. In vitro studies have shown that in primary tumor, CAFs secrete fibronectin and lactate, which, when accumulated, have an inhibitory effect on natural killer (NK) cell activity while concomitantly promoting the expansion of M2 macrophages (Figure 2) (128, 129).


Table 2. miRNAs in premetastatic and metastatic niche.
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Liver metastasis in CRC patients, which is not the only one presented, is most common because of the anatomical situation related to portal circulation (2). Once CSCs lose intercellular junctions in the primary tumor, they can diffuse through blood or lymphatic circulation and migrate into the portal system to the liver. They can traverse the endothelial barrier of the portal vessels, attach to hepatic sinusoids, and interact with sinusoid cells, Kupffer cells (KCs), hepatic stellate cells (HSCs), liver sinusoidal endothelial cells (LSECs), dendritic cells, liver-associated lymphocytes, and portal fibroblasts. ECM collagen and the cellular components of the liver adapt to the hypoxic environment, begin angiogenesis, and finally expand and metastasize. Metastatic lesions regularly respect the hepatic capsule and intersegmental layers, thus respecting nearby structures (130, 131); this process is illustrated in Figure 3.


[image: Figure 3]
FIGURE 3. Circulating CSCs in the liver receive inflammatory signals such as VEGF and IL-8 from TAMs and pericytes. Signaling permits the conversion to CTC, which can then migrate and establish a new tumor niche. Assisted by hepatic stellar cells (HSCs) that transition to myofibroblasts, resulting in a fibrotic environment. Hepatic sinusoidal endothelial cells help to establish a new metastatic site.


Based on a large number of studies, liver metastasis progress is divided into four phases: (1) CSC liver infiltration, (2) interlobular micrometastasis, (3) angiogenesis, and (4) established hepatic metastasis (131). The first phase occurs within the sinusoids, whereas the following steps are further metastatic steps that affect the inner hepatic parenchyma. Moreover, resident cells generate multiple tumorigenic effects, promoting either elimination, CTC, or liver colonization. Here, a set of molecular pathways are involved including nitric oxide and ROS, as well as the expression of adhesion molecules such as selectins and integrins by the same cells. Also involved are phagocytosis, cytokines such as TNFα and TGFβ, interferon gamma (IFNγ), interleukins (IL-1, IL6, IL8, IL-10, IL12, and IL18), growth factor monocyte chemoattract protein-1 (MCP-1), and macrophage inflammatory protein (MIP-1) released by KCs and HSCs (132).

As mentioned before, macrophages are recruited to the liver transfer exosomes and to the KC, secreting TGFβ, which then promotes the production of fibronectin by HSC. When fibronectin accumulates, TAMs are recruited and form the pre-niche (Figure 3) (131). This was confirmed in a murine model of metastasic pancreatic ductal adenocarcinoma (PDAC). Expression of granulin by macrophages stimulates HSC for differentiation into myofibroblasts, which in turn releases periostin, creating a fibrotic environment in the liver that sustains tumor growth (133). Similarly, human hepatic sinusoidal endothelial cells in vitro express macrophage migration inhibitory factor (MIF-1), which induces EMT, migration, proliferation, and apoptotic resistance in CRC cells (134). Finally, angiopoietin-like 6 protein from the LSEC induces liver colonization of CRC cells and correlates with CRC progression in in vitro models (135).

The liver suffers different changes from correct establishment of metastasis, generated mainly due to CSC and its released factors. Moreover, other factors such as genetic mutations or epigenetic changes that improve CSC colonization in different tissue should be studied.



LIVER METASTASIS AND COLORECTAL CANCER

Once the microenvironment in the liver has been achieved, a series of changes occur in the cellular architecture that can lead to an inflammatory response (e.g., IL6-STAT3), which leads to metastasis in aggravated cases (136–138). The elevated expression of CD66e, which is also known as the carcinoembryonic antigen (CEA) or CEACAM5, is a common change because it is a widely expressed receptor in human carcinomas. Therefore, CEACAM5 is currently being evaluated as a determinant of the CRC state as its elevation is associated with metastasis (139, 140).

CEACAM5 affects the liver as follows: first, it protects circulating CRC cells from death through the inhibition of anoikis (an apoptosis mechanism in detached cells that occurs through a TRAIL-DR5 translocation). CEACAM5 binds the human RNA binding protein M4 in KC, and consequently blocks downstream translocation of DR5. Second, the bound form of CEACAM enhances the KC microenvironment by activating fibroblasts, which in turn facilitate CRC growth (139, 141). ECM expression of the α5β1 integrin/fibronectin interaction then leads to cell survival (142–144). Finally, CEACAM5 upregulates adhesion molecules such as E-cadherin and N-cadherin, thereby promoting aggregation (cell survival) and metastasis (139, 140, 144–146). Closely related is CD66c (or CEAMCAM6), which has also been implicated in reducing life expectancy, as it has been identified to be involved in similar signaling strategies (141, 147). A unique feature of CEACAM6 is its promotion of HER2 and TGFβ interactions. Overexpression of CEACAM6 increases SRC activity, leading to the enhancement of IGF-1 secretion resulting in MMP-2 and MMP-7 activation and ECM rearrangement (147). This knowledge has been demonstrated in vitro and clinical data; however, detailed mechanisms remain to be elucidated.

Increased accumulation of mutations in genes encoding downstream signaling pathways are well-studied drivers of CRC metastasis. Studies have shown that mutations in the MAPK/ERK pathway (KRAS), p53 pathway (TP53), Wnt/β catenin pathway (APC), and the PI3K/Atk pathway (PIK3CA) in clinical CRC samples from patients are the most influential drivers of liver metastasis. These have emerged as the most important biomarkers that determine the biological state of the tumor and provide clinical significance to patient outcomes (148–150).

The RAS family of proteins belongs to the guanosine-5′-triphosphatase family, among which KRAS is a well-studied member. Primarily functioning as a signal transducer, KRAS can work both as a positive and negative stimulator of the MAPK/ERK signaling pathway and is activated by ligands binding to RTKs (151). When activated, KRAS becomes adherent to the membrane by the prenylation of the CAAX domain with farnesyl transferase, subsequently inducing SOS1/2 phosphorylation. Primarily, activated RAS can signal either the PI3K or MAPK pathways. In CRC, KRAS activation has been associated with rapid and aggressive metastasis to the liver (150, 152). Further mutations such as KRASQ61, overamplify the effects of EGF even at low concentrations, whereas KRASG12 requires a translocation to become active, in all cases causing a positive feedback over the RAS-RAF-MEK-ERK axis (153) resulting in increased cell proliferation.

Moreover, IGF-1R (Insulin-like Growth Factor 1 Receptor) seems to increase during the anti-EGF state by immunotherapy. Both IGF-1R and STAT3 stimulate CRC development due to microenvironmental effects (6). CRC cells tested with monoclonal antibodies showed not only IGF-1R mRNA overexpression but also the overexpression of PI3K (153, 154). Interestingly, the PI3K/Akt pathway activates during EGF resistance, and its inhibition reverses resistance. A further IGF-1R knockdown blocks Akt activation, which is a known therapeutic target. Therefore, it is postulated that IGF-1R, as well as PIK3CA (the PI3K subunit), can induce secondary resistance to anti-EGFR therapy in CRC (153).

TP53 acquired mutations have been shown to affect a plethora of cancers including colon, stomach, breast, lung, brain, and esophageal cancers, and estimations indicate that over 50% of all cancer cases contain TP53 mutations (154–159). In CRC, missense mutations in the DNA binding domain lead to its oncogenicity. Several p53 amino acid hotspots such as R175, G245, R248, R249, R273, and R282 are known to induce “gain of function” properties. Moreover, these malignant mutations are correlated to a poor survival rate in patients; as such, these function as crucial survival biomarkers (160). These mutations are known to translocate with p63 (DNp63a) and p73, which accelerate TGFβ (increase RhoA activity) or the proto-oncogene BRAF (through EGF) metastasis (157, 161). A mechanism involving ΔNp63α (1 of 5 possible Tap64 isoforms related with oncogenic properties) activated by miR-527/665 repression suppresses the KSRP regulatory factor thus, miR-198 (a regulatory miR) switches off upregulating SMAD4 and TGFβR2 (114) in-vitro and in-vivo. In conclusion, in addition to the well-known role of TPs oncogenes, the microRNA network is largely implicated in cell development and upkeep, and is currently the focus of many research groups.

Additionally, R248Q and R273C have been reported to bind and induce histone acetylation and increase HER2 protein levels, which is typically observed in 5–14% of RAS- and IGF-related CRC (147, 162, 163). Another important aspect of survival is the upregulation of NF-κβ and TNFα by blocking the effects of the tumor suppresor protein DAB2IP, as p53 mutants provide activation by increasing the production of cytokines IL-6, IL-11, and IL-23 (pro-angiogenic), as well as the production of cancer cells due to cytotoxic effects happening in the environment (Figure 4). Directed rearrangement to the microenvironment regulated by p53 mutants is exhibited as a high expression of CXCL5, CXCL8, and CXCL12, which endorses cells to migrate, grow, and invade and reshape antitumor mechanisms to its advantage as part of chronic tumor adaptation and growth (157).
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FIGURE 4. Roles of key processes in cancer stem cell metabolism during metastasis. Energy production occurs through the enhanced ATP production via glycolysis, amino acid metabolism (greater acetyl-CoA production), and OXPHOS (efficient use of nutrients). Furthermore, energy is also induced by hypoxia as HIF-1a and 2a (elevated GLUT1, ALDH, and PDH) both lead to OXPHOS and glycolysis. Additionally, potential damage to cells is reduced by NADPH as FAO activity and the Warburg effect increases, leading glycolytic intermediates to PPP. As hypoxia increases, the pH levels decrease, leading to MMP and ECM remodeling. Meanwhile, HIF-2a induces CD44 variants and the NOTCH signaling pathway, both activities acting in concert with decreased pH levels, thereby leading CSC to migration, invasion, and EMT.


APC mutants have been found in over 80% of CRC patients; additionally, hypermethylation has been described in nearly 20% of patients (164). Recently, a new player has emerged for its direct role in mediating functions of a mutated APC, namely, lncRNA-APC1. lncRNA (long non-coding RNA) APC1 is a downstream effector of APC and is independent of β-catenin (normally, it serves as a regulatory negative feedback product). It exerts strong antiangiogenic effect in vivo and in xenograft murine models by remarkably reducing exosome production through the Rab proteins (Ras mediates signaling). Rab5b levels seem to be upregulated during lncRNA-APC1 silencing in CRC, which, when further tested, has its silencing correlated to cell proliferation. Furthermore, subsequent testing demonstrated p38/MAPK, JNK, ATK, and Rho dependency on exosome production (165).

PIK3CA gene encodes for the p110α subunit of type I PI3Ka, and mutations in this gene are prevalent in ~30% of CRCs. Its primary function is to produce PIP3 as a way of inducing PDK1 and ATK signaling. PI3K expression combined with the loss of APC activity concludes in metastasis. It should be noted that both PI3K and APC mutants are strong biomarkers because their levels can help indicate a response to chemotherapy in preoperative patients (148).

As mentioned above, many aspects of liver metastasis have been revealed; however, better understanding of the biomarkers that have been reported as therapeutic targets is still required. There also exists the question: to what extent can the damage caused to the liver be reversible through therapeutic strategies? What we know is that out of the patients who undergo liver resectioning as a treatment, 75% have recurrence within the first 2 years after surgery that can be both intrahepatic and extrahepatic (146, 166). Therefore, new approaches that are specific against relevant cell populations, or are triggered by remaining cell types, are required to promote metastasis. Lastly, the underlying role of exosome-mediated extracellular communication has been progressively elucidated; its cargo, namely, proteins, transcription factors, growth factors, and several miRs (oncomirs) have been identified as important biomarkers, chemotherapy resistance, of prognostic value or very plausible therapeutic targets.



CSC POTENTIAL THERAPEUTIC TARGETS

Based on the various biological characteristics of CSCs, it is clear that they represent important targets against tumor progression and metastasis (6). Targeting CSCs via their unique signaling pathways (Sonic hedgehog (Shh)/Patched (Ptch)/Smoothened (Smo), Notch/Delta-like ligand (DLL), CXC chemokine receptor 1-2/CXCL8/FAK, Wnt, β-catenin, STAT3, and Nanog), metabolic reprogramming, targeting ABC transporters, and the use of non-coding RNA, represent promising strategies (167, 168). Napabucasin is a first-in-class cancer stemness inhibitor that targets STAT3. Furthermore, clinical evaluation of napabucasin was recently completed in a phase III clinical trial in CRC patients. Although no significant difference in overall survival was seen when comparing between the napabucasin and placebo treatment groups, in a subgroup of patients with pSTAT3-positive tumors, napabucasin treatment led to improved survival (169). However, because of the inherent heterogeneity of CSCs, targeting a single molecule or pathway may not be an effective strategy since CRC (and most cancers) rely on alternative pathways to avoid cancer checkpoints; therefore, encompassing most pathways may dictate better therapy; some of these are discussed later.

Immunotherapy represents an important emerging field in tumor therapy (170). A chimeric antigen receptor-modified T-cell (CAR-T) cocktail immunotherapy targeting CD133 and EGFR showed a longer partial response than single CAR-T target therapy in a patient with advanced CRC (171). Immune checkpoint inhibition is another immunotherapy strategy that has been recently applied to CRC. Programmed cell death protein 1 (PD-1) is expressed in T-cells, and PD-L1 is constitutively expressed in cancer cells. PD-L1/PD-1 interaction dysregulates T-cell activity, inducing exhaustion, apoptosis, neutralization, and promoting the production of IL-10, which in turn reduces cytotoxic T-cell (CD8+) activity, promoting cancer development and progression by enhancing tumor cell proliferation and survival (172). The PD-1/PD-L1 blockade has shown positive results in CRC patients with microsatellite instability-high or MMR-deficient (MSI-H) cancers, which is a type of CRC characterized by high somatic mutations (173). In 2017, both PD-1 inhibitors nivolumab and pembrolizumab were approved for the treatment of MSI-H CRC in the United States for treatment-refractory metastatic CRC (170). Pembrolizumab and nivolumad, under the commercial names of Keytruda and OPDIVO, respectively, have been approved by the FDA since 2014. Nevertheless, for better results, CRC immunotherapy requires a combination of PD-1/L1 and/or CTLA4 inhibition agents such as Nivolumab and Ipilimumab. Several TME factors may contribute to this therapy such as low T-cell infiltration, low number of type 1 T-helper cell activity, and low immune cytotoxicity (170).

Another approach of this type of CRC therapy is the use of vaccines with only peptides, peptide-expressing viruses, peptide-loaded antigen-presenting cells, or the application of peptide-specific T-cells that bind to human leukocyte antigen so that they can be recognized by T-cells for a specific antitumoral immune response. One of the first tumor-associated antigens ever identified was the CEA, which is also overexpressed in CRC as mentioned before (174). There are ongoing clinical trials of this type of immunotherapy in metastatic colorectal cancer (NCT03555149, NCT00154713, NCT02380443, and NCT04110093) in Phase II.

Although this is a very promising strategy because of it can regulate expression, the TME still plays a key role in progression; therefore, current treatments should focus on combining different strategies by attacking the primary tumor and metastasizing it against different cell targets. One of the most promising is the use of miR as therapeutic targets since these are specific and do not develop resistance. These are directed not only against CSCs (40) but also against pericytes and endothelial or inflammatory cells that promote tumor angiogenesis and metastasis.

As mentioned above, many aspects of liver CSC biology have been revealed through great efforts and contributions by various research groups. However, various physiological and mechanistic questions regarding liver CSCs remain to be elucidated. The current understanding of biomarkers has given us several tools to better diagnose and understand the future of prognosis in patients with CRC and liver metastasis. Known protein interactions, mutations, and other gene and protein identification techniques are at the forefront of current clinical usage (169).



CONCLUSION

Many aspects of liver CSC biology have been revealed through great efforts, which have contributed in the elucidation of the important role of exosomes and miRs. Both of these are key components with proven roles in helping establish the pre-metastatic niche, participating in TME development, assisting in angiogenesis, and, most importantly, dictating micrometastasis regulation. Furthermore, both exosomes and miRs tend to favor pathways that induce chemoresistance in cells, as well those that aid cell invasion through EMT. However, various physiological and mechanistic questions of the roles CSCs play in liver metastasis remain to be elucidated, such as those regarding certain regulatory factors, which undoubtedly will be the next therapeutic targets in the study of metastasis.

Our current understanding of biomarkers has given us several tools to better diagnose and understand the future of prognosis in patients with CRC and liver metastasis. Known protein interactions, mutations, and other gene and protein identification techniques are at the forefront of modern-day clinical use. Currently at its early stages, research on miRs seems to have great potential as many miRs tend to be exported by exosomes. These miRs can be directly detected in serum, blood, urine, and other major fluids; hence, studies that combine multiple techniques and novel therapeutic approaches will improve the prognosis of liver metastasis in CRC patients.
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MacroH2A1 has two splice isoforms, macroH2A1.1 and macroH2A1.2, that have been studied in several form of cancer. In the literature there are not many scientific papers dealing with the role of macroH2A1 in breast cancer. Breast cancer is the most frequent form of malignancy in females. It tend to metastasize to the bone in ~70% of patients. Despite treatment, new bone metastases will still occur in 30–50% of cases with advanced disease. Overall 5-year survival after the diagnosis of bone metastasis is ~20%. Osteoclasts and osteoblasts of the bone microenvironment are engaged by soluble factors released by neoplastic cells, resulting in bone matrix breakdown. This malfunction enhances the proliferation of the cancer cells, creating a vicious cycle. We investigated immunohistochemical expression of macroH2A1 in primitive breast cancer, focusing on the comparison of metastatic and non-metastatic cases. Furthermore, the immunohistochemical expression of macroH2A1 has been evaluated both in all cases of nodal metastases and in distant metastases. Our data demonstrated that macroH2A1 expression was higher expressed in metastatic breast cancer (77%) vs. non-metastatic breast cancer (32%). Also in analyzed metastases cases, a high macroH2A1 expression was detected: 85 and 80% in nodal and distant metastases cases, respectively. These results supported the fact that macroH2A1 is more highly expressed in breast cancer with worst prognosis.

Keywords: breast cancer, macroH2A1, immunohistochemistry, metastases, prognosis


INTRODUCTION

Breast cancer actually represents a global health challenge and is still one of the most relevant topics in biomedical research. Worldwide, it is the most frequent form of malignancy in females and incidence and mortality rates are predicted to significantly increase in years to come. The incidence of breast cancer with ~1,700,000 new cases each year remains alarmingly high; and these data suggest that several steps taken forward so far in the prevention setting are not yet sufficient (1–3). Both incidence and mortality rates are expected to be disproportionately high in developing countries and are estimated to reach 55% increased incidence and 58% greater mortality in 20 years (3). Breast cancer spreads to the bone in ~70% of cases with advanced tumor. Despite treatment, new bone metastases will still occur in 30–50% of patients. Only 20% of patients with bone metastases survive 5 years after the diagnosis of bone metastasis (4).

Substantial progress has been made to understand histone H2A variants, their correlation to normal cellular function and to cancer development and progression (5). MacroH2A1 is a histone variant consisting of C-terminal macro domain (6), it is enhanced by the inactive X chromosome (X1) in mammals, infact it plays a fundamental role in gene expression inhibition due to X inactivation (7–9). Although the majority of studies of macroH2A1 demonstrate its role in transcriptional repression with consequent inactivation of genes encoding the factors that affect osteoclastogenesis and metastatic spread in breast cancer cells (10) recent studies revealed that macroH2A1 protects a subset of its target genes from silencing (11–20). Thus, macroH2A1 also participates in signal-induced gene activation (11–20) because is also found in large chromatin domains marked by acetylations (12, 14, 15, 19). Indeed, genes present in macroH2A1 domains can be either positively or negatively regulated by macroH2A1 depending of the specific chromatin microenvironments (12).

MacroH2A1 has two splice isoforms, macroH2A1.1 and macroH2A1.2, that have been studied in several form of cancer (7, 10, 12, 21–26), but in breast cancer the function of macroH2A1 has not been much evaluated.

We investigated the immunohistochemical expression of the human histone variant macroH2A1 in 54 primitive breast cancers, both in presence and in absence of nodal metastases. The immunohistochemical expression of macroH2A1 has been evaluated in nodal and distant metastases, too. This work focuses attention about the correlation between primitive tumors and metastasis and about the relationship between macroH2A1 expression and prognosis in terms of metastatic risk, in order to recognize a potential biomarker capable of predicting the natural history and the prognosis of breast cancer.



MATERIALS AND METHODS


Patients and Tissue Samples

Histologic specimens of 54 cases of primitive breast cancer treated with quadrantectomy and sentinel limphnode biopsy followed by axillary limphadenectomy if sentinel node was positive, were retrospectively analyzed. Furthermore, all cases of nodal metastases (n = 26) and distant metastases (n = 5) from the same patients were included in the analysis. Formalin-fixed and paraffin-embedded tissue specimens were obtained from the files of the Sections of Anatomic Pathology of the Department “Gian Filippo Ingrassia,” University of Catania, and of the Department of Human Pathology in Adult and Developmental Age “Gaetano Barresi,” University of Messina. We adopted the following exclusion criteria in the choice of the cases: (i) it was no possible to obtain additional slides from paraffin blocks for immunohistochemical evaluation; (ii) no representative neoplastic tissue was contained in paraffin blocks.

Because of the retrospective nature of the study, no written informed consent was necessary; the research protocols were conformed to the ethical guidelines of the Declaration of Helsinki.

Fifty-four female patients at an average age of 58 years (range 28–81) were part of the study. In particular, the patients with nodal metastases at the time of surgery were 26 at an average age of 57.5 ± 10.1 years (range 40–81). Conversely, patients with non-metastatic disease were 28 at an average age of 59.1 ±12.6 years (range 28–79) (Table 1). The five distant metastases were located to the bone (n = 1) and to the brain (n = 4).


Table 1. Demographics, tumor parameters, histotypes, presence/absence of metastasis, molecular subtype, and macroH2A1 expression in primary breast cancer (n = 54).
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Three patients with nodal micrometastasis (> 0.2 mm and < 2 mm in its greatest diameter, according to the 8th Edition of TNM Classification) were considered as non-metastatic. Regarding histotypes, 41 cases were classified as invasive ductal carcinomas of no special type, seven cases as tubular carcinomas and six as invasive lobular carcinomas. According with the Elston-Ellis grading (based on tubule formation, mitotic count and nuclear pleomorphism), ductal carcinomas were graded as low grade (G1, n = 4), intermediate grade (G2, n = 14) and high grade (G3, n = 10). Based on nuclear grading, lobular carcinomas were classified as G2 (n = 2) and G3 (n = 1). Considering the 8th Edition of TNM classification, 26 cases of breast cancer with nodal metastases were staged as follows: pT1b N2a (n = 1, 3.85%), pT1c N1a (n = 4, 15.38%), pT1c N2 (n = 1, 3.85%), pT1c N2a (n = 4, 15.38%), pT1c N3a (n = 2, 7.69%), pT2 N1a (n = 7, 26.92%), pT2 N2a (n = 2, 7.69%), pT2 N2b (n = 1, 3.85), pT2 N3b (n = 2, 7.69%), pT3 N3 (n = 1, 3.85), and pT4d N2a (n = 1, 3.85%). TNM staging in 28 non-metastatic mammary neoplasms was: pT1b N0 (n = 4, 14.29%), pT1b N1mi (n = 1, 3.57%), pT1c N0 (n = 15, 53.57%), pT1c N1ami (n = 1, 3.57%), pT2 N0 (N = 5, 17.86%), pT2 N1ami (n = 1, 3.57%), and pT3 N0 (N = 1, 3.57%). Finally, based on original pathologic report, metastatic cases were classified in molecular subtypes as follows: luminal A (n = 2, 7.69%), luminal B/HER-2 + (n = 7, 26.92%), luminal B/HER-2–(n = 11, 42.31%), HER-2 + (n = 3, 11.54%), triple negative/basal like (n = 3, 11.54%); as regards non-metastatic patients: luminal A (n = 18, 64.29%), luminal B (n = 2, 7.14%), luminal B/HER-2 + (n = 3, 10.71%), luminal B/HER-2–(n = 4, 14.29%), HER-2 + (n = 1, 3.57%).



Immunohistochemistry

Histologic specimens were treated as previously reported (27–29). Briefly, the deparaffinized slides underwent pretreatment with 10 mg/mL of ovalbumin in phosphate-buffered saline (PBS) followed by 0.2% biotin- PBS, each for 15 min at room temperature, and they were rinsed for 20 min with PBS (Bio-Optica, Milan, Italy) in order to obtain the reduction of the non-specific staining caused by endogenous biotin. The antigenic unmasking was obtained by microwave pretreatment. Then the slides were incubated overnight at 4 °C with rabbit polyclonal anti-macroH2A1 antibody (ab37264; Abcam, Cambridge, UK) diluted 1:200 in PBS (Sigma, Milan, Italy). Sections were counterstained with hematoxylin, dehydrated, mounted (Zymed Laboratories, San Francisco, CA, USA), and observed with a light microscope (Carl Zeiss, Oberkochen, Germany).

The evaluation of the immunohistochemical studies was performed separately by six pathologists (AI, GT, RC, DR, SS and GB) without access to clinical and other pathologic data of the patients.

MacroH2A1 was considered as positive if brown chromogen was observed in the cellular nucleus. Non pathologic skin was used as a positive control, while we obtained a negative control omitting the primary antibody.

The evaluation of both the intensity of the staining and the extent of positive cells was performed by light microscopy as previously reported (21, 30, 31). The intensity of staining (IS) was subclassified into four levels (0–3): absence of staining = 0, mild staining = 1, moderate staining = 2, and strong staining = 3. Similarly, five levels of extent score (ES), the percentage of immunoreactive cells, were identified: <5% (0), 5%−30% (+), 31%−50% (++), 51%−75% (+++), and >75% (++++). ES was evaluated at 200× magnification. The intensity reactivity score (IRS) was obtained multiplying the intensity of staining (IS) and the extent score (ES): if the IRS was ≤ 6, the macroH2A1 expression was assumed as “low” (L-IRS), while “high” (H-IRS) in presence of an IRS >6.



Statistical Analysis

The data were plotted using Prism for Windows v 6.07 (Graphpad Software; CA, USA).




RESULTS

The average age of patients was 58.3 ± 11.4 years in all cases. Considering the whole group (n = 54), macroH2A1 H-IRS was observed in 29 (54%) primitive breast cancers (Figure 1) and L-IRS in 25 (46%) (Figure 2).


[image: Figure 1]
FIGURE 1. MacroH2A1 in breast cancer. Strong and diffuse nuclear positivity in high grade (G3) ductal carcinoma at medium (A) and high magnification (B) [Immunoperoxidase stain; original magnification 100× (A) and 200× (B)].



[image: Figure 2]
FIGURE 2. MacroH2A1 in breast cancer. Mild and heterogeneous nuclear positivity in low grade (G1) ductal carcinoma at medium (A) and high magnification (B) [Immunoperoxidase stain; original magnification 100× (A) and 200× (B)].


The 48% of patients showed the presence of metastases, considering the patients with micrometastases as non-metastatic. In 28 non-metastatic primary breast cancers, H-IRS was observed in nine cases (32%) and L-IRS in 19 (68%) while in 26 metastatic primary breast cancers, H-IRS was observed in 20 (77%) breast cancers and L-IRS in 6 (23%) (Figure 3).


[image: Figure 3]
FIGURE 3. MacroH2A1 Intensity Reactivity Score (IRS) in metastatic and non-metastatic cancers.


In 28 non-metastatic primary breast cancers, macroH2A1 IS was intermediate in 13 cases (47%) and mild in nine cases (32%), while in six cases (21%) intense immunoreactivity was observed (Figure 4A). In 26 metastatic primary breast cancers, IS was intermediate in 10 cases (38%), mild in only one case (4%), while in 50% of cases intense immunoreactivity was observed. In two cases (8%) no immunoreactivity was observed (Figure 4B).
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FIGURE 4. Levels of MacroH2A.1 Intensity of Staining (IS) in non-metastatic (A) and metastatic (B) breast cancer.


In 28 non-metastatic primary breast cancers, macroH2A1 ES was >75% in 8 cases (29%), 51–75% in 6 cases (21%), 31–50% in 10 cases (36%), and 5–30% in 4 cases (14%) (Figure 5A). In 26 metastatic primary breast cancers, ES was >75% in 13 cases (50%), 51–75% in eight cases (31%), 31–50% in two cases (8%), 5–30% in only one case (4%). Furthermore, two cases of macroH2A1 ES <5% (7%) was verified (Figure 5B).


[image: Figure 5]
FIGURE 5. Levels of MacroH2A.1 Extent Score (ES) in non-metastatic (A) and metastatic (B) breast breast cancer.


A correlation analysis between the expression of MacroH2A.1 and the clinical-pathological data other than the presence of metastases was carried out. Regardless of the presence/absence of metastasis, macroH2A.1 H-IRS was observed in 31% of invasive ductal carcinoma (G2), in 48% of invasive ductal carcinoma (G3), in 3% of invasive tubular carcinoma (G1), in 3% of invasive tubular carcinoma (G2), in 3% of invasive lobular carcinoma (G2), and in 10% of invasive lobular carcinoma (G3). Regarding macroH2A.1 L-IRS was observed in 8% of invasive ductal carcinoma (G1), in 48% of invasive ductal carcinoma (G2), in 16% of invasive ductal carcinoma (G3), in 12% of invasive tubular carcinoma (G1), in 4% of invasive tubular carcinoma (G2), in 4% of invasive tubular carcinoma (G3), and in 8% of invasive lobular carcinoma (G2).

Focusing on the size of the primary tumor, macroH2A.1 H-IRS was observed in 3% of tumors between 0.6 and 1.0 cm in size (T1b), in 45% of tumors between 1.1 and 2.0 cm in size (T1c), in 48% of tumors >2.0 cm but not more than 5.0 cm in the maximum size (T2), and in 3% of tumors >5.0 cm in the maximum size (T3). MacroH2A.1 L-IRS was observed in 20% of tumors between 0.6 and 1.0 cm in size (T1b), in 56% of tumors between 1.1 and 2.0 cm in size (T1c), in 16% of tumors >2.0 cm but not more than 5.0 cm in the maximum size (T2), in 4% of tumors >5.0 cm in the maximum size (T3), and in 4% of inflammatory carcinoma (T4d).

Focusing on the molecular subtype of cancer, macroH2A.1 H-IRS was observed in 28% of luminal A, in 31% of luminal B/HER2–, in 24% of luminal B/HER2 +, in 10% of HER2 +, and in 7% of triple negative/basal like. MacroH2A.1 L-IRS was observed in 48% of luminal A, in 8% of luminal B, in 28% of luminal B/HER2–, in 8% of luminal B/HER2 +, in 4% of HER2 +, and in 4% of triple negative/basal like.

About nodal metastases macroH2A.1 H-IRS was observed in 22 cases (85%) and L-IRS in only 4 cases (15%) (Figure 6).


[image: Figure 6]
FIGURE 6. MacroH2A1 Intensity Reactivity Score (IRS) in nodal metastases.


In 26 nodal metastases, macroH2A1 IS was intermediate in 6 cases (23%), intense in 17 cases (65%), while in only 3 cases (12%) no immunoreactivity was observed (Figure 7A). MacroH2A1 ES was >75% in 21 cases (81%), 51–75% in 2 cases (8%), and <5% in 3 cases (11%) (Figure 7B).
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FIGURE 7. Levels of MacroH2A.1 Intensity of Staining (IS) (A) and Extent Score (ES) (B) in nodal metastases.


The cases that showed H-IRS in primary breast cancers presented macroH2A1 H-IRS in 21 correlated metastasis cases (95%) and macroH2A1 L-IRS in only one metastasis case (5%). The cases that showed L-IRS in primary breast cancers presented macroH2A1 H-IRS in 2 related metastasis cases (33%) and macroH2A1 L-IRS in 4 metastasis cases (67%) (Figure 8).


[image: Figure 8]
FIGURE 8. Correlation between Intensity Reactivity Score (IRS) of primitive breast cancers and nodal metastases.


About distant metastasis macroH2A.1 H-IRS was observed in 4 cases (80%) and L-IRS in only one case (20%) (Figure 9). MacroH2A1 IS was intermediate in only one case (20%), and intense in 4 cases (80%) (Figure 10A). MacroH2A1 ES was 31–50% in only one case (20%), 51–75% in only one case (20%), and <75% in 3 cases (60%) (Figure 10B). No difference in MacroH2A1 expression was noted between bone and brain metastasis.


[image: Figure 9]
FIGURE 9. MacroH2A1 Intensity Reactivity Score (IRS) in distal metastases.
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FIGURE 10. Levels of MacroH2A.1 Intensity of Staining (IS) (A) and Extent Score (ES) (B) in distal metastases.




DISCUSSION

Mammary carcinoma is the most frequent malignancy in females and the bone is the most common site of metastases, through mechanisms of disruption of the physiological bone remodeling (32). While similar levels of macroH2A1 isoforms are expressed in normal adult cells, in breast cancer macroH2A1.1 expression tends to reduce (10, 26) and macroH2A1.2 is the predominant form (14). In particular, recent studies have reported the role of macroH2A1.2 in negatively regulating breast cancer-induced osteoclastogenesis (12). MacroH2A1.2 significantly suppresses the production of soluble factors capable of affecting osteoclast differentiation and function in the metastasizing process of breast carcinoma cells to bone (12). Thus, macroH2A1.2 has an essential role in the silencing of the genes that encode osteoclastogenesis and metastasizing related factors in mammary neoplastic cells (12). Initially, macroH2A1.2 is highly expressed and localized in LOX gene, which acts as an upregulator of osteoclast differentiation and bone resorption (12, 33, 34). Once incorporated into LOX gene, macroH2A1.2 utilizes its macrodomain to recruit EZH2 by protein-protein interactions, resulting in the inactivation of LOX gene in neoplastic epithelial cells throughan epigenetic gene silencing process H3K27me3 related (12, 14, 35).

The two other macroH2A isoforms, macroH2A1.1 and macroH2A2, do not influence osteoclastogenesis (12). This is verified because macroH2A1.1's macrodomain can interact with NAD+-derived ligands, such as PAR, while the macrodomains of macroH2A1.2 and macroH2A2 cannot (36). The reduction in macroH2A1.1 is functionally important in cancer and it has effects on the proliferation and metastatic potential of cancer cells (10, 37). In highly proliferative breast cancer has been observed an increased macroH2A1.2/macroH2A1.1 ratio, correlates with poor survival, tumor growth and metastasis (37).

MacroH2A is a differentiation promoting factor that limits the acquisition of malignant characteristics by cancer cells and thus it has generally a tumor suppressor role in cancer (10, 22, 36, 37). Scientific evidences support a tumor suppressive role for macroH2A1.1 and macroH2A2 (10, 22, 23, 35, 37–39), while macroH2A1.2 is an oncogene associated with tumor progression and negative patient outcome (5, 10).

The role of macroH2A1.2 seems to depend on the microenvironment of the specific cancer studied (39). MacroH2A1 either occupies regions marked by H3K27me3 or regions marked by the acetylations. H3K27me3 marks repressed regions of the genome while the panel of the acetylations marks transcriptionally active regions. Thus, two different chromatin environments influence macroH2A1 function (38).

The prognostic role of MacroH2A1 has been investigated in several types of human cancer (7, 10, 12, 21–26, 40) with sometimes conflicting results. The loss of MacroH2A1 isoforms in malignant cutaneous melanoma cells has been correlated with poorer prognosis and gain of an increasing malignant potential through the transcriptional upregulation of CDK8 (25); conversely, in uveal melanoma human tissue samples the immunohistochemical overexpression of MacroH2A1 has been observed both in metastasizing primary tumors and liver metastases, suggesting a role of MacroH2A1 as negative prognostic factor and predictor of the risk of disease progression (21). In addition, a tumor suppressive role of MacroH2A1, particularly of the MacroH2A1.1 isoform, has also been supposed for human prostatic cancer (40).

We investigated immunohistochemical expression of macroH2A1 in primitive breast cancer and metastases. Anti-macroH2A1 antibody used in this study recognizes the known isoforms of macroH2A1 including macroH2A1.2 (longest isoform) and the macroH2A1.1 (shortest isoform). We found that macroH2A over-expression was a predictor of poorer prognosis and higher risk of metastases in breast cancer, and the splice isoform macroH2A1.2 is the most expressed in tumors (5, 10, 14, 37).

Our results showed that in the whole group (n = 54) macroH2A1 H-IRS was observed in 29 (54%) primitive breast cancers and L-IRS in 25 (46%).

The 48% of patients showed the presence of metastases, considering the patients with micrometastases as non-metastatic. In 28 non-metastatic primary breast cancers, H-IRS was observed in nine cases (32%) and L-IRS in 19 (68%) while in 26 metastatic primary breast cancers, H-IRS was observed in 20 (77%) breast cancers and L-IRS in 6 (23%). About nodal metastases macroH2A.1 H-IRS was observed in 22 cases (85%) and L-IRS in only four cases (15%). The cases that showed H-IRS in primary breast cancers presented macroH2A1 H-IRS in 21 correlated metastases cases (95%) and macroH2A1 L-IRS in only one metastasis case (5%). The cases that showed L-IRS in primary breast cancers presented macroH2A1 H-IRS in two correlated metastases cases (33%) and macroH2A1 L-IRS in four metastases cases (67%). About distant metastases macroH2A.1 H-IRS was observed in four cases (80%) and L-IRS in only one case (20%).

In conclusion, the immunohistochemical expression of macroH2A1 was more highly expressed in breast cancer with presence of metastases, finding that macroH2A1 is more highly expressed in breast cancer with poorer prognosis. Furthermore, the immunohistochemical expression of macroH2A1 was highly expressed in the metastases in almost all cases; thus, the immunohistochemical expression of macroH2A1 could predict the risk of breast cancer metastasis and thus directing strategies for follow-up and treatment of patients.
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The survival rate of osteosarcoma, the most prevalent primary bone tumor, has not been effectively improved in the last 30 years. Hence, new treatments and drugs are urgently needed. Antiangiogenic therapy and immunotherapy have good antitumor effects in many kinds of tumors. It is hypothesized that there may be a synergistic effect between immune checkpoint inhibitors and antiangiogenic therapy. Nevertheless, its potential mechanism is still unclear. Vascular endothelial growth factor receptor-2 (VEGFR2) expression was detected by immunohistochemistry in 18 paired osteosarcoma tissues. Moreover, we investigated the effects of apatinib treatment and VEGFR2 knockdown on osteosarcoma as well as the relevant underlying mechanism. Immunohistochemistry assays showed that, compared with that in primary osteosarcoma, VEGFR2 expression was higher in lung metastases. VEGFR2 was positively correlated with PD-L2 expression in osteosarcoma lung metastasis. Transwell assays indicated that VEGFR2 inhibition reduced osteosarcoma cell metastatic abilities in vitro. We also demonstrated that VEGFR2 inhibition downregulated the STAT3 and RhoA-ROCK-LIMK2 pathways, thereby attenuating migration and invasion. Additionally, VEGFR2 inhibition targeted STAT3, through which it reduced PD-L2 expression in osteosarcoma cells. VEGFR2 inhibition markedly attenuated osteosarcoma lung metastatic ability in vivo. In this study, we presented the pro-metastatic functional mechanism of VEGFR2 in osteosarcoma. VEGFR2 inhibition exhibits antitumor effects through antiangiogenic effects and inhibition of immune escape, which possibly provides potential clinical treatment for metastatic osteosarcoma.
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INTRODUCTION

As a primary malignant bone tumor that is commonly seen in children and teenagers, osteosarcoma exhibits an obvious tendency toward locally aggressive and pulmonary metastasis (1–3). Doctors mainly rely on integrating neoadjuvant chemotherapy with surgery to treat osteosarcoma. Nevertheless, chemotherapy for osteosarcoma reaches a plateau period, and the 5-year survival of pulmonary metastases patients is only 28% (4). Thus, it is urgent to develop novel and effective treatments for osteosarcoma, particularly for patients with metastatic osteosarcoma.

Both programmed death ligand-1 (referred to as PD-L1) and programmed death ligand-2 (referred to as PD-L2) are the ligands of programmed death-1 (PD-1), and their combination leads to T-cell exhaustion and immune escape. Recently, immune checkpoint inhibitors (ICIs) have achieved good curative effects in varying solid tumors. However, most studies mainly center on the role of PD-1 ligands in the reciprocity between T-cells and tumor cells, and few studies have been performed on the intrinsic effects of PD-1 ligands in tumor cells, which may be associated with ICI treatment effects (5, 6). According to some studies, PD-L1/PD-L2 are associated with cellular biological behaviors such as autophagy, metastasis, propagation, and epithelial-mesenchymal transition (EMT) (7–11).

More recently, VEGFR2 inhibition with apatinib has shown remarkable effects in the treatment of multiple tumors (12–15). Moreover, some researchers have hypothesized that the integration of antiangiogenic therapy with ICI immunotherapies is likely to produce a collaborative result (16). However, the deeper and specific underlying mechanism of VEGFR2 affecting the metastasis and tumor immunity of osteosarcoma remain poorly understood.

We mainly addressed three aspects in this study: (1) VEGFR2 expression in primary and metastatic osteosarcoma; (2) significance of VEGFR2 inhibition to migration and invasion of osteosarcoma cells both in vivo and in vitro; and (3) possible mechanism of osteosarcoma metastasis mediated by VEGFR2.



MATERIALS AND METHODS


Osteosarcoma Cell Samples and Patient Data

Primary osteosarcoma specimens fixed with formalin and embedded in paraffin and paired pulmonary metastasis specimens were acquired from the Musculoskeletal Tumor Center at Peking University People’s Hospital (Beijing, China) with relevant informed patient consent. To carry out this study, we also obtained approval from the Ethics Committees of The Affiliated Hospital of Qingdao University and Peking University People’s Hospital.



Cell Growth and Reagents

KHOS and U2OS cells were obtained from American Type Culture Collection (ATCC), and we used short tandem repeat (STR) analysis for the authentication of the two cells at Beijing Microread Genetics Co., Ltd. Cells were cultured in RPMI 1640 medium (HyClone) supplemented with 1% penicillin and streptomycin (Invitrogen) and 10% fetal bovine serum (Gibco) in an environment with a temperature of 37°C and 5% CO2.

The antibodies we used in relevant experiments were as follows: antibodies against p-STAT3, STAT3, p-cofilin, cofilin and VEGFR2, which we purchased from Cell Signaling Technology in United States; anti-PDL2, p-LIMK2, LIMK2 and the RhoA activation assay, which we obtained from Abcam in United States; and anti-GAPDH, which we purchased from Santa Cruz Biotechnology. Y-27632 2HCl was purchased from Selleck.



Gene Knockdown With siRNA/shRNA and Ectopic Expression

The lentiviruses targeting VEGFR2 and control shNC were obtained from GenePharma (Suzhou, China), and two pairs of shVEGFR2 primers were designed: #1, sense strand 5′-CTCG GTCATTTATGTCTAT-3′ and antisense strand 5′-ATAGACA TAAATGACCGAG-3′ and #2, sense strand 5′-CTTCGAAGCA TCAGCATAA-3′ and antisense strand 5′-TTATGCTGATG CTTCGAAG-3′. After infection with lentivirus, puromycin (2 μg/ml) was used to select cells stably expressing shVEGFR2 and shNC.

The source of siSTAT3 and control siRNA was GenePharma (Suzhou, China), and the detailed sequences targeting STAT3 were as follows: #1, 5′-AAAGAAUCACAUGCCACU UTT-3′ (sense) and 5′-AAGUGGCAUGUGAUUCUUUGC-3′ (antisense); #2, 5′-ACAAUCUACGAAGAAUCAATT-3′ (sense) and 5′-UUGAUUCUUCGUAGAUUGUGC-3′ (antisense); and #3, 5′-CGUCCAGUUCACUACUAAATT-3′ (sense) and 5′-UUUAGUAGUGAACUGGACGCC-3′ (antisense). SiRNAs were transfected into tumor cells by using Lipofectamine 3000 obtained from Invitrogen, United States, as per the protocols of the manufacturer. Further analyses were carried out on the cells collected after 48 h of transfection.

The plasmid containing VEGFR2 cDNA or negative control was transfected into KHOS cells with Lipofectamine 3000 (Invitrogen). The medium was replaced after 24 h incubation, and then the cells were treated with Y-27632 2HCl.



Cell Counting Kit 8 Assay

After 2000 cells were seeded in each well of 96-well plates, the cells were treated with apatinib at various concentrations. The viability analysis was carried with CCK-8 (Dojindo Laboratories, Kumamoto, Japan) reagent as per the protocols of the manufacturer.



Cell Colony Formation Assay

Cells (1 × 103) in the logarithmic growth phase were coated into six-well plates. After forming colonies for 10 days, cells were fixed with methanol and stained with gentian violet staining solution.



Transwell Assay

A total of 6 × 104 cells were plated into the upper part of the Transwell insert (8 μm pore size; Corning) in the absence of coating for the migration assay or in the presence of a Matrigel coat (BD Bioscience, 354234) for the invasion assay. After 24 h of culture, the cells were fixed with methanol and stained with 0.1% gentian violet staining solution. The quantities of migrated cells were calculated with a microscope in 5 fields per well.



Quantitative RT-PCR

Total RNA was obtained from KHOS and U2OS cells with TRIzol (Invitrogen). Then, complementary DNA (cDNA) was generated with isolated RNA and oligo dT primers by using SuperScript III First-Strand Synthesis SuperMix (Invitrogen). Real-time quantitative PCR was conducted with the SYBR Green PCR Master Mix from Applied Biosystems, United States and was run on Bio-Rad CFX96 following the manufacturer’s instructions.



Bioinformatics Assay

The osteosarcoma dataset from GEO was used for the data mining and bioinformatics studies (Nos. GSE21257 and GSE33382). Cluster analysis and heat map generation were performed by MeV software (version 4.9). The association of the genes of interest and confirmed gene sets was demonstrated by using gene set enrichment analysis (GSEA). REVIGO was used for the gene annotation network analysis.



Western Blotting and GTPase Assay

Western blotting was conducted as described previously (12). Briefly, the same volume of protein obtained from different cell lysates was loaded onto 7.5–15% SDS-PAGE gels and then transferred onto PVDF membranes. The membranes were cultured with suitable antibodies overnight at 4°C after blocking in non-fat milk for 1 h. The western blot bands were observed with a Bio-Rad detection system (Hercules, CA, United States). The GTPase assay was performed as per the manufacturer’s instructions.



Immunohistochemistry Assay

Immunohistochemistry (IHC) staining was performed as previously described (12). Briefly, paraffin slices were incubated with corresponding primary antibodies or with non-immune serum in PBS overnight at 4°C. Then, the sections were stained with secondary antibody (ZSGB-BIO, China) for 30 min at 37°C. The percentage of positive cells was defined as follows: 0: 0% positive; 1: less than 5% positive; 2: between 5 and 50% positive; and 3: more than 50% positive. In addition, the staining intensity was scored as 4 follows: 0: no staining; 1: poor; 2: medium; and 3: intense. The total score was calculated by multiplying the intensity result by the percentage result. More than 10 representative fields (x400 magnification) were scored between the primary osteosarcoma and lung metastasis specimens for IHC analyses. The immunostaining was scored by two pathologists who were blinded to the clinical features of the clinical specimens.



Immunofluorescence Assay

Cells (2 × 105) were plated onto coverslips in six-well plates with or without the corresponding inhibitor treatment. The coverslips were cultured with 100 nM rhodamine phalloidin (manufactured in the United States) at room temperature for 45 min. The sections were observed by a confocal microscope manufactured in Japan.



Tumor Xenografts

To confirm the effect of apatinib treatment on the metastatic ability of KHOS cells, 3 × 106 KHOS cells were injected intravenously into the tail vein of 42-day-old maternal BALB/c nude mice from Vitalriver, China. On the 5th day after injection, the mice were randomly separated into two group (n = 5 per group)and fed DMSO or apatinib 2 mg/kg/day for 1 month total.

To evaluate the effect of VEGFR2 knockdown on the metastatic ability of KHOS cells, 42-day-old maternal BALB/c nude mice were intravenously injected with 3 × 106 KHOS-shVEGFR2 or -shNC cells (n = 5 per group) via the tail vein. After 30 days, all mice were sacrificed.

At the end of the experiment, the lungs were collected, imaged, stained with haematoxylin-eosin dye, and the quantity of pulmonary metastases was confirmed. In addition, animal care and processing procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Statistical Analysis

The statistical analysis was conducted by SPSS software (version 21.0). Statistical evaluation was conducted by Student’s t-test. Data are shown as the mean ± S.D. A p-value below 0.05 showed that there were significant differences.



RESULTS


VEGFR2 Expression Is Elevated in Osteosarcoma Lung Metastases

An IHC assay for VEGFR2 was conducted on paired primary osteosarcoma specimens and pulmonary transfer specimens. VEGFR2 exhibited cytoplasmic and nuclear expression (Figure 1A), and VEGFR2 expression was increased in pulmonary metastases compared with local osteosarcoma samples (Figure 1B), implying that VEGFR2 may play a significant role in osteosarcoma metastasis.
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FIGURE 1. Elevated VEGFR2 expression in osteosarcoma lung metastasis. (A) VEGFR2 and PD-L2 expression in 18 pairs of primary osteosarcoma specimens and pulmonary metastasis specimens was investigated via immunohistochemistry. Representative images are presented (magnification at 200×). (B) IHC scores of VEGFR2 and PD-L2 were analyzed between the primary osteosarcoma group and the pulmonary metastasis group. (C) The correlation between PD-L2 and VEGFR2 expression levels in 18 osteosarcoma pulmonary metastases was investigated. (D) VEGFR2 was overexpressed in osteosarcoma in comparison to normal control. Data are shown as the mean ± S.D. *p < 0.05, **P < 0.01.


PD-L2 expression was also investigated in these paired osteosarcoma specimens, and the results indicated that PD-L2 expression was also elevated in lung metastasis compared with primary osteosarcoma (Figure 1A). Thus, we investigated whether VEGFR2 and PD-L2 were related to each other in osteosarcoma lung metastasis, and an important positive relationship between VEGFR2 and PD-L2 expression was confirmed (Figure 1C). VEGFR2 was overexpressed in osteosarcoma in comparison to normal control (Figure 1D).

Hence, the results reveal that VEGFR2 may play a crucial role in metastasis and immune escape of osteosarcoma.



VEGFR2 Inhibition Suppresses the Migration and Invasion of Osteosarcoma Cells in vitro

The proliferation activity of KHOS and U2OS cells was not appreciably influenced by apatinib at concentrations of 0.5, 1.0, and 1.5 μM using the CCK-8 assay (Figure 2A). The 1.5 μM concentration was chosen as the upper limit for subsequent studies. There were few differences between the DMSO and apatinib groups in the cell colony formation analysis (Figure 2A). The two cell lines were transferred with lentivirus targeting VEGFR2, and VEGFR2 expression was later investigated using WB and real-time PCR assays (Figure 2B). Furthermore, we investigated the effect of VEGFR2 reduction on the migration and invasion of osteosarcoma cells using a Transwell assay.
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FIGURE 2. VEGFR2 inhibition decreases osteosarcoma cell invasion and migration. (A) Apatinib did not obviously influence KHOS and U2OS cell viability at concentrations of 0.5, 1.0, and 1.5 μM. Proliferation of these two cell lines in response to apatinib treatment was confirmed via cell colony formation analysis. (B) Both shNC and shVEGFR2 lentiviruses were transferred into KHOS and U2OS cells, following estimation of VEGFR2 expression via WB and RT-PCR. (C,D) Both apatinib treatment and VEGFR2 knockdown significantly attenuated the KHOS and U2OS cell migratory and invasive abilities, as demonstrated by a Transwell assay. (Magnification at 100×), (mean ± S.D., n = 3), ***p < 0.001.


The results showed that apatinib reduced the abilities of KHOS and U2OS cells to migrate and invade (Figure 2C). Moreover, both the KHOS-shVEGFR2 and U2OS-shVEGFR2 groups showed lower migratory and invasive abilities than the control groups (Figure 2D).

In short, these results indicate that VEGFR2 is crucial for the migratory and invasive abilities of osteosarcoma cells, and its specific molecular mechanism needs further study.



Potential Mechanisms That Underlie VEGFR2 Associations With Metastasis

A review of the expression of VEGFR2-related genes and their relationships with overall survival and HUVOS grade in osteosarcoma specimens from the GEO dataset is shown in Figure 3A. To investigate the potential mechanisms of the relationship of VEGFR2 with metastasis and prognosis, functional enrichment and gene expression of VEGFR2-related genes were calculated and visualized. The heat map of the top differentially expressed genes between the VEGFR2 high-expression group and the VEGFR2 low-expression group is shown in Figure 3B.
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FIGURE 3. Potential mechanisms that underlie the VEGFR2 associations with metastasis and survival time. (A) VEGFR2-related genes, HUVOS grade and overall survival were analyzed by heat map observation and cluster analysis. (B) Differentially expressed genes were analyzed by visual analysis of heat maps in the VEGFR2 high- and low-expression groups. (C,D) Differentially expressed VEGFR2-related genes were investigated by analysis of the gene annotation network and GSEA.


The GSEA results indicated that VEGFR2 was positively associated with STAT3 signaling pathway, activation of immune response pathways, cytoskeletal arrangement and relevant metastasis characteristics (Figure 3C). Gene annotation network analysis was conducted on the differentially expressed genes (Figure 3D: VEGFR2 high against VEGFR2 low).

These results show that VEGFR2 is related to immunosuppression, cytoskeletal arrangement and relevant metastasis pathways. Next, we investigated the specific mechanism by which VEGFR2 affects metastasis and immune escape in vitro.



VEGFR2 Inhibition Inactivates RhoA-ROCK-LIMK2 Signaling and Suppresses PD-L2 Expression in Osteosarcoma Cells by Targeting STAT3

As Figure 4A shows, apatinib treatment reduced PD-L2 expression in KHOS and U2OS cells. Combined with the above IHC results, these findings showed that VEGFR2 significantly affected PD-L2 expression in osteosarcoma. A previous study suggested that PD-L2 knockdown inhibited osteosarcoma pulmonary metastasis by the RhoA-ROCK-LIMK2 pathway (11); thus, we further investigated the effect of apatinib on the RhoA-ROCK-LIMK2 pathway. As Figure 4A shows, apatinib treatment also attenuated the activation of p-cofilin and p-LIMK2 in KHOS and U2OS cells.
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FIGURE 4. VEGFR2 inhibition inactivates the RhoA-ROCK-LIMK2 pathway and suppresses PD-L2 expression in osteosarcoma cells by targeting STAT3. (A) Apatinib reduced the expression of PD-L2, STAT3, p-cofilin and p-LIMK, as demonstrated by western blotting. (B) VEGFR2 knockdown reduced the expression of PD-L2, STAT3, p-cofilin and p-LIMK, as indicated by western blotting. (C) STAT3 expression in KHOS cells was downregulated by three STAT3 siRNA sequences (top). STAT3 knockdown decreased the expression of PD-L2, p-LIMK and p-cofilin (bottom). (D) Overexpression of VEGFR2 increased Y-27632 2HCl-induced decline of p-LIMK and p-Cofilin by western blot. (E) A coexistence phenomenon was observed between RhoA and STAT3 by bioinformatics analysis (http://genemania.org/). (F) The change in RhoA activation in U2OS cells was confirmed by the GTPase test. ***P < 0.001.


Furthermore, we transfected shRNA targeting VEGFR2 into these two cell lines to confirm the effects of apatinib on the expression of PD-L2 and activation of RhoA-ROCK-LIMK2 signaling. As shown in Figure 4B, VEGFR2 knockdown attenuated the expression of PD-L2, p-LIMK2 and p-cofilin in KHOS and U2OS cells.

Previous studies showed that STAT3 could regulate PD-L1/PD-L2 expression (17–20). VEGFR2 inhibition could induce inactivation of STAT3 in this study (Figures 4A,B). Therefore, we transfected siRNA targeting STAT3 into the two cell lines and tested the effects of STAT3 knockdown on the expression of PD-L2 and activation of RhoA-ROCK-LIMK2 signaling. As shown in Figure 4C, STAT3 knockdown decreased the expression of PD-L2, p-LIMK2 and p-cofilin in KHOS and U2OS cells. KHOS cells that were transfected by VEGFR2 overexpression plasmid increased Y-27632 2HCl-induced decline of p-LIMK and p-Cofilin (Figure 4D), indicating that VEGFR2 promoted migration and invasion by activating RhoA-ROCK-LIMK2 pathway. Additionally, bioinformatics analysis indicated that there may be a coexistence phenomenon between STAT3 and RhoA (Figure 4E). A reduction in RhoA activation in the U2OS-siSTAT3 group compared with the controls was observed via the GTPase assay (Figure 4F).

In conclusion, these data strongly suggest that VEGFR2 inhibition suppresses PD-L2 expression and the RhoA-ROCK-LIMK2 pathway by targeting STAT3.



VEGFR2 and STAT3 Inhibition Affects Cytoskeletal Rearrangement in Osteosarcoma Cells

The actin cytoskeleton is very important in cell motility, and LIMK and cofilin are key regulators in this process. Phosphorylation of cofilin suppresses its ability to adhere to actin filaments, which inhibits filament breakdown. In addition, cofilin phosphorylation is mediated by LIMK (21–23). Since the phosphorylation of cofilin and LIMK2 was influenced by VEGFR2 or STAT3 expression, as mentioned above, we hypothesized that some morphological alterations occurred when VEGFR2 or STAT3 expression was inhibited.

As Figure 5A shows, obvious lamellipodial prominences were observed near the submembranous part in the control group, while the opposite result was observed in the apatinib treatment group, which indicated rearranged cytoskeleton and well-arranged F-actin in cells. In the same manner, compared with those in the KHOS-shVEGFR2 group, the lamellipodial prominences and colored F-actin filaments gathered in the margin of the KHOS-shNC group (Figure 5B). Additionally, F-actin was mostly arranged in KHOS-siSTAT3 cell cytoplasm; however, F-actin and lamellipodial prominences were concentrated near the edge in the KHOS-siNC group (Figure 5C).
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FIGURE 5. VEGFR2 and STAT3 expression influences osteosarcoma cell cytoskeletal arrangement. The effects of (A) apatinib treatment, (B) VEGFR2 knockdown and (C) STAT3 knockdown on cytoskeletal rearrangement were observed via confocal microscopy in KHOS cells. Representative images are shown. Cell nuclei were stained with DAPI. Scale bar represents 10 μm.


These results suggest that the inhibition of VEGFR2 or STAT3 expression has a distinct effect on the cytoskeletal rearrangement of osteosarcoma cells.



VEGFR2 Inhibition Attenuates Osteosarcoma Cell Metastasis in vivo

To confirm the effects of apatinib treatment or VEGFR2 knockdown on the metastatic ability of KHOS cells, corresponding KHOS cell lines were injected intravenously via the tail vein of BALB/c nude mice as described in the tumor xenograft section.

The apatinib treatment group showed distinctly fewer pulmonary metastases than the control group (Figure 6A). Similarly, lung metastases were more often observed in the control group than in the shVEGFR2 group (Figure 6B). Representative H&E images are shown (Figures 6A,B).
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FIGURE 6. VEGFR2 inhibition attenuates osteosarcoma cell metastasis in vivo. (A,B) The quantities of pulmonary metastases in the apatinib and DMSO groups or shNC and shVEGFR2 groups are presented. Representative images are shown. (C,D) Local primary osteosarcoma was further estimated by immunoblotting and IHC (magnification at 400×) for PD-L2, p-STAT3 and p-LIMK expression. (E) A schematic drawing of VEGFR2 in osteosarcoma metastasis. (mean ± S.D., n = 4) **p < 0.01.


We previously found that there was no significant difference in the tumor size of primary osteosarcoma between the apatinib and DMSO groups (12), and here the primary tumors were further assessed via IHC and WB assays. Consistent with the above results, decreased p-STAT3, PD-L2 and p-LIMK2 expression was observed in the apatinib group compared with the DMSO group (Figures 6C,D).

In conclusion, VEGFR2 inhibition attenuates human osteosarcoma cell metastasis.



DISCUSSION

Osteosarcoma is a local invasive malignancy, and the incidence of pulmonary metastasis is high. Metastasis is the dominant element influencing the treatment effect in osteosarcoma patients, which is a very complex course involving various molecular biological mechanisms.

In this study, we demonstrate that VEGFR2 expression is higher in pulmonary metastases than in primary specimens using IHC. We also investigated PD-L2 expression in these paired osteosarcoma specimens, and the results indicated that PD-L2 expression is also enhanced in pulmonary metastasis compared to the primary specimen. Moreover, a significant positive relationship between PD-L2 and VEGFR2 expression was confirmed. In addition to its external immune escape effects of tumor cells, PD-L2 also has a few internal effects in tumor cell processes, including EMT, metastasis and autophagy (10, 11). These results indicate that both VEGFR2 and PD-L2 may play important roles in the pulmonary metastasis of osteosarcoma cells. In this study, we show that both apatinib treatment and VEGFR2 knockdown inhibit KHOS and U2OS cell migration and invasion. In the future, we will continue investigating their underlying mechanisms.

To determine the potential elements that support VEGFR2 associations with metastasis, the mRNA expression of 10 VEGFR2-relevant genes in osteosarcoma specimens was measured and observed via bioinformatics analysis. Gene expression methods, GSEA and gene annotation network analysis of VEGFR2-relevant genes were performed. For angiopoiesis, the results show that VEGFR2 may be related to the immune response, cytoskeletal rearrangement and relevant metastasis pathways.

To verify the bioinformatics analysis results, we investigated the effect of VEGFR2 inhibition on the signaling pathway in osteosarcoma. Apatinib (1.5 μM) and shRNA targeting VEGFR2 were used. Similar to the previous results, both apatinib treatment and VEGFR2 knockdown attenuated PD-L2 expression in these two cell lines, consistent with the IHC results. These data indicate that VEGFR2 actively regulates PD-L2 expression in osteosarcoma.

Previous studies have demonstrated that the cell actin cytoskeleton plays a considerable role in adhesion and motility, and cofilin and LIMK are critical regulators (21–23). A previous study indicated that PD-L2 knockdown inhibits the ability of osteosarcoma cells to metastasize by the RhoA-ROCK-LIMK2 signaling pathway (11); thus, we further investigated the effect of VEGFR2 inhibition on RhoA-ROCK-LIMK2 signaling. As shown in Figure 4B, both apatinib treatment and VEGFR2 knockdown decreased p-cofilin and p-LIMK2 expression in KHOS and U2OS cells.

Previous studies suggest that STAT3 could regulate PD-1 ligand expression (17–20). In previous research, we demonstrated that apatinib inhibits PD-L1 presentation by targeting STAT3 in osteosarcoma. Recently, with the promising curative effect of ICIs, it has been proposed that ICI therapy together with antiangiogenic therapy may show a collaborative impact (16). Nevertheless, the potential mechanism remains unclear. In this study, we reveal that STAT3 knockdown attenuates the expression of PD-L2, p-LIMK2 and p-cofilin in osteosarcoma, suggesting that VEGFR2 inhibition suppresses migration, invasion and PD-L2 expression by targeting the STAT3 and RhoA-ROCK-LIMK2 pathways.

It is well known that angiogenesis is related to tumor metastasis (24–26), but its relationship with immune escape remains poorly understood. At present, there are few studies investigating the connection between PD-L2 and VEGFR2. In this sense, we take the lead in revealing, through this study, that VEGFR2 inhibition decreases PD-L2 expression in osteosarcoma cells. Thus, through the tumor cell extrinsic and intrinsic functions of PD-L2, VEGFR2 can affect both osteosarcoma cell metastasis and immune escape through the deactivation of STAT3 and the RhoA-ROCK-LIMK2 pathway (Figure 6E).

Overall, the pro-metastatic functional mechanism of VEGFR2 in osteosarcoma is presented herein. VEGFR2 inhibition targeted the RhoA-ROCK-LIMK2 pathway and STAT3 both in vitro and in vivo, through which migration, invasion and PD-L2 expression were reduced. It is important to verify the efficacy and mechanism of antiangiogenesis therapy combined with immunotherapy in a humanized mouse model, which may be one of the shortcomings of our study, and we will verify the above results in our further study. Based on the above, our understanding of the regulatory characteristics of angiogenesis in the immune escape of osteosarcoma cells was improved, which offers a feasible strategy for treating metastatic osteosarcoma.
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Receptor for advanced glycation end-products (RAGE) is a multiligand binding and single-pass transmembrane protein taken in diverse chronic inflammatory conditions. RAGE behaves as a pattern recognition receptor, which binds and is engaged in the cellular response to a variety of damage-associated molecular pattern molecules, as well as HMGB1, S100 proteins, and AGEs (advanced glycation end-products). The RAGE activation turns out to a formation of numerous intracellular signaling mechanisms, resulting in the progression and prolongation of colorectal carcinoma (CRC). The RAGE expression correlates well with the survival of colon cancer cells. RAGE is involved in the tumorigenesis, which increases and develops well in the stressed tumor microenvironment. In this review, we summarized downstream signaling cascade activated by the multiligand activation of RAGE, as well as RAGE ligands and their sources, clinical studies, and tumor markers related to RAGE particularly in the inflammatory tumor microenvironment in CRC. Furthermore, the role of RAGE signaling pathway in CRC patients with diabetic mellitus is investigated. RAGE has been reported to drive assorted signaling pathways, including activator protein 1, nuclear factor-κB, signal transducer and activator of transcription 3, SMAD family member 4 (Smad4), mitogen-activated protein kinases, mammalian target of rapamycin, phosphoinositide 3-kinases, reticular activating system, Wnt/β-catenin pathway, and Glycogen synthase kinase 3β, and even microRNAs.

Keywords: AGEs, advanced glycation end products, CRC, colorectal cancer, damage-associated molecular pattern molecules (DAMPs), pattern recognition receptor (PRR), RAGE (receptor for advanced glycation end products), tumourogenesis


INTRODUCTION

Around 147,950 persons will be identified with colorectal carcinoma (CRC), and 53,200 will die of it by the year 2020, with 17,930 cases and 3,640 deaths in people younger than 50 years. CRC has a complex and multifactorial etiology, strictly related to environmental and genetic factors, including adenomatous polyposis coli (APC) alteration, long-lasting inflammation, metabolic diseases, and also gut microbiota alteration (1–5).

Genetic and epigenetic abnormalities within multistep procedures known as carcinogenesis progressively transform healthy human cells into highly malignant derivatives. Six alterations in the cell physiology essential for malignant progression include the ability to invade and metastasize, bypassing of apoptosis, independence in growth factors, constant angiogenesis, unlimited replicative potential, and insensitivity to growth-inhibitory signals. Moreover, inflammation context, genomic instability, immune devastation, and reprogramming of energy metabolism are hallmarks of cancer (6, 7). The molecular signaling of CRC development, limited diagnosis, and therapy of this lethal disease remain mainly unclear. In this regard, chronic inflammation is broadly considered as an essential factor underlying CRC development.

The receptor for advanced glycation end-products (RAGE) pathway is seriously involved in the pathologies of different cancers. RAGE was first explored as a cell surface receptor for advanced glycation end-products (AGEs). AGEs was also the first ligand recognized for RAGE. Accumulation of AGEs and the other ligands is related to chronic inflammation; hence, RAGE signaling is regarded as a fundamental pathway in inflammation-related disorders. In this regard, inflammation has been well-recognized to take in CRC initiation and progression. In agreement, many studies showed that RAGE signaling has been involved in colitis-associated colon carcinogenesis. Notably, Heijmans et al. recognized that loss of RAGE in mice model prohibited sporadic progression of intestinal adenomas. Studies using CRC cell lines also discovered that RAGE signaling is strongly related to abundant malignant behavior of CRC cells, including chemoresistance, invasion, and proliferation. These findings proposed that RAGE plays a key role in the connection between inflammation and colon carcinogenesis (Figure 1) (8–11).


[image: Figure 1]
FIGURE 1. RAGE signaling promotes CRC. Different RAGE ligands are released from several types of cells and start RAGE activation, which enhances ROS/oxidative stress, inflammation, apoptosis and antiapoptosis, and angiogenesis and led to proliferation, migration, and invasion of CRC tumor cells.


RAGE ligands, for example, AGEs, exist in modern diet mostly in fast foods and processed foods. Briefly, AGEs form in foods high in protein and fat, which brown through cooking under high temperatures. Also, exposure to dry high temperature produces more AGEs than cooking in liquid. Thus, grilling, broiling, and frying meats generate more AGEs than boiling. For instance, 15 min of broiling a chicken breast form AGEs five times higher than the same food boiled for 1 h. Cigarette smoking is another source of AGEs. It is known that tobacco curing results in forming AGEs (12). Considerably, a diet high in sugar and fat and highly processed, besides an inactive lifestyle, also results in AGE accumulation which contributes to chronic disease development and complications. It has been shown that cancer-associated cell signaling cascades such as MAPK (mitogen-activated protein kinase) and AKT (protein kinase B) are activated through rises of AGE accumulation pool, leading to aberrant cellular functions. As in breast cancer, a link between esterogen receptor (ER) status and AGE levels was observed in tumor and serum samples (13). Thus, changing the lifestyle would decrease AGE burden to promote healthy aging.

This review was assumed to elucidate recent knowledge of RAGE–ligand interaction, the ligand sources, and related tumor markers, taking out from clinical studies and downstream cascades in the context of inflammation, type 2 diabetes (T2D), and also therapeutic strategies, particularly in CRC, and identification of RAGE signaling pathway. The significant role of RAGE signaling pathway in cancer suggests a brilliant molecular target for CRC treatment, especially antimetastatic therapeutics.



RAGE

RAGE is a kind of the immunoglobulin protein family with an immunoglobulin-like receptor structure resembling cell surface molecules (14, 15). Furthermore, different inflammation-related molecules, including HMGB1, S100A/calgranulins, α-amyloid, and AGEs, could activate RAGE (16). The localization of RAGE gene is on chromosome 6, and it is close to the dominant histocompatibility complex class III region in humans and mice. The long RAGE mature is 382-amino-acid residues, composed of five domains including extracellular domains such as V-domain, which attaches to ligands, C1 and C2 domains, a single transmembrane spanning helix, and a short cytosolic region, which is an important domain for successful RAGE signaling. RAGE contains two N-glycosylation sites. One is located inside the V-domain, and another adjacent to the V-domain forming oligomers at the cell surface. RAGE contains two N-glycosylation sites. One is located inside the V-domain, and another adjacent to the V-domain (17–19).

Based on numerous pathological conditions, splicing variants of RAGE have been categorized and named. Moreover, the RAGE gene includes 11 introns/exons that could be spliced into the diverse variants at the DNA level. Indeed, RAGE is classified into three primary isoforms, including Nt-RAGE (N-terminally truncated isoform RAGE_v2), the full-length RAGE, and secreted RAGE, which acts as a “decoy receptor” that might be inhibiting RAGE ligands from interacting with cell surface RAGE and is named sRAGE (secretory C-truncated RAGE) (20).


Role of RAGE in Normal Physiology and Different Pathologies

RAGE is expressed in diverse cells, mature or immature, including macrophages, monocytes, endothelial cells, fibroblasts, and smooth muscle cells. As throughout the development stages the RAGE expression level is enhanced, principally in the brain, nevertheless, the expression level of RAGE declined in adult tissues, as the activation of RAGE in fibroblasts related to the proliferation and migration of fibroblasts in the tumor microenvironment (21). Moreover, compared to other tissues, high RAGE expression is seen in lungs during embryonic development (22–24). So, it has been proposed that RAGE may show properties limited only to the pulmonary environment owning a number of significant physiological roles comprising modulation of cell spreading, adhesion to ECM parts, proliferation, and migration (25).

Also, the upregulation of RAGE is seen during diverse pathological events, including inflammatory bowel disease (IBD), stroke, sepsis, diabetes, renal disease, Alzheimer disease (AD), heart failure, osteoarthritis, atherosclerosis, peripheral vascular disease, psoriasis, rheumatoid arthritis, Takayasu arteritis, and cancer (17, 21, 26–28).

The interaction of RAGE with its diverse ligands can mediate multiple physiological and pathological functions, including inflammation, oxidative stress, neurodegeneration, maintenance of homeostasis, tumorigenesis, promotion of neurite outgrowth, cell survival, cell migration, and neuronal differentiation (29). Furthermore, in skeletal muscle tissue, RAGE expression is developmentally regulated. RAGE can be detected in immature, nearly mature, and some mature myofibers up to 11 days after birth in rodents, with RAGE expression being restricted to the sarcolemma (30). In this regard, the effect of prolonged RAGE blockade in human subjects is important because RAGE plays vital roles in normal physiology (31). The ligands for RAGE in the central nervous system (CNS) include AGEs, b-amyloid peptides, amphoterin (HMGB1), and S100B protein. As in AD, AGEs and b-amyloid activate RAGE. Several studies, reviewed by Ramasamy et al. (32), have shown that RAGE-dependent modulation of gene expression and cellular properties is dependent on the binding of different ligands for RAGE, each of which activates distinct downstream signaling pathways and elicits cell type–specific effects (26, 27, 32). So as regards tissue-specific RAGE ligand expression, the roles of RAGE vary in different pathologies, and also therapeutic strategies change, as in breast cancer, S100A7 is a promising target therapy but not in colorectal cancer. Moreover, RAGE expression in all the cancers is increased, but in lung cancer, the expression is decreased (26).



RAGE in Cancer

Many studies have been shown that RAGE is a member of a gene family related to the invasion-genes. There are a close association between RAGE upregulation and etiology of different cancers, including breast, prostate, lung, esophageal, and colorectal cancer. RAGE–ligand interaction leads to increased proliferation, migration, and metastatic nature of tumor cells (33–39). Moreover, Dahlmann et al. in 2014 and Shimomoto et al. in 2012 have found that in the colon and oral carcinogenesis, the expression of RAGE is increased (40–43). While most of normal tissues express low level of RAGE, it might be enhanced in inflammatory conditions as a cellular response. In line with this, inflammation in the intestinal tract, due to T2D or obesity, leads to amplified adenoma formation. These results were consistent with the findings of Luo et al. which indicated progression and tumor formation, significantly increased by upregulation of RAGE expression in CRC. Moreover, RAGE expression increased in IBD, which is a CRC risk factor (9, 44–47). Liang and colleagues in 2011 have assumed that the amplified density of microvessel was associated with RAGE expression in colorectal cancer, and they claimed that knockdown of RAGE could be prevented by invasion capacity, whereas cell viability did not significantly affect SW480 cells (48). In contrast, some studies have shown that in normal lung tissue and non-small cell lung carcinoma the expressions of HMGB1 and RAGE are increased. Therefore, there is a negative association between RAGE and disease prognosis. However, RAGE declines the malignant phenotypes of the disease, which is associated with differentiation rhabdomyosarcoma and myogenic of myoblasts. In addition, RAGE expression is increased in esophageal cancer. These findings show that the role of RAGE depends on the tissues that are involved and the types of cells (49–53).

Ligand–RAGE is related in a paracrine and autocrine manner in the tumor microenvironment to stimulate cell migration, survival, and invasion (54). Clinical studies have indicated that RAGE is associated with its protumoral property. Moreover, RAGE is relocated to the cytoplasmic membrane during progression from colonic adenoma to colonic adenocarcinoma. In contrast, Kostova et al. in 2010 have found that high-grade cancer could show non-specific RAGE localization (42, 55).

RAGE–ligand (ligand secreted from tumor cells or by nearby tissues) interaction happens in the extracellular tumor microenvironment. While the RAGE expression is high in a tumor, high endogenous ligand expression is not essential for activation of the receptor (56).

Furthermore, Gly82Ser, which is the single-nucleotide polymorphism (SNP) of RAGE (rs2070600), enhances ligand binding to boost the downstream signaling pathway, which is associated with amplified risk of numerous cancer types; particularly, the frequency of this polymorphism is much higher in late-stage CRC patients (57, 58). Thus, polymorphism of RAGE can affect its function.




LIGANDS


Advanced Glycation End-Products

AGEs are crosslinking compounds formed through non-enzymatic glycosylation between reducing sugars and free amino groups of lipids, proteins, and nucleic acids. Likewise, AGEs have two kinds of forms: endogenous and exogenous (59). To date, well-identified AGEs comprise six subtypes, such as glucose-derived AGEs (AGE-1), glyceraldehyde-derived AGEs (AGE-2), glycolaldehyde-derived AGEs (AGE-3), methylglyoxal (MG)–derived AGEs (AGE-4), glyoxal-derived AGEs (AGE-5), and 3-deoxyglucosone-derived AGEs (AGE-6) (60). Foods are the other source of AGEs (e.g., fast foods, meat, bread, daily products), and their formation is induced by food processing at high temperature, besides different ways such as food store for a long time or additive usage, which amplifies AGEs in the foods (61). Interestingly, the other rich source of AGEs is cigarettes. Jiao and colleagues in 2011 have shown that the plasma level of sRAGE in Finnish male smokers significantly diminished (62).

Many studies have demonstrated AGEs are considered as potent toxic molecules that produce several non-communicable diseases such as T2D, CRC, cardiovascular diseases, Parkinson disease, AD (63–68). Epidemiological evidence has reported that elevated AGEs were associated with CRC (69).

Interestingly, Shimomoto et al. reported that in Western diet–fed rats [15% linoleic acid (LA) diet with 10% glucose drink], significantly aberrant crypt foci (ACFs) were boosted. In line with this, in another study, it has been shown that AGEs might develop CRC in rats that consumed Western diet (41).

The primary mechanism by which AGEs provoke biological function is through binding to RAGE, which triggers activation of adverse cellular effects contributing to enhancing oxidative stress, inflammation, and tumorigenesis. AGEs or different kinds of ligands bind to sRAGE as acting “receptor decoy” that could inhibit RAGE signaling pathways. Studies have shown that AGEs accumulate in the extracellular of different tissue due to promotion of chronic disease (70, 71).

Moreover, intensive studies have indicated that subtypes of AGEs induced the metastasis and invasion in patients with CRC. Deng and colleagues in 2017 have found that glucose-derived AGEs, which is a critical subtype of forms of AGEs, induced the metastasis and invasion in patients with CRC (72). Moreover, another subtype of AGEs is glyceraldehyde-derived AGEs that are mediated proinflammatory and pro-oxidative in CRC. Nevertheless, there is controversy in the results; for example, Kong et al. in 2015 have evaluated that glyceraldehyde-derived AGEs were increased in CRC patients, but not in association with colon cancer. Indeed, Kong et al. claimed there is close association with the risk of rectal cancer (69). In agreement with these data, Liang et al. demonstrated RAGE could be associated with increasing microvessel density, invasion capacity, cell viability, and angiogenesis, and knockdown of RAGE repressed expression of vascular endothelial growth factor (VEGF) and SP1 protein in colorectal cancer cells (48).

Likewise, Wang et al. have indicated AGEs might upregulate oncogenes (73).

Another component involved in AGE formation is MG. This compound is produced during glycolysis as a side product. A study by Chiavarina et al. predicted that MG accumulated through higher glucose metabolic rates in tumors (74). Furthermore, Lin et al. in 2018 found that MG had a crucial role in colon cancer progression. Additionally, MG could mediate low-grade carbonyl stress and lead to oxidative stress and inflammation and promote tumor growth, and the degree of malignancy of tumor cells is enhanced (75). On the other hand, exogenous AGEs might increase the amount of glycotoxins, which impair many metabolic processes, especially, cancer development. Sakellariou et al. have assumed AGEs/RAGE increased detoxification enzyme glyoxalase (GLO), and there was a relationship between exogenous AGEs and glycotoxins in CRC patients (76).



HMGB1

HMGB1 gene encodes HMGB1/amphoterin, a non-histone chromosomal structural protein (77). HMGB1 is isolated as a 30-kDa cytosolic heparin-binding protein in growing brain tissue and is related to outgrowth neurite. HMGB1 has diverse functions in the cytoplasm, extracellular milieu, and nucleus. Moreover, HMGB1 binds to a type of non-B DNA type in the nucleus and contributing to several procedures, including recombination, replication, transcription, stability of genomic, and DNA repair (78). Furthermore, in the cytoplasm, HMGB1 is related to motility of cell as noticed in outgrowing neurites. Moreover, HMGB1 in motile cell accelerates the formation of adhesion molecules, actin–polymer formation, and filopodia, in addition to detachment from the extracellular matrix. Fages et al. have shown that the mechanism of HMGB1 is similar to that of outgrowing neurites on cell migration in cancer cells (79). HMGB1 expression is high in immature cells and malignant cells and has the main role of regulating of cell migration function (80).

HMGB1 has different molecular roles in cancer. HMGB1 promotes the expression of cellular inhibitor of apoptosis-2, a target gene of activated nuclear factor-κB (NF-κB), and restricted activation of apoptosomal caspase-9. As result, based on these data, HMGB1 might play an antiapoptotic role in colon cancer and decrease anticancer immune responses by stimulated apoptosis in immune cells (81). Notably, Tang et al. in 2010 have indicated endogenous HMGB1 activates an autophagy signal, which promotes cell survival (82). Interestingly, HMGB1 also has a cytokine function that has an extranuclear role when it is inactively released from necrotic and tumor cells after radiotherapy and chemotherapy or actively from monocytes and macrophages into the extracellular environment (83). HMGB1 expression and secretion are unregulated in response to the stimulation of cells by endotoxin, proinflammatory cytokines, platelet activators, and oxidative stresses in macrophages. These results have supported a paracrine/autocrine mechanism for the amphoterin/RAGE action detected in CRC cells (80, 84). Moreover, DiNorcia et al. in 2010 and Heijmans et al. in 2012 have demonstrated the prompt of Lin cytokines; cellular stresses and growth factors involving deoxycholic acid and AGEs could amplify expression of HMGB1 in colon adenomas and carcinomas. In addition, studies have shown that upregulation of HMGB1 and RAGE has been linked with poor prognosis, metastasis, and tumor invasion in colorectal cancer. Based on intensive evidence, the main receptors of HMGB1 could be RAGE and toll-like receptors (TLR)-2 and TLR-4. In line with this, Harada and colleagues in 2007 have found that a specific receptor of HMGB1 was RAGE, and complex of HMGB1/RAGE could mediate abundant biological responses, including angiogenesis, axonal sprouting promotion, and outgrowing neurite and immune cell recruitment to an inflammatory place. Thus, it would be interesting to know which pathways of RAGE are activated by HMGB1 in colorectal cancer (45, 85–88).

Furthermore, in multiple ways, HMGB1 could be modified posttranslationally, which might determine the secretion and location of HMGB1 and bind to proteins and DNA. The difference in bioactivities of HMGB1 might be related to tissue sources or different cell types or its responses to different stimuli (89, 90).



S100 Family

S100 is a member of proteins with low molecular weight (9–13 kDa), which is expressed in vertebrates, including at least 25 relatively non-ubiquitous calcium-binding proteins. Their functions depend on calcium concentration and could be changed. Besides, several studies focused on S100 proteins functions including, at the intracellular level, regulation of cell cycle, motility, differentiation, proliferation, apoptosis, Ca2+ homeostasis, cellular signaling, and energy metabolism. In addition, S100 has another role that regulated a variety of intracellular actions, such as cytoskeletal function, protein phosphorylation, and defense from oxidative cell injury. Interestingly, S100 proteins could be active via surface receptors in paracrine and autocrine manner at the extracellular level. As a result, S100 could be able to activate signaling pathways at these sites of chronic inflammation via peripheral blood mononuclear cells and macrophages, including T lymphocytes and RAGE endothelial cells. Diverse S100 proteins have been documented and have expression in different tissues such as various peripheral tissues in a cell-specific manner. S100 proteins remained in their free form at low calcium state and bind calcium and undergo a specific conformational change after the inflow of calcium through voltage-gated or receptor-induced channels, which results to an adjustment of their hydrophobic surface properties. Furthermore, calcium level elevation led to structure change of S100 proteins; consequently, changing structure could allow interacting with the hydrophobic regions of the target proteins (91–97).

Severe vibrant evidence has shown S100 is involved in a variety of biological events associated with carcinogenesis, such as a gene being located on human chromosome 1q21, which is an area susceptible to genomic rearrangements; altered expression in many malignant disorders; and interaction with numerous proteins, which in carcinogenesis play a vital role. Also, S100 protein might affect target proteins such as p53, NF-κB, and β-catenin (98).

S100 family is regulated by epigenetic mechanisms. Lindsey et al. showed that curing the various medulloblastoma cell lines with DNA demethylation releases S100A3, S100A10, S10011, and S100P proteins (99). Also, micro-RNAs (mi-RNAs) regulate Sl00 protein expression; however, there are limited studies in this area, and more investigation is required for this to be elucidated. MiR-568 regulates the expression of NFAT5, a transcription factor that triggers S100A4 expression (100, 101). Moreover, it has been reported that S100A6 overexpression is induced after DNA hypomethylation in gastric cancer. Binding of acetylated histone H3 to a promoter in gastric cancer tissue has been seen when there are minor intensities of CpG methylation in the second exon and first intron of the S100A6 gene (102). Also, lower methylation of S100P gene promoter was seen in different prostate cancer cell lines (103).



S100A8/A9

Both S100A8 and S100A9 are recognized as calgranulins MRP8 and MRP14 or A and B. S100A8/A9 functions as a heterodimer and has a concurrent expression, whereas the proteins are produced from distinct genes (104, 105). S100A8/A9 is expressed in various cells of myeloid lineage, containing monocytes, granulocytes, early-stage macrophages, neutrophils, myeloid-derived suppressor cells (MDSCs), cancer cells, and myeloid-derived suppressor cells. Ang et al. in 2010 have shown that the response S100A9 was better than S100A8 in cancer cells (104, 106–110). Calprotectin could play a significant role in immune responses and inflammatory signaling pathways such as endothelial adhesion of monocytes and neutrophil and chemotaxis for neutrophils and also can serve as a marker of inflammation (93, 111). Additionally, neutrophils are released chemoattractants as inflammation, which is induced by extra involvement of inflammatory cells to damage the tissue (112). S100A8 and S100A9 are expressed in initially recruited monocytes; as they mature, they sustain S100A9 and lose S100A8 expression (113). In one study, the expression of HMGB1 and S100A8 significantly was increased but not S100A9 in polyps compared with normal tissue (45). Calprotectin has been involved in a wide range of chronic inflammation complications such as rheumatoid arthritis, cystic fibrosis, transplant rejection, and tuberculosis (114) and likewise multiple sclerosis, IBD, and psoriasis (112, 115, 116). Indeed, calprotectin is common to consider as a biomarker. Moreover, calprotectin fecal levels are commonly measured to identify IBD.

Some investigations indicate S100A8/A9 upregulation in cancer. This inflammatory context promotes tumorigenesis, metastasis by mediating the tumor cells, and migration of monocytes to metastatic sites. Besides, expression of S100A8/A9 in endothelial cells and myeloid in premetastatic organs in response to transforming growth factor β, tumor necrosis factor α (TNFα), and VEGF expressed by distal primary tumors promotes homing of tumor cells to premetastatic niches (11, 117, 118). Growing studies have verified that heterocomplex of S100A8/S100A9 led to MDSC migration and mediated tumor cell invasion (119, 120). Elevated MDSCs and S100A9 were indicated in peripheral blood and tumor tissue from CRC patients. Circulation of MDSCs and S100A9 was positively related to each other and associated with neoplastic progression. Moreover, S100A9 induces and activates chemotaxis; however, it did not affect MDSC viability. On the other hand, S100A9 is involved in immunosuppression during CRC progression by regulating MDSCs. S100A8/A9–RAGE interaction has been revealed to stimulate MDSC migration and tumor growth (104, 119, 121, 122). Ghavami et al. in 2008 claimed that the influence of calprotectin was dependent on the concentration in tumor cells. Ghavami et al. have indicated increased S100A8/9 concentrations enhance the apoptosis in colon carcinoma cell lines. However, tumor cell growth and migration are stimulated in low concentrations (104, 109). Turovskaya et al. showed that risk of colorectal cancer in patients with IBD is amplified. Myeloid progenitors infiltrate into dysplasia sites in human adenoma and colon tumor tissue and secrete S100A8 and S100A9. The primary receptor of S100A8/A9 on the tumor cells is RAGE. Calprotectin might be bound to RAGE and activate NF-κB signaling pathway, which plays a pivotal role in colitis-associated carcinoma (11).



S100A4

S100A4 (metastatin-1, calvasculin) is a multifunctional protein with localization in the extracellular space, cytoplasm, and nucleus. The S100A4 expression was highly in diverse cancer tissues, related to metastatic tumor development, particularly in CRC patients. Intensive evidence shows that the expression of S100A4 could be considered as a prognostic marker in CRC. Different studies have shown that expression of S100A4 in CRC-xenografted mice is associated with metastases progression. Likewise, increasing expression of S100A4 is often related to pathological disorders including metastasis formation, epithelial–mesenchymal transition (EMT), and tumor outgrowth (47, 123–129).

S100A4 drives metastasis formation in different ways. Interestingly, the motility of cancer cells could be mediated by intracellular interactions with tumor-suppressing proteins, as well as components of the cytoskeleton. Besides, the intracellular S100A4 might increase cell motility through interactions with the proteins of cytoskeleton, including non-muscle tropomyosin, non-muscle myosin II, and actin filaments. Additionally, liprin β1 interacts with metastatin-1 and promotes invasiveness of primary tumors, which leads to cell adhesion causing a migratory phenotype. Besides, S100A4 bound to p53, which increased the progression of a more aggressive cell phenotype and ended in a modulation of p53 transcriptional function. Moreover, S100A4 recruits the factors of the immune system, or remodeling the extracellular matrix in the tumor–stroma microenvironment aggravates metastasis formation. S100A4 is released into extracellular space and stimulates endothelial cell motility and interacts with annexin II on the surface of endothelial cells, which enables angiogenesis and activates matrix metalloproteinase expression, which cleaves proteins of the extracellular matrix and thereby facilitates cell invasion into the adjacent tissues (93, 130–136).



S100P

S100P was first purified in 1992 as a 95-amino-acid protein from human placenta, with a partial cellular spreading (137). It has been confirmed that elevated expression of S100P and then interaction with RAGE induce metastases, cell proliferation, and tumor invasion, like in colon cancer. Indeed, evidence has indicated S100P is among three signature genes that induce liver metastasis in a mouse model of colorectal cancer. In contrast, suppression of S100P inhibited colon cancer metastasis and growth, although ameliorated mice survival (8, 138, 139). Research has shown that S100P is augmented in inflammatory disorders such as IBD (8). Prostaglandin E2, which is augmented in epithelial CRC cells, could unregulate S100P. Notably, the S100P protein expression was related to the localization of the primary CRC tumor: the levels of S100P expression were elevated from the right to the left, being the maximum in the rectal carcinomas. Kaplan–Meier has investigation shown that elevated expression of S100P led to decrease of survival time of patients with CRC stages I, II, and III. These results have revealed there was a correlation between expression protein of S100P and survival time (140, 141).




CLINICAL STUDIES

Table 1 summarizes clinical studies in CRC patients. It is well-recognized that CRC screening and monitoring strategies such as diagnosis and elimination of premalignant lesions and adenomatous polyps result in reduction of CRC mortality (155). Several clinical studies have pursued to carry out biomarkers that could be identified as potent metastasis diagnosis in patients with colorectal cancer. Kuniyasu et al. in 2003 have investigated 119 non-diabetic patients with CRC, who found out RAGE expression was increased in 55% of the cases. Besides, Sasahira et al. have investigated 96 colorectal adenomas and demonstrated that RAGE expression was significantly increased in adenomas with severe atypia, especially with membranous pattern (55, 156). Likewise, Liu and colleagues in 2014 studied the cases of 21 colorectal cancer patients with metabolic syndrome. They assessed circulating interleukin-6 (IL-6), VEGF, fasting insulin, and tumor expression of insulin-like growth factor-1 receptor (IGF-1R), insulin receptor (IR), insulin-like growth factor-1 (IGF-1), and RAGE markers before surgery and 6 months after tumor surgery. Liu et al. have indicated no differences in some circulating cytokines such as IL-6, IGF-1, and VEGF-1 in patients with CRC. However, Liu et al. observed RAGE and IGF-1 expressions were as biomarker in tumor tissue. Furthermore, hyperinsulinemia might be associated with metabolic syndrome and colon cancer (149). Additionally, Tóth et al. in 2007 considered four SNPs such as TNFα−308 G > A, RAGE−429 T > C, HSP70-2−1267 A > G, and LTA 252 A > G in genomic DNA in 183 Hungarian patients with CRC, and they observed that RAGE−429C, TNFα−308A, HSP70-2−1267G, and LTA 252G (8.1AH) haplotype were more frequent (19.1%) in patients with CRC (153).


Table 1. Tumor marker expression in tumor tissue and plasma of CRC patients related to RAGE signaling pathway.
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Another biomarker that clinical studies focused on was sRAGE. According to evidence, some studies have indicated sRAGE was diminished in CRC. Chen et al. in 2016 have demonstrated that sRAGE was inversely correlated with body mass index (BMI). Also, among women with BMI ≥25 kg/m2, risk of CRC with the highest sRAGE concentration was significantly lesser compared to women with lower sRAGE concentration. On the other hand, the RAGE pathway might be a pivotal key in CRC with obesity in postmenopausal women (157). In another study, Choi and colleagues have examined the association between biomarkers and respiratory complications in 46 patients with CRC. This study has predicted that plasma sRAGE and S100A12 could be an appropriate biomarker for diagnosing the development of postoperative respiratory complications (143). Notably, Jiao et al. have studied the cases of 29,133 Finnish male smokers and found that increasing levels of serum sRAGE were associated with decreasing risk of CRC in male smokers (62). Also, Jiao et al. in 2012 observed plasma levels of sTNF-αRII, sTNF-αRI, TNFβ, IFNα2, sIL-6R, MCP1, epidermal growth factor (EGF), granulocyte colony-stimulating factor (G-CSF), and VEGF significantly increased; in addition, sRAGE level was decreased in 158 cases with colorectal adenoma (147). Furthermore, Comstock et al. in 2014 have found that serum concentrations of VEGF and C-peptide were amplified in 126 asymptomatic men (48–65 years old), and sRAGE was decreased but did not associate IGF-1 with polyp number or type. They assumed these biomarkers could benefit the diagnosis more than colonoscopy (144).

In contrast, Kong et al. assumed that elevated levels of glycer-AGEs were not significantly associated with colon cancer risk but had a positive association with the risk of rectal cancer (69). Interestingly, Hamaguchi and colleagues in 2019 have explored eight biomarkers that were associated with potential prognosis in 62 metastatic CRC patients who received aflibercept plus FOLFIRI. Consequently, they claimed tissue tenascin-C, IL-8, extracellular new receptor for advanced glycation end-products (EN-RAGE), pulmonary surfactant–associated protein D, tissue inhibitor of metalloproteinases 1 (TIMP-1), kallikrein 5, tumor necrosis factor receptor 2 (TNFR2), and IGF-binding protein 1 were identified as biomarkers potentially prognostic for overall survival. In addition, among these biomarkers, the lower the levels of TIMP-1, IL-8, and EN-RAGE (P < 0.001), the more overall survival was indicated (146). Fahmueller et al. in 2013 investigated a homogenous cohort of CRC patients with hepatic metastases and showed that after 24 h radioembolization (RE) therapy the serum levels of HMGB1 were enhanced, whereas RAGE and DNAse levels remained unchanged. So, HMGB1 is a valuable serum biomarker for early estimation of therapy response and prognosis in CRC patients with liver metastases undertaking RE therapy (145). Moreover, glucose promotes Millard reaction and develops adverse effects on exposed cells. In this regard, fructosamine 3 kinase (FN3K) enzyme was recognized as a repair protein in human tissues. Interestingly, Caruso et al. have found that 31 CRC patients had deficient FN3K gene expression, which resulted in significant detrimental effects of “sugar stress” on cell function in 31 CRC patients (142). Royse et al. indicated lower expression of AGER, IL1A, MYD88, and TLR5; however CXCL8 and S100P were higher in tumor epithelia, which was correlated with less survival (150).

Intensive researches have been made over the past decades to give insight into the relationship between reactive oxygen species (ROS) and CRC (158–160). Consistently, Zinkzuk et al. in 2019 carried out a study and showed superoxide dismutase was amplified, whereas the activities of catalase, glutathione peroxidase, and glutathione reductase were lower in 50 CRC patients. Zinkzuk et al. have assumed redox could be potential biomarkers for CRC diagnosis (154). Moreover, Sakellariou et al. confirmed that detoxification enzyme GLO-I expression was directly related to RAGE, but inversely related to AGEs in 133 primary CRC cases. In addition, they found that RAGE and adiponectin receptors (AdipoR1) could be involved in CRC, which concluded that AdipoR2 and GLO-I appeared as novel independent prognostic biomarkers for patients at early disease stage (76).



MOLECULAR MECHANISMS

As already mentioned, cancer cells, dying cancer cells after chemotherapy, express and release RAGE ligands, or AGE intake via diet can act in an autocrine and paracrine manner at tumor–host interface. According to Table 2, which includes studies on involvement of RAGE signaling pathways in colorectal cancer tumorigenesis, tumor growth, migration, and invasion, RAGE has been reported to drive assorted signaling pathways, including activation of activator protein 1 (AP-1), NF-κB, signal transducer and activator of transcription 3 (STAT3), SMAD family member 4 (Smad4), MAPKs, mammalian target of rapamycin (mTOR), phosphoinositide 3-kinases (PI3K), reticular-activating system (Ras), Wnt/β-catenin pathway, and glycogen synthase kinase 3β (GSK3β), and even microRNAs (Figure 2). However, most of these pathways were stimulated by different upstream kinase cascades or membranal adaptor signaling transducers. Here, mechanism by which RAGE–ligand interaction transduces its signaling is mentioned regarding ligands whose effects are studied in CRC such as HMGB1, S100A8/9, S100A4, S100P, AGEs, MG, AGE-BSA, and glucose-derived AGEs.


Table 2. Basic studies revealed the molecular mechanism involved in RAGE signaling pathway in CRC.
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FIGURE 2. RAGE signaling pathway. The receptor of advanced glycation end-products (RAGE) is associated to triggering proinflammatory intracellular signaling cascades once it is engaged by RAGE ligands, leading to consistent and robust cellular responses. Once engaged, multiple signaling pathways are triggering, including K-RAS, erk1/2 MAP kinases, p38 and SAPK/JNK MAP kinases, Wnt/β-catenin pathway, NF-κB, AP-1, mTOR, Smad, PI3K, and the JAK/STAT pathways, with important downstream inflammatory and apoptotic marker secretions, which altogether leads to promotion of CRC. Butyrate, metformin, losartan, and sRAGE are RAGE–ligand interaction inhibitors.



HMGB1

HMGB1–RAGE interaction at tumor cells acts through different molecular pathways, leading to tumor proliferation, migration, and invasion. It has been shown that RAGE knockdown mice developed decreased tumor number, size, and histopathologic grade. However, gain of function of RAGE and following HMGB1–RAGE interaction led to development of more intestinal adenomas and also increased the hepatic tumor loads. In this context, RAGE blocking by sRAGE or genetic deletion of RAGE (Rage−/−) reduced hepatic tumor rate, nodules, and load (87). In parallel, ApcMin/+/MyD88−/− mice showed similar phenotype proposing that RAGE and MyD88 signaling share tumor-promoting mechanisms (45, 165).

Moreover, some protein overexpression has a positive effect on HMGB1 overexpression and translocation to cytoplasm and extracellular matrix of tumor cells, making an inflammation context microenvironment. Much evidence reveals that transnationally controlled tumor protein (TCTP), a very conserved and multifunctional protein, is involved in the tumorigenesis of several malignances (166). TCTP level in colon tumor tissues and HMGB1 level in serum of CRC patients were significantly increased. In line with this, TCTP overexpression on colon cancer cell lines resulted in the release of HMGB1 from the nucleus to the cytoplasm and into the extracellular space led to activation of NF-κB through the RAGE/TLR4/HMGB1 mediation, which simplified CRC cell invasion. This process is inverted by inhibition of the HMGB1-TLR4/RAGE–NF-κB pathway by specific antibodies significantly inhibiting the invasion (Figure 3A) (88). However, it has been shown that the NF-κB level in PMAU937 cells treated with HMGB1 was not considerably different from that in untreated cells. PMAU937 cells were high in phosphorylated levels of Rac1/Cdcd42 and JNK/SAPK result in proapoptotic consequence. Moreover, high NF-κB activation generates a survival signal to cells via antiapoptotic effect. The result depends on balancing of proapoptotic and antiapoptotic signals and other stimulating growth factors and cytokines. Also, they showed that HMGB1 is not a strong stimulant of nitric oxide (NO) in macrophages and so could not prompt cell death by NO (Figure 3B) (156). Glucose deprivation in tumor microenvironment is another stimulant of HMGB1 strong release of HMGB1 from several types of cancer cell lines under normal oxygen concentration, leading to activation of RAGE and TLR4, causing the activation of the MAPK/MEK1/2 and PI3K signaling pathways, leading to colonic myofibroblast migration and invasion (164). However, it has been indicated that, in the normal glucose state in NCM460 cells, proliferation is augmented by overexpression of HMGB1. Under a high glucose state, HMGB1 expression is elevated and released from cell nuclei into the cytoplasm and extracellular matrix of tumor (167) (Figure 3A).
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FIGURE 3. HMGB1 makes a metastatic microenvironment. (A) Glucose imbalance is an HMGB1 elevation trigger in tumor microenvironment by activating MAPK/ERK, Wnt/β-catenin, and PI3K pathways. (B) HMGB1–RAGE interaction results in both apoptosis and antiapoptosis via activation of, respectively, Rac1/Cdc42/JNK and NF-κB pathways.


Moreover, HMGB1–RAGE pathway stimulates Yap1 by direct association with K-Ras and results in CRC progression. Many pathways are activated through HMGB1–RAGE interaction including MAPK, Ras, Hippo, and Wnt/β-catenin signaling pathways as classic oncogenic pathways in CRC cells. Yap1 and β-catenin are physically linked to each other to enhance the Wnt target transcription in CRC cells, proposing that Wnt/β-catenin pathway possibly will contribute to CRC progression by RAGE activation trigger, which should be more elucidated in future studies (163) (Figure 3A).

Furthermore, HMGB1 and RAGE interaction activates MAPK signaling pathway through K-Ras, Rac1/JNK/SAPK, and ERK1/2/Drp1 phosphorylation and prompts CRC progression, chemoresistance and regrowth of cancer cells, and colonic myofibroblast proliferation, migration, and invasion (57, 156, 163, 164). Mitochondrial dysfunction has been shown to progress cancer cell proliferation, decrease apoptosis, and increase chemoresistance (168). HMGB1 is released from dying cells by chemotherapeutic drugs in conditioned medium and interacted with RAGE, signals ERK1/2 activation to phosphorylate Drp1 at residue S616, triggering mitochondria fission and autophagy, and promotes chemoresistance and regrowth in the surviving cancer cells, leading to poor survival outcome in locally advanced rectal cancer. HMGB1 inhibitor and RAGE blocker abolished Drp1 phosphorylation and considerably increased chemotherapeutic cure sensitivity by suppressing autophagy. Moreover, it has been shown that high phospho-Drp1Ser616 in CRC patients is related to a high possibility of developing tumor relapse. Moreover, RAGE-G82S polymorphism (rs2070600) has high ligand affinity and is related to high phospho-Drp1Ser616 in tumor microenvironment (57) (Figure 4).
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FIGURE 4. HMGB1 makes tumor cells resistant to chemotherapy. HMGB1 released from chemotherapy dying cancer cells in the tumor microenvironment and HMGB1–RAGE interaction on cancer cells lead to mitochondria fission, and autophagy via ERK1/2-dependent Drp1 phosphorylation enhances chemoresistance status. Besides, RAGE activation on muscle cells initiates muscle degradation, and releasing amino acids such as glutamine in the circulation and tumor environments provides energy source for sustaining growth of tumor cells.


Lue et al. indicated that after HMGB1 elevation in serum and colon of mice model of colon cancer, autophagy increased, which led to elevation of free amino acids in plasma, increased glutamine, and low PKM1 levels through activation of RAGE by HMGB1. HMGB1 enhanced autophagy in the muscle by decreasing active mTOR and augmentation of autophagy-related proteins and plasma glutamate. These aberrant effects were abolished by administration of an HMGB1-neutralizing antibody. So, this glutamine released from necrotic cells is used by the remnant cancer cell as an energy source and support their continuous growth (9). Moreover, Luo et al. in another study showed that necrosis inducer promotes cancer cell necrosis and releases HMGB1, which enhances regrowth and metastasis of remnant cancer cells by RAGE activation, but apoptosis inducers lack this effect. Thus, the outcomes proposed using apoptosis inducers more than necrotic inducers to prevent cancer relapse (169) (Figure 4).

Trophinin, a unique adhesion molecule, is expressed in human trophoblastic cells, with a pivotal role in trophoblast growth and invasion into the uterine wall to form the placenta (170). This process resembles tumor invasion into adjacent tissues. Trophinin is expressed in testicular germ cell tumors, leading to invasion and metastasis of tumor cells (171). Harada et al. indicated that SW480 cells that highly expressed trophinin and HMGB1 were more invasive than control. Small interfering RNA (siRNA) knockdown of trophinin reverses its effect in Colo320 cells. Positive correlation was found between HMGB1 protein expression in the nucleus and trophinin expression in tumor tissues, and its high expression in tumors of colon cancer patients is strongly linked to poor prognosis. Moreover, they investigated tumor tissues of 50 CRC patients and found HMGB1 and RAGE protein coexpression in 65.6% of trophinin-positive patients. Thus, it could be concluded that trophinin stimulates invasion via a mechanism involving HMGB1/RAGE (86).

Thus, as shown in Figures 3, 4, HMGB1–RAGE interactions on surface of tumor cells, inflammatory cells, and also muscle cells provide an inflammatory microenvironment that promotes chemoresistance and cancer cell regrowth via activating MAPK, PI3K, Wnt/β-catenin, and NF-κB signaling pathway. Also, blocking HMGB1–RAGE interaction could enhance chemotherapy sensitivity.



S100A8/9

S100A8/A9 interaction with RAGE activates MAPK, Smad4, and NF-κB signaling pathways and develops intestinal adenoma, migration, invasion, and metastasis (11, 45, 108, 109, 121). Studies have shown that S100A8/A9 expression on myeloid cells is necessary for colon tumor growth (109). As recruited monocytes mature, they lose S100A8 and keep S100A9 expression and recruit more inflammatory cells, resulting in tumor cell proliferation and invasion. S100A8/9 boosted migration and proliferation in cells with or without Smad4 tumor cells. But, tumor cells with transient decrease of Smad4 do not react to S100A8, but not S100A9. Interaction of tumor cells with stromal myeloid cells and reaction to stromal chemokine are altered with loss of Smad4. S100A/S100A9 makes Smad4 signaling active as shown by phosphorylation of Smad2/3; RAGE blockage repressed this reaction (108) (Figure 5).
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FIGURE 5. S100A8/A9 provides a premetastatic environment. S100A8/A9 expresses on tumor cells and also inflammatory cells. S100A8/A9–RAGE interaction results in activation of Smad, NF-κB, ERK1/ERK2, and SAPK/JNK pathways and increasing the leukocyte recruitment angiogenesis, tumor migration, and wound healing and consequently providing premetastatic niches. MDSCs will promote immunosuppressive microenvironment by activation of NF-κB pathway and also cause chemotaxis by P38 activation.


MDSCs suppress the antitumor immune response and enhance tumor growth and metastasis. It has been found that increased levels of S100A9 and MDSCs in tumor tissue and peripheral blood of CRC patients were related to neoplastic progression. Moreover, S100A9 regulates MDSC chemotaxis and activation, which induces immunosuppressive microenvironment. Elevated S100A9 in tumor microenvironment released from cancer cells, inflammatory cells, or MDSCs fuels RAGE- dependent p38 MAPK signaling cascade and also the TLR4-dependent NF-κB signaling cascade. Activation of p38 MAPK pathway led to MDSC chemotaxis, and NF-κB activation led to upregulation of immunosuppressive molecules inducible NO synthase (iNOS), Arg-1 and IL10 expression, and ROS production. Thus, assessing S100A9 and MDSCs in tumor tissue and also peripheral blood could help as a diagnostic marker of CRC progression (121). However, Ichikawa et al. indicated that S100A8/A9–RAGE and carboxylated glycan interaction activates phosphorylation of ERK1/ERK2 and SAPK/JNK MAPK in colon tumor cells, but not significant p38 phosphorylation, which led to elevation of Slc39a10, Cxcl1, Ccl5, Enpp2, Ccl7, Lcn2, Zc3h12a, and other genes, and stimulates recruitment of leukocytes, angiogenesis, migration of tumor cells, wound soothing, and creation of premetastatic microenvironment (109). Carboxylated glycans are expressed on a RAGE subpopulation on colon tumor cells and facilitate S100A8/A9 binding to RAGE results in NF-κB activation and cancer cell proliferation. S100A8/A9 could also activate TLR4 and increased tumorigenicity. Anticarboxylate glycan antibody blocks RAGE–ligand binding, downstream signaling, and tumor cell proliferation (11) (Figure 5).

In summary, tumor cells respond to S100A9 better than S100A8, and its interaction with RAGE triggers different signaling pathways in favor of inflammatory tumor microenvironment, including Smad, NF-κB, MAPK/ERK, and SAPK/JNK and P38, leading to leukocyte recruitment angiogenesis, tumor migration, wound healing, and premetastatic niches. Also MDSCs act as immune suppressor cells in tumor microenvironment and could be good tumor progression marker.



S100A4

Interaction of S100A4–RAGE mediates MAPK/ERK and hypoxia signaling hyperactivation, leading to elevated CRC cell motility, which is significantly enhanced by adding rS100A4 (40). Sack et al. showed calcimycin inhibits promoter of S100A4 and decreases S100A4 expression and therefore impairs inducing of cell motility and metastasis, via suppression of Wnt/β-catenin pathway activity and expression of important β-catenin target genes such as S100A4, cyclin D1, c-myc, and dickkopf-1 (127) (Figure 6).
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FIGURE 6. S100A4 increased motility of tumor cells. S100A4–RAGE interaction in tumor cells initiates activation of hypoxia, and MAPK/ERK signaling results in Wnt-β pathway activation and expression of β-catenin target genes, which promote elevated CRC cell motility. Calcimycin by suppressing the S100A4 promoter decreases S100A4 expression and other genes and inhibits Wnt-β pathway reverse S100A4 effect.




S100P

While RAGE expresses in both normal and malignant colon specimens, S100P is expressed only in the malignant specimens and promoted cell growth; migration through RAGE activation, which leads to ERK1/2 phosphorylation; and NF-κB activation. In line with this, it has been shown that treatment of colorectal cancer cell lines with S100P increased proliferation and cell migration. Antagonism of RAGE blocked this interaction and irregular results (8). Moreover, Shen et al. showed that S100P and RAGE interaction leads to ERKs phosphorylation and promotes EMT (152). S100P expression is regulated by transcription factors and microRNA. Both SOX9 and S100P are overexpressed in colon cancer. SOX9, S100P transcription factor, increased S100P expression promote metastasis and invasion and result in low survival in colon cancer patients (151). Furthermore, studies show that microRNA dysregulation mediates cancer development and progression through activation of inflammatory cascades. MiR-21 is overexpressed in many types of human cancers, as well as colon cancer. S100P/RAGE interaction activates ERK1/2 phosphorylation, leading to the upregulation of oncogenic miR-21 via AP-1 signaling pathway, which leads to RECK suppression, and facilitates the onset of invasion and metastasis (161). Moreover, RAGE–S100P interaction activates MAPK pathway, and AP-1 leads to expression of oncogenic miR-155 expression, implicated in several malignancies such as colon cancer by linking inflammation and cancer. Prominent levels of miR-155 have been detected in primary colon cancers and metastatic lesions. It has been shown that exogenous S100P cannot activate MAPK-dependent miR-155 after suppressing activation of AP-1 by inhibiting MEK activation or genetically inhibiting c-Jun activation. Thus, miR-155 was regulated by MAPK kinase and also, to a lesser extent, NF-κB (162, 172–175) (Figure 7).
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FIGURE 7. S100P promotes epithelial mesenchymal transition and tumor proliferation, migration, and invasion. S100P expresses only in malignant tissues and by activation of RAGE and downstream cascades including NF-κB and AP-1–dependent oncogenic mi-RNA activation, which altogether enhanced tumor migration and invasion.


In conclusion, S100P is only expressed in malignant tissues that result in EMT by activating MAPK/ERK1/2 and S100P accumulation that initiates NF-κB activation and AP-1–dependent oncogenic mi-RNA activation, which altogether enhanced tumor migration and invasion.




THERAPEUTIC STRATEGIES AGAINST RAGE IN CRC

As shown in many studies mentioned in this review investigating the role of RAGE by its blockage through siRNA and antibodies and antagonists treatment, RAGE activation stopped, as well as underlying mechanisms leading to tumorigenicity. Also, it has been indicated that antibodies against RAGE ligands can decrease the risk of CRC (176–180). This, as mentioned before, the effect of prolonged RAGE blockade in human subjects is important because RAGE plays vital roles in normal physiology. Moreover, 30 percent of IBD patients did not respond to anti-TNF-α and other therapeutic options such as antibodies against cytokines that promote infection in patients (181, 182). In this regard, few studies investigated the effect of less toxic therapeutic agents such as ligand-scavenging components such as phytochemicals. Flavonoids, stilbenes, catechins, phenolic acid, anthocyanin, genistein, and curcumin are mentioned as AGE formation inhibitors and lead to decreased risk of diabetes and CRC (183–186). Fluoroquinolones are promising therapeutic agents for increasing the related α-dicarbonyl (AGE precursors) scavengers as to protect cells against carbonyl stress (187). Heat-stabilized rice bran consumption in colorectal patients has been indicated in the modulation of stool metabolites such as AGEs (188). Also, medicinal plants such as Carpobrotus edulis (African) as well as Castanea mollissima Blume (Chinese) work against protein glycation and colon cancer by inhibition of AGE production (189, 190). Therefore, novel phytochemical components by inhibiting RAGE activation could be less toxic and safer to approach against cancer.



AGES-RAGE INTERACTION REGARD TO T2D AND CRC ASSOCIATION

Lifestyle in industrialized countries, such as physical inactivity and diet, leads to increased mortality and threat to public health in the world. Many studies have revealed that obesity, chronic inflammation, aging, and insulin resistance are associated risk factors inducing CRC development (191–193). Moreover, T2D could decrease the survival of CRC patients. The evidence has shown that elevated insulin concentration is able to develop CRC cell growth, but the mechanism and molecular link between CRC and T2D are controversial (194–196). However, metabolic syndrome, especially insulin resistance and hyperglycemia, could explain the relationship between these diseases (197, 198). Nevertheless, there was a missing link in related signaling pathways. Yamagishi et al. hypothesized that RAGE and enhanced serum AGEs were the bridge between associated diseases and increase the risk of colorectal cancer in patients with diabetes (199). Upregulated RAGE and its ligands have been indicated in different inflammatory conditions, including IBD, diabetes, and cancer (54). Based on these studies, RAGE has essential roles in tumorigenesis, and metastasis–ligand–RAGE axis plays a vital role in sophisticated paracrine and autocrine manners within the tumor microenvironment to promote cell migration, invasion, and survival (27, 200, 201). Particularly, Liu et al. in 2014 enrolled 21 CRC patients with metabolic syndrome, and they found that IL-6, IGF-1, and VEGF-1 circulation was unchanged. However, IGF-1R and RAGE expressions were increased in tumor tissues; also, fasting insulin levels in CRC patients with metabolic syndrome were significantly enhanced (149). Moreover, Deng and colleagues have shown the risk of CRC in diabetic patients significantly increased, and glucose-derived AGEs were increased in CRC patients serum and activate RAGE/ERK/SP1/matrix metallopeptidase-2 (MMP2) cascade in cancerous tissues promote the invasion and metastasis of CRC. This is reversed by RAGE blocking Ab and SP1-specific siRNA. Deng et al. demonstrated the expression of specificity protein 1 (Sp1), MMP2, and RAGE predominately increased in cancerous tissues (72). AGE and RAGE were unregulated in the colonic mucosa of azoxymethane (AOM)-injected F344 rats, especially in rats fed with high-LA and high-glucose diets, and this upregulation induced continuous ROS production and was associated with increased ACFs and carcinomas in the rat colon. Moreover, treatment with metformin and losartan inhibited AGE and reduced cancer multiplicity in the rats that received LA or normal diet and glucose drink in comparison to the control rats. Losartan showed mild inhibition of AGE formation in a non-cellular system, suggesting that losartan possesses a weak antioxidative effect independent of its antiangiotensin activity. RAGE-associated genes were upregulated including MMP9, VEGF, iNOS, and BCL2 in the carcinomas. The phosphorylation of ERK1/2, Rac1, and AKT and the production of MMP9 are increased more by HMGB1 than by AGE, whereas the production of iNOS and NF-κB is increased more by AGE than by HMGB1. AGE–RAGE induced by high-LA and high-glucose diets substantially enhances colon cancer development (41, 202, 203). Moreover, some transcription factors, such as SP1, p53, NF-κB, and KLF7, could regulate oncogenic gene. MDM2 and MDM2 overexpression is a candidate biological link between T2D and colon cancer development. Wang et al. in 2018 indicated that diabetes increases the level of AGE, which enhances the expression of MDM2 via transcription factor KLF5 in colon cells. MDM2 binds directly to cancer suppressors; p53 and Rb promote their inactivation and degradation (73). Also, Kuniyasu et al. claimed that invasion and metastasis are associated with raised expression of RAGE and amphoterin in 119 non-diabetic patients with CRC (156). Besides, several studies have suggested inflammation has a prominent role in IBD that is associated to amplified risk of CRC (204–206). Nevertheless, Kong et al. showed that in a total of 1,055 CRC cases glycer-AGEs levels were raised; however, this was not related to colon risk. As a result, AGEs were not associated with amplified risk of colorectal cancer (69). AGEs are able to affect the antioxidant defenses and augmented ROS and apoptosis (207, 208). However, Kucukhuseyin et al. detected increased level of advanced oxidation protein products and protein carbonyl in CRC patients, and the levels of antioxidants such as Cu-Zn SOD and total thiol were lessened (148). In the other study, Sakellariou et al. in 2016 claimed that there was a relationship between RAGE and detoxification enzyme GLO-I and adiponectin receptors (AdipoR1, AdipoR2) in CRC. They investigated 133 primary CRC cases and found that RAGE and AdipoR1 might be involved in CRC; also, the upregulation of AdipoR2 and GLO-I reduced survival in the whole cohort and early-stage cases. Notably, redox levels as biomarkers in CRC predominately were changed. These data were in agreement with those of Thornalley et al. (76, 209). In general, the accumulation AGEs and binding to RAGE lead to activation and oligomerization of various inflammatory and oxidative stress.

The mechanism of abnormal epithelial proliferation under the diabetic state is unclear. Several literatures have shown that gut microbiota has a pivotal role in intestinal disease (210, 211). Moreover, the level of HMGB1 is elevated in the serum of these related diseases. Interestingly, Wang et al. in 2019 have attempted to observe the association of hyperproliferation of colonic epithelium under a diabetic state with RAGE and HMGB1; besides, they investigated the influence of butyrate on the proliferation of NCM460 cells. Notably, Wang and colleagues indicated that high glucose state increased proliferation by overexpression of HMGB1 and RAGE. On the other hand, butyrate could be suppressed, enhancing proliferation by targeting HMGB1. These data have shown that butyrate inhibited the expression of RAGE and prevented AGEs accumulation (167). Arabiyat et al. synthesized antioxidative and anti-inflammatory molecules, including fluoroquinolones and triazolofluoroquinolones, which could be suppressed in the AGEs binding to RAGE, and accumulation of AGEs was inhibited as a consequence. Moreover, this study evaluated the potential antiproliferative efficacy against colorectal cancer cell lines, as well as obesity and diabetes (187). Furthermore, Zhang et al. have explored C. mollissima Blume (Chinese chestnut) enriched by flavonoids, and polyphenolic acids might have antidiabetic complications and anticancer activities (190). A recent study has shown that some mi-RNA levels are involved in CRC and T2D, and lifestyle could influence these diseases. A study by Zhu et al. in 2019 revealed the relationship between miR-99a and mTOR in 20 patients with CRC and T2D. They found AGEs could impair the miR-99a, leading to overactivated mTOR signaling. In addition, microarray analysis indicated this mi-RNA might be a biomarker and therapeutic target (175).

Recently, elevated levels of MG were found in mammals consuming a Western-style diet. MG is derived from glycolysis, lipid peroxidation, and protein degradation. Many studies demonstrated that MG-induced carbonyl stress can lead to oxidative stress and inflammation, and it was highlighted in the pathogenesis of obesity, diabetes, and metabolic syndrome (75). Exposure to MG led to increases in the serum low-density lipoprotein/high-density lipoprotein ratio, fecal bile acid, and foci of aberrant crypts in the colon (ACFs) and aberrant crypts (ACs) in the colon of AOM-treated mice, and oxidative and carbonyl stress (MG, AGEs, and malondialdehyde levels) inflammatory mediators (IL-6 and RAGE) in tumors of CT26 isografts in mice. Also, increased activation of signaling pathways that modulate cell survival and proliferation (i.e., the ERK/p38 MAPK, and PI3K/GSK3β/mTOR pathways) and increased level of GLO and Sirt1 were observed in MG-induced cells with increased proliferative and migratory activities as well as stem-like properties (increased CD29). Excitingly, boosted expression or activation of proteins that modulate cell survival, proliferation, or migration/invasion (such as vimentin) was also observed. MG-induced carbonyl stress may be the pivotal agent involved in colon cancer progression. Furthermore, high level of MG adducts and low GLO-I activity in high stage tumors promote CRC development and tumor growth, which is reversed by carnosine, a potent MG scavenger (74, 75).

Thus, it could be concluded that different AGE subtypes and derivatives are accumulated in T2D and by interaction with RAGE trigger detrimental procedures, leading to increased inflammation and ROS production end in microenvironments, which increases the risk of CRC.



CONCLUDING REMARKS

At present, convincing evidence indicates RAGE activation makes a tumor-promoting milieu, which in turn favors proliferation and survival of colorectal cancer cells. In this circumstance, developing investigational data propose that the multiligand–RAGE axis may be a significant contributor to inflammation-related tumorigenesis through different signaling mechanisms including activation of AP-1, NF-κB, STAT3, SMAD family members, MAPKs, mTOR, PI3K, Ras, Wnt/β-catenin, and GSK3β and even microRNAs, which epigenetically regulates the expression of RAGE ligands. These contain the activation of crucial processes that might help in the resistance to apoptosis and hypoxia, getting involved in antitumor immunity, provoking immunosuppressive microenvironment, increasing angiogenesis, and helping invasiveness. So, multiligand–RAGE axis has developed a very interesting target for pharmacological interventions directed to block RAGE–ligand interactions at the receptor level and also inhibited by scavenging its ligands. But as the function of RAGE and its ligands is tissue specific and has a role in normal physiology, as well as different pathologies, approaching appropriate therapeutic strategies are important. However, various questions remain unanswered to completely comprehend the role of this receptor in tumor–host cells interactions, particularly the other ligands that activate RAGE, the recruitment and activation of MDSCs, and the cross-talk between RAGE and TLRs.
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AdipoR, Adiponectin Receptors; AGEs, Advanced Glycation End-Products; AD, Alzheimer's Disease; (AP-1), Activating Protein-1; CD28, Cluster of Differentiation 28; CRC, Colorectal Cancer; CTLA4, Cytotoxic T-lymphocyte-Associated Protein 4; Cu–Zn, Copper, Zinc; CVDs, Cardiovascular Diseases; SOD, Superoxide Dismutase; Drp1, Dynamin-Related Protein 1; EGF, Epidermal Growth Factor; EMT, Epithelial–Mesenchymal Transition; EN-RAGE, Extracellular Newly Receptor for Advanced Glycation End-Products; FN3K, Fructosamine 3 Kinase; GSK3β, Glycogen Synthase Kinase 3β; HMGB1, High-Mobility Group Box 1; IBD, Inflammatory Bowel Disease; Ig, Immunoglobulin; IGF-1, Insulin-Like Growth Factor-1 (IGF-1); IL-8, Interleukin-8; LHP, Lipid Hydroperoxide; LARC, Locally Advanced Rectal Cancer; MAPKs, A Mitogen-Activated Protein Kinase; MCP-1, Monocyte Chemoattractant Protein-1; mTOR, Mammalian Target of Rapamycin; MyD88, Myeloid Differentiation Primary Response 88; NF-κB, Transcription Factor Nuclear Factor-κB; NO, Nitric Oxide; PD, Parkinson's Disease; PI3K, Phosphoinositide 3-Kinases; RAGE, Advanced Glycation End Products Receptor; Ras, Reticular Activating System; ROS, Reactive Oxygen Species; RE, Radioembolization Therapy; siRNA, Small Interfering RNA; Smad4, SMAD Family Member 4; SNPs, Single-Nucleotide Polymorphisms; SP-D, Pulmonary Surfactant-Associated Protein D; STAT3, Signal Transducer and Activator of Transcription 3; TCTP, Translationally Controlled Tumor Protein; T2D, Type 2 Diabetes; TIMP-1, Tissue Inhibitor of Metalloproteinases 1; TLR4, Toll-Like Receptor 4; TNF-α, Tumor Necrosis Factor-α; TNFR2, Tumor Necrosis Factor Receptor 2; T-SH, Total Thiol; VEGF, Vascular Endothelial Growth Factor.
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Accumulating discoveries highlight the importance of interaction between marrow stromal cells and cancer cells for bone metastasis. Bone is the most common metastatic site of breast cancer and bone marrow adipocytes (BMAs) are the most abundant component of the bone marrow microenvironment. BMAs are unique in their origin and location, and recently they are found to serve as an endocrine organ that secretes adipokines, cytokines, chemokines, and growth factors. It is reasonable to speculate that BMAs contribute to the modification of bone metastatic microenvironment and affecting metastatic breast cancer cells in the bone marrow. Indeed, BMAs may participate in bone metastasis of breast cancer through regulation of recruitment, invasion, survival, colonization, proliferation, angiogenesis, and immune modulation by their production of various adipocytokines. In this review, we provide an overview of research progress, focusing on adipocytokines secreted by BMAs and their potential roles for bone metastasis of breast cancer, and investigating the mechanisms mediating the interaction between BMAs and metastatic breast cancer cells. Based on current findings, BMAs may function as a pivotal modulator of bone metastasis of breast cancer, therefore targeting BMAs combined with conventional treatment programs might present a promising therapeutic option.
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INTRODUCTION

Breast cancer is the most common cancer among women and it leads to the second most tumor-related deaths in women worldwide (1, 2). Great progress in the development of better diagnosis and treatment for this cancer has been achieved and contributes significantly to the decline in the mortality rate. However, breast cancer still accounts for more than a half-million deaths worldwide annually (3). This high mortality rate is mainly on account of the difficulty to cure metastatic disease. Bone is the most common metastatic site in advanced breast cancer (4). Bone metastasis drastically impacts the quality of life and survival of breast cancer patients (5). Therefore, it is essential to explore the mechanism of bone metastasis of breast cancer.

Due to the unfamiliar environment at the secondary site, the metastatic process is described to be inefficient, compared to tumor development at the primary site. Actually, only a small group of disseminated tumor cells (DTCs) initiate metastatic growth (6). Upon arrival to the bone, bone marrow may offer an ideal soil for DTCs (seeds). The bone marrow microenvironment comprises of multiple cell types, such as osteoblasts, osteoclasts, hematopoietic cells, mesenchymal stem cells, endothelial cells, and adipocytes. All of these cells play indispensable roles in the maintenance of bone homeostasis (7). Furthermore, they might provide a supportive niche for metastatic cancer cells. Many efforts have been made to uncover the functions of the bone marrow microenvironment and research the role of each cell type in tumor growth and metastasis (8).

The contribution of stromal cells including osteoclasts, osteoblasts, and inflammatory cells to bone metastasis of breast cancer has been extensively described (7). Occupying the highest proportion of the bone marrow, however, the comprehensive roles of bone marrow adipocytes (BMAs) in the metastatic microenvironment are still poorly understood (9). BMAs are the most abundant component of stromal cells in the bone marrow niche. They progressively increase with aging (10). In children, 15% of bone marrow is composed of adipocytes approximately, while in adolescent, adipocytes occupy 70% volume of long bone marrow (11).

At present it is widely accepted that there are at least three types of adipocytes: white, brown, and beige. This classification is based on their appearance, function, and site of origin (12). Although BMAs possess some characteristics of white adipocytes, they appear to be a distinct fourth population of adipocytes, a previously unrecognized fat depot (13). BMA is characterized by a unilocular lipid droplet within a cytoplasm that is surrounded by a lipid membrane and an adjacent single nucleus. Although it is often argued that BMA has beige characteristics because of modest Ucp1 gene expression in some animal models, no researcher has definitively shown thermogenic capability in bone marrow adipose tissue, nor significant protein expression of UCP1 (12). The unique phenotype of BMAs is confirmed by comparison of gene markers characteristic to white, brown, and beige adipocytes. BMAs do not express white-exclusive Tcf21 marker, brown-exclusive Zic1 marker, and beige-specific Tmem26 marker, suggesting their different phenotype from peripheral white, brown, and beige adipocytes (14).

Based on a very recent research, though their origins are different, BMAs and white adipocytes (including abdominal, visceral, and subcutaneous adipocytes) have many common characteristics (15). These two types of adipocytes are not only similar in morphology, but also present similar protein secretion profiles. The cytokines expressed by BMAs are also expressed in white adipocytes. The effects of BMAs-derived cytokines on breast cancer is the same as that of white adipocytes-derived cytokines. Therefore, the roles of BMAs on breast cancer is similar to that of white adipocytes.

For a long time, BMAs have been described to fill the interspace of the bone marrow. Nevertheless, recently BMAs are demonstrated to function as an endocrine organ (7). BMAs can secrete various bioactive peptides or proteins. These molecules are named as adipocytokines collectively. The terms adipokine and adipocytokine are usually used synonymously. Accurately, adipocytokines refer to all factors secreted by adipocytes, including adipokines, cytokines, chemokines, and growth factors. Adipokines are some factors that are secreted mainly but not exclusively by adipocytes (16).

So far, BMAs have been demonstrated to release adipokines such as leptin and adiponectin (11); cytokines such as interleukin-6 (IL-6) (11), IL-1β (11), tumor necrosis factor-α (TNF-α) (11), receptor activator of nuclear factor kappa-B ligand (RANKL) (12, 17); chemokines such as chemokine (C-X-C motif) ligand 1 (CXCL1) (11), CXCL2 (11), CXCL5 (18), CXCL12 (10), C-X3-C motif ligand 1 (CX3CL1) (19, 20), C-C motif ligand 2 (CCL2) (21, 22); and growth factors such as insulin-like growth factor-1 (IGF-1) (10), fibroblast growth factor-2 (FGF-2) (10). Recently, a few novel adipokines including angiopoietin-like protein 2/4 (ANGPTL2/4) (10, 23), chemerin (24), fatty acid-binding protein 4 (FABP4) (10, 23), lipocalin 2 (LCN2) (25, 26), resistin (23) and visfatin (10, 23) are found to be produced by BMAs. Via these adipocytokines, BMAs influence the cells in the bone marrow by autocrine, endocrine, and paracrine signaling. However, at present no adipocytokines expressed specifically by BMAs has been found.

BMAs are the most abundant component in the bone marrow microenvironment, especially among postmenopausal women (12). Interestingly, postmenopausal women are the population with a high incidence of bone metastasis of breast cancer. The effect of BMAs on local tumor cells in bone marrow may be greater than other marrow stromal cells such as mesenchymal stem cells, endothelial cells, and fibroblasts.

Increasing evidence has highlighted the important role of adipocytokines as an active player involved in breast cancer progression and metastasis by remodeling extracellular matrix (ECM), modulating immune responses, influencing epithelial-mesenchymal transition (EMT), inducing cancer stem cell-like traits, increasing cancer cells proliferation and growth, and regulating angiogenesis (27). In this review, we provide an overview of research progress, focusing on secreted adipocytokines by BMAs and their potential roles for bone metastasis of breast cancer, and investigating the mechanisms mediating the interaction between BMAs and metastatic breast cancer cells. Several novel adipokines are especially emphasized as new evidence is emerging regarding their involvement in bone metastasis of breast cancer.



BMAs AND MECHANISMS INVOLVED IN PRE-METASTATIC NICHE FORMATION

The formation of bone metastasis is a multi-step process. It includes attraction of chemoattractants to circulating tumor cells (CTCs), departure of cancer cells from blood vessels (extravasation), local invasion and migration, colonization and adaption, and expanded growth to macrometastasis. Each step demands close cooperation of cancer cells with the specific partners in the bone microenvironment (20). The remaining section of this review elaborates on the acknowledged functions of adipocytokines in the adipocyte-breast cancer cell interaction and the potential role that BMA-secreted adipocytokines may play in bone metastasis of breast cancer during each stage (Figure 1).


[image: Figure 1]
FIGURE 1. An overview of the potential contribution of bone marrow adipocytes (BMAs) to the bone metastasis of breast cancer. BMAs affect the recruitment, extravasation, invasion, colonization, proliferation, and angiogenesis of metastatic breast cancer cells in the bone marrow by their secreting various adipocytokines.


Increasing discoveries reveal that tumors lead to the development of an appropriate microenvironment in secondary organs that conduce to the colonization and growth of CTCs before they arrive at these sites (28). This predetermined microenvironment is termed “pre-metastatic niche” (PMN). Various studies have identified some mechanisms that regulate complicated molecular and cellular changes in the PMN to support the next growth of metastatic tumors (29).

Bone is a frequent metastatic site for some types of solid tumors, such as breast, prostate, and lung cancer. BMAs represent the major population of bone marrow cells (13). BMAs and the BMAs-secreted factors can impact some resident cells and matrix in the bone marrow to develop a PMN and the next colonization of metastatic cells (30). Concretely, the steps of PMN formation consist of the promotion of vascular leakiness, the remodeling of ECM, and immune modulation (31).


Adipocytokines and Vessel Barrier Breakdown: Permeability

The vasculature at PMN is remodeled by adipocyte-secreted adipocytokines in various ways. Animal tumor models indicate promoted vascular permeability at PMN (32), which is related to increased extravasation and metastatic burden. Adipocytokines, such as the inflammatory cytokines IL-6, IL-1β, TNF-α can induce vascular permeability in bone marrow, enabling CTCs to extravasate. As we know, extravasation is the initiating step of bone metastasis.

Novel adipokines also contribute to this process. ANGPTL2 and ANGPTL4 enhance the permeability of microvessels in the premetastatic sites synergistically (33). Visfatin, another adipokine, activates Nlrp3 inflammasome to remarkably decrease the expression of inter-endothelial junction proteins, including tight junction proteins ZO-1, ZO-2, occludin, and adherens junction protein vascular endothelial (VE)-cadherin. These disrupt inter-endothelial junctions and increase paracellular permeability of the endothelium (34).

Chemokine CXCL12 also enhances tumor vasculature permeability, facilitating colonization to distant organs. Mechanistically, CXCL12 acts on endothelial cells through its receptor chemokine (C-X-C motif) receptor 4 (CXCR4) and promotes trans-endothelial migration of tumor cells. Analogous to visfatin, CXCL12 inhibits the expression of junction proteins including ZO-1, occludin, and VE-cadherin (35).

Consequently, metastatic osteotropism likely requires specific interactions of BMAs with endothelial cells in the bone marrow. Metastasis prefers to direct to bone marrow because the bone marrow vasculature is relatively permissive for tumor cell extravasation (29).



Adipocytokines and Remodeling of the ECM

The ECM at PMN undergoes significant changes. The lysyl oxidases (LOX) family induce the crosslinking of ECM, which plays an important role in ECM-shaping (30). LOX exerts its pro-metastatic effect via enhancing the stiffness of the ECM to promote the anchorage and colonization of cancer cells (36, 37).

It has been demonstrated that the ECM modifying enzyme LOX secreted by breast cancer cells induces a metastatic niche in bone. This forms a PMN that can act as a platform for CTCs to colonize (38). Adipocytokines such as TNF-α, IL-1β, FGF-2, and CCL2, have been found to increase LOX expression in breast cancer (29, 39, 40). For example, TNF-α induces LOX expression via the reactive oxygen species-activated nuclear factor-kappaB (NF-κB)/extracellular signal-related kinase (ERK) pathway, thus promoting the progression of breast cancer metastasis (40). Collectively, collagen crosslinking induced by adipocytokines leads to enhanced tissue stiffness to facilitate tumor cell seeding and accelerate metastatic growth (29).



Adipocytokines and Immune Modulation

Anti-tumor immunity mediated by immune cells such as natural killer (NK) cells and T cells that attack tumor cells is a natural defense against cancer. To overcome this barrier, immunosuppressive mechanisms at metastatic sites recruit other immune cells that can suppress these anti-tumor responses. This recruitment of immune cells is a hallmark of PMN establishment (41). Accumulation of immunosuppressive myeloid cell populations can limit anti-tumor adaptive immunity to promote metastatic spread. These immunosuppressive myeloid cell populations are collectively termed myeloid derived suppressor cells (MDSCs) (42). In the bone marrow, MDSCs can be recruited by BMAs-derived adipocytokines to form a tumor-favoring microenvironment to suppress the anti-tumor immune response (43).

Several proinflammatory cytokines, such as IL-6, IL-1β, TNF-α, facilitate the cancer progression by recruiting and activating MDSCs at the sites of the next metastases. Members of the signal transducer and activator of transcription (STAT) family play important roles in promoting the differentiation of MDSCs stimulated by these cytokines (44, 45).

An HFD and the accompanying obesity induce the accumulation of excess numbers of MDSCs in mice. This result enhances spontaneous metastasis. Mechanistically, the induction of MDSC is regulated by leptin, a classic adipokine that is overexpressed in HFD mice and the accumulation of MDSCs can be reduced by blocking the leptin receptor (45).

Some chemokines and chemokine receptors also play roles in recruiting MDSCs in PMN. In different types of cancers (including breast cancer and melanoma), CXCL1, CXCL2, and CXCL5 with their common receptor CXCR2 trigger the recruitment of MDSCs into the PMN (46). Moreover, the CXCL12/CXCR4 signaling pathway promotes MDSCs trafficking in the tumor microenvironment (47). CCL2 is implicated in the recruitment of MDSCs in several murine cancer models, including lung carcinoma, melanoma, colorectal cancer, and breast cancer. Interestingly, its receptor CCR2 deficiency results in a significant decrease in colon cancer growth through the inhibition of MDSCs infiltration (48).




BMAs AND MECHANISMS THAT PARTICIPATE IN THE RECRUITMENT OF CANCER CELLS TO THE BONE MARROW

Paget's seed and soil hypothesis postulates that the specific organ microenvironment recruits and supports the survival and growth of specific types of cancer cells. The osteotropism feature of breast cancer suggests the presence of specific factors from the bone that activate the recruitment of breast cancer cells to the bone marrow (49).

To date, some types of bone marrow cells have been evaluated for their contribution to attracting breast cancer cells, such as osteoblasts, osteoclasts, and adipocytes (50, 51). These studies report that some adipocytokines are involved in breast cancer osteotropism, including CXCL12, RANKL, leptin, and IL-1β.


Chemokines and Breast Cancer Osteotropism

It is well-documented that some chemokines contribute to the recruitment of CTCs to the bone marrow. The BMAs-secreted chemokines can establish a concentration gradient between the bone marrow and the blood circulation, which guides the cancer cells homing to bone marrow. CXCL12 is reported to be released in the bone marrow. The breast-derived CTCs expressing CXCL12 receptor prefer to move to the bone marrow because of the chemotactic ability of CXCL12. On the contrary, treatment with an antibody of the CXCL12 receptor partly decreases the formation of bone metastases of prostate cancer (37).

Meanwhile, other adipocytokines assist this process. ANGPTL2 and IL-6 enhance the reaction of breast cancer cells to bone-derived CXCL12 through the upregulation of CXCL12 receptor CXCR4 in these cancer cells, respectively (52, 53). Additionally, the CXCL12/CXCR4 axis can increase the expression of cell-endothelium adhesion molecules in the bone marrow, such as vascular cell adhesion molecule-1 (VCAM1) and integrins α4β1, which further enhances multiple myeloma cells homing to the marrow (54). Interestingly, the phenomenon that expression of CXCR4 facilitates cells to move to the CXCL12-expressed bone marrow has been found in other types of tumors, such as prostate and lung cancer (20).

CXCL10 is another chemokine produced in the BMAs that motivates the directional movement of breast cancer cells by its receptor CXCR3 on cancer cells (10). Accordingly, treatment with an antibody of CXCL10 reduces bone marrow colonization of breast cancer cells (37).

Moreover, chemokine CX3CL1 has been demonstrated to mediate specific metastasis of breast cancer to the bone marrow. Breast cancer cells that express CX3CL1 receptor CX3CR1 show a high preference for metastasizing to the bone. Metastasis to the bone is decreased in CX3CL1 knockout mice, while it does not impact metastasis to adrenal glands. This result means that CX3CL1 is necessary for breast CTCs to home to bone marrow (20).



Cytokines and Breast Cancer Osteotropism

The RANKL can be secreted as a cytokine by BMAs. Interestingly, RANK, the RANKL receptor, is also expressed by breast cancer cells. RANKL can promote the movement of cancer cells (breast or prostate cancer) that express RANK (37). Therefore, RANKL may involve the recruitment of cancer cells to the bone marrow. In turn, treatment with osteoprotegerin (OPG), an inhibitor of the RANK/RANKL axis, inhibits the development of bone metastases of breast cancer (55).



Adipokines and Breast Cancer Osteotropism

In a human bone tissue explant model, when breast cancer cells are co-cultured with bone tissue fragments, cancer cells are inclined to migrate toward the BMAs. Mechanism research reveals that breast cancer cells are recruited to the human bone tissue by leptin and IL-1β derived from BMAs (49). This study demonstrates a direct effect of BMAs on breast cancer.




BMAs AND MECHANISMS ASSOCIATED WITH CANCER CELLS MIGRATION AND INVASION IN THE BONE MARROW

Accumulating evidence suggests that EMT and cancer stem cell (CSC) characteristics involve tumor progression, both of which contribute to tumor migration, invasion, and metastasis. Furthermore, both of them can be correlated with BMAs-secreted adipocytokines (56). In the EMT process, epithelial tumor cells obtain a mesenchymal phenotype to enhance cell motility and invasiveness (57). EMT has an important role in cancer invasion and metastasis. It is also a mechanism involved in bone metastasis formation (58).

In addition, EMT contributes to the development and maintenance of breast CSCs (59), a cell population possessing the property for self-renewal and initiating a secondary cancer. Preclinical studies demonstrate that stem-like phenotypes are responsible for bone metastases of breast cancer (57). Clinical studies show the presence of cancer cells with CSCs capabilities in the bone marrow of breast cancer patients (58). Therefore, it is necessary to identify adipocytokines that stimulate the development of EMT and CSCs (Figure 2).
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FIGURE 2. BMAs-derived adipocytokines regulate behavior of metastatic breast cancer cells in the bone marrow. A few adipocytokines act on their corresponding receptors on breast cancer cell and affect downstream signaling pathways. Specifically, leptin binds its receptor on the breast cancer cell, Ob-R, and stimulates the JAK/SATA3 and PI3K/Akt signaling pathway. Moreover, leptin has activation effects in ERα and HER2 independent of their ligands. Adiponectin is recognized by its receptor Adipo-R on the breast cancer cell, and two signaling pathway PI3K/Akt and MAPK/ERK are regulated by adiponectin. TNF-α induces signaling cascades in cancer cells mediated by its receptor TNFR, including MAPK/ERK and NF-κB activation. IL-1β upregulates NF-κB and CREB activation via its receptor IL-1R. IL-6 binds its receptor IL-6R, and resistin binds its receptor TLR4 or CAP1. Both of them stimulates the JAK/SATA3 signaling pathway. FABP4 enhances three different signaling pathway: JAK/SATA3, PI3K/Akt, and MAPK/ERK after its internalization by breast cancer cell. Visfatin binds an unknown receptor on the breast cancer cell, and stimulates the MAPK/ERK and Notch signaling pathway. Chemerin upregulates RhoA/ROCK activation via its receptor CMKLR1. Eventually, these adipocytokines stimulate different signaling pathways including JAK/SATA3, PI3K/Akt, MAPK/ERK, NF-κB, CREB, Notch, RhoA/ROCK, ERα, and HER2 to promote target genes expression and regulate different tumor biological processes such as proliferation, EMT, stemness, and angiogenesis.



Leptin and EMT

Previous studies have shown that leptin promotes EMT via many mechanisms (27). For instance, there is a potential cross-talk between leptin and metastasis-associated protein 1 (MTA1)/Wnt signaling in EMT of breast cancer cell lines (60). Leptin-induced IL-8 activation via intracellular signaling molecules, such as STAT3, Akt, and ERK 1/2, facilitates EMT of breast cancer cells (61). The treatment of breast cancer MCF-7 cell line with leptin leads to a remarkable increase in the expression of EMT markers (including vimentin and Snail) along with a downregulation of the epithelial marker E-cadherin (62). Besides, leptin secreted by adipose stem cells is demonstrated to promote the mesenchymal phenotype in triple-negative breast cancer (TNBC) cells through increased expression of TWIST1, Serpine1, and SNAI2 (63). Mouse mammary tumor virus (MMTV)-Wnt-1 transgenic mice, which develop spontaneous breast cancer under a diet-induced obesity regimen, present increased leptin production, upregulated EMT gene expression, and reduced survival (64).



Leptin and CSC

The first proof of this adipokine involved in breast CSC enrichment is from reduced CSC potential of residual tumors from leptin-deficient mice, compared to those from wild-type mice (65). In subsequent studies, activation of ObR (leptin receptor) signaling is reported to be essential for maintaining CSC-like and metastatic properties in TNBC (66). Interestingly, HFD mice with a high leptin level also show upregulated CSC gene expression and enhanced tumoral aldehyde dehydrogenase (ALDH) enzymatic activity, a well-known CSC marker (64). Furthermore, leptin can recruit G9a histone methyltransferase through STAT3 signaling activation. This causes repression of miR-200c, which accelerates the formation of breast CSCs (67). Besides, a leptin/JAK/STAT3-dependent fatty acid β-oxidation signaling is identified to be critical for breast CSC formation. Accordingly, targeting this fatty acid β-oxidation pathway inhibits leptin-induced breast cancer stemness (68). Therefore, leptin, acting as a mediator of the interaction between cancer cells and adipocytes, impacts breast CSC activity (27).



IL-1β and EMT, CSC

A research using the MCF-7 cells suggests that IL-1β promotes migration and invasion via a mesenchymal phenotype (69). A non-canonical activation of IL-1β-mediated β-catenin signaling is reported to lead to the onset of EMT in breast cancer cells (70). The induction of EMT in breast cancer by IL-1β also links to an NF-κB-dependent mechanism (71). In a humanized model of spontaneous breast cancer metastasis to bone, production of IL-1β by cancer cells promotes EMT (altered E-Cadherin, N-Cadherin, and G-Catenin), invasion, migration, and bone colonization. Inhibitor of IL-1β, Anakinra or Canakinumab, reduces metastasis and the number of cancer cells shed into the circulation (72). Clinical data show that continuous inhibition of IL-1 activity inhibits breast cancer growth and bone metastasis (73).

In the bone metastatic niche, microenvironmental IL-1β enhances the ability of breast CSCs to form colonies by activation of NF-κB and cAMP-response element-binding protein (CREB) signaling, Wnt ligand secretion, and autocrine Wnt signaling in breast cancer cells. Besides, blockage of this IL-1β pathway inhibits both bone metastasis of breast cancer and CSC colony development in the bone environment (74). Collectively, present results demonstrate a functional role of IL-1β signaling in migration and invasion of breast cancer (73).



IL-6 and EMT

Previous researches have reported that exogenous and endogenous IL-6 can promote breast cancer invasion and migration through the activation of EMT. The mature adipocytes facilitate the invasive behavior of breast cancer cells and trigger an EMT-phenotype via paracrine IL-6/STAT3 signaling (75). In a study of breast cancer T47D cells, IL-6 promotes EMT through the increased activation of ERK1/2 and the phosphorylation of Shp2, a protein tyrosine phosphatase (76). Moreover, there is a direct interplay between the oncoprotein Y-box binding protein-1 (YB-1) and IL-6, which affects breast cancer metastasis. Overexpression of YB-1 in breast cancer induces IL-6 secretion, in turn, treatment with IL-6 increases YB-1 expression, both of which upregulate EMT. This finding reveals a positive feed-forward loop driving EMT-like character between IL-6 and YB-1 (77). A blockade of IL-6 pathway by treatment with niclosamide, metformin, or IL-6 shRNA reverses adipocyte-induced EMT via blocking of IL-6/STAT3 signaling and downregulation of EMT-transcription factors, such as NF-κB, TWIST, and SNAIL, as well as EMT marker vimentin and N-cadherin (78–80).



IL-6 and CSC

In the exploration of the origins of breast CSCs and their relationships to non-stem cancer cells (NSCCs), a critical role for IL-6 has been found in controlling the dynamic balance between breast CSCs and NSCCs. In a mixed population, NSCCs can be converted to CSCs in response to exogenous or CSC-secreted IL-6 (81). Mechanistically, IL-6 regulates breast CSC-associated OCT4 gene expression through the JAK/STAT3 signal pathway in NSCCs. Inhibiting this pathway by treatment with anti-IL-6 antibody effectively prevents OCT4 gene expression. These results suggest that the IL-6/JAK/STAT3 signal pathway plays an important role in the conversion of NSCCs into CSCs through regulating OCT4 gene expression (82). Besides, IL-6 upregulates Notch-Jagged signaling to expand the proportion of CSCs. In basal-like breast cancer, Notch, Jagged, and IL-6 receptor are overexpressed relative to other breast cancer subtypes. IL-6 promotes JAG1 expression and enhances interaction among cells via Notch3 and JAG1. In turn, Notch3 can facilitate the autocrine production of IL-6. Therefore, the IL-6/Notch3/JAG1 axis sustains mammosphere growth, a feature of breast CSCs (83). In contrast, blocking IL-6 activity reduces breast CSCs formation (84). Esculentoside-A inhibits breast CSCs growth by blocking the IL-6/STAT3 signaling pathway. IL-6/STAT3 pathway proteins including IL-6, phosphorylated STAT3, and STAT3 are downregulated significantly in Esculentoside-A-treated breast CSCs. The expressions of stemness proteins including ALDH1, SOX2, and OCT4 are also reduced. These cause inhibition of proliferation and mammosphere formation of breast CSCs, induce breast CSCs apoptosis, and suppress the cancer growth generated from breast CSCs significantly (85).



Novel Adipokines and EMT, CSC

FABP4 promotes EMT of breast cancer via the activation of the Akt/GSK3β/Snail pathway (86). It also enhances breast cancer stemness and aggressiveness through stimulating the STAT3/ALDH1 signal (87). LCN2 plays a role in promoting cell migration and invasion of MCF-7 breast cancer cells by inducing EMT (88). Researchers using the MCF-7 cell line discover that resistin facilitates the metastatic potential by the promotion of EMT and stemness, and these effects are primarily attributed to adenylyl cyclase–associated protein 1 (CAP1) (89, 90). Furthermore, resistin is found to promote EMT and CSC-like properties in breast cancer cells through a TLR4/NF-κB/STAT3 signaling pathway (91). Resistin also accelerates invasion and migration of breast cancer cells via stimulating ezrin, radixin, and moesin (ERM) complex, then activated ERM upregulates expression of vimentin, an EMT marker (92). Visfatin induces EMT in mammary epithelial cells by activating the transforming growth factor (TGF) signaling pathway to increase TGF-β1 production (93).




BMAs AND MECHANISMS ASSOCIATED WITH THE ADAPTATION AND SURVIVAL OF METASTATIC CELLS IN THE BONE MICROENVIRONMENT

It has been postulated that tumor cells migrating to the bone marrow and located in the PMN must adjust to the bone microenvironment for the subsequent formation of overt metastasis (94). To survive in the bone microenvironment, bone metastatic cancer cells attempt to resemble a type of resident bone cells, i.e., the osteoblasts (95). This process, known as osteomimicry, enables tumor cells to survive in the bone marrow microenvironment (37).

Breast cancer cells can undergo osteomimicry after EMT and express factors that are the main mediators of bone remodeling typically found in osteoblasts (95). An osteomimicry profile is characterized by an increased expression of bone sialoprotein (BSP), osteopontin (OPN), osteoprotegerin (OPG), osteonectin (ON), cadherin 11 (CDH11), transcription factor runt-related transcription factor 2 (Runx2) (96), etc. These bone-related genes (BRGs) are highly expressed in bone metastatic cancer cells, compared to those cells metastasized in other organs, and their expression is regulated by the transcription factor Runx2 that acts as a master mediator (97). BMAs-secreted adipocytokines can participate in inducing osteomimicry of breast cancer cells.


Adipocytokines and Runx2 Signaling Pathway in Osteomimicry

CXCL1 can promote breast cancer migration and invasion ability, as well as EMT in both mouse and human breast cancer cells (98). After CXCL1 treatment, SOX4 expression significantly increases in the nucleus of various breast cancer cell lines (98). SOX4 positively regulates the endothelin-1 expression and facilitates endothelin-1 secretion in breast cancer (99). Endothelin-1 can activate Runx2 and confer an osteomimetic phenotype in breast cancer cells, contributing to colonization and osteolysis (100). Therefore, Runx2 is critical for the CXCL1-induced osteomimetic phenotype by activating the transcription of BRGs in breast cancer cells.



Adipocytokines and Wnt Signaling Pathway in Osteomimicry

In addition to Runx2, the Wnt/β-catenin pathway also plays an important role in osteoblast differentiation. Interestingly, the Wnt/β-catenin pathway is significantly more expressed in bone metastasis samples of prostate cancer patients (97).

The present studies indicate that leptin and CXCL12 may upregulate the Wnt/β-catenin pathway in breast cancer (101, 102). The miR-218 is an inducer of osteogenesis via activating Wnt signaling. Besides, a positive feedback loop is demonstrated between miR-218 and Wnt signaling (103). Furthermore, highly expressed miR-218 is found in metastatic breast cancer cells compared to normal mammary cells, which increases OPN, BSP, and CXCR4 expression to facilitate tumor growth in the bone (97). Hence, the leptin and CXCL12 activated miR-218/Wnt loop fuels Wnt signaling to enhance expression of metastatic and osteomimetic genes in aggressive breast cancer cells that home to bone (103). Collectively, epithelial breast cancer cells with ectopic expression of BRGs induced by adipocytokines acquire the advantages of residing in the bone microenvironment.




BMAs AND MECHANISMS RESPONSIBLE FOR MACROMETASTASIS AND OUTGROWTH OF METASTASIZED CELLS

Extravasated breast cancer cells need to adapt to specific conditions in the foreign microenvironment to form micrometastases (27). After the development of clinically undetectable micrometastases, breast cancer cells have to grow to form macroscopic metastases. However, metastatic cancer cell proliferation does not occur immediately with a specific temporal pattern because cancer cells seeding at distant bones may remain quiescent until stimulus signals from the bone marrow microenvironment drive cancer cells proliferation into overt metastases in the bone (27). It is found that activated osteoclasts and increased osteoclastic bone resorption accelerate the growth of DTCs into overt metastases (72). In addition, it is hypothesized that when metastatic tumor cells arrive in the bone, they may be stimulated to form overt metastasis through an expansion of the tumor associated vasculature (72). In brief, the process of micrometastatic to macrometastatic transition is involved in cancer cell proliferation, osteoclasts vitality and their bone resorption, as well as angiogenesis. BMAs-derived adipocytokines can play an acceerative role in this process.


Adipocytokines Associated With Cancer Cells Growth and Proliferation in the Bone Marrow

Adipocytokines not only are associated with the establishment of a pro-tumor microenvironment and organ-directed metastasis but also mediate disease progression, favoring the growth and proliferation of tumor cells (104). Several adipocytokines have been described to participate in these processes (Figure 2).


Leptin

Without an estrogen ligand, leptin can activate the estrogen receptor (ER) signaling resulting in the growth of breast cancer cells (105). Several signaling pathways have been demonstrated to enhance proliferative of breast cancer cells, including the activation of JAK/STAT3 and PI3K/Akt by leptin, as well as JAK2 activation-mediated human epidermal growth factor receptor-2 (HER2) transactivation (106, 107). In addition, leptin influences the cell cycle. Leptin upregulates the expression of cyclin D1 and cyclin-dependent kinase 2 (CDK2) but downregulates the expression of p21, p27, and p53, resulting in cell cycle alteration in breast cancer (108).



Adiponectin

Adiponectin is reported to inhibit breast cancer growth. However, its effect may depend on the hormonal receptor status (109). In ER-negative breast cancer cells, it reduces cell growth and proliferation (110). Whereas, its effects on ER-positive breast cancer cells are contradictory (111). In ER-positive breast cancer cells, certain concentration adiponectin enables the interaction of APPL1 with adiponectin receptor AdipoR1, ERα, insulin-like growth factor I receptor, and c-Src. This complex stimulates mitogen-activated protein kinase (MAPK) signaling to accelerate breast cancer growth (112). Besides, adiponectin presents different impacts on the cell cycle according to ER status (113). Adiponectin downregulates cyclin in ERα-negative cells and upregulates cyclin in ERα-positive cells, respectively (90).



TNF-α

The effects of TNF-α exposure on breast cancer cell lines remain rather contradictory (59). In ER-positive breast cancer cells, TNF-α can promote the proliferation in T47D cells (114), but it presents a pro-apoptotic and anti-mitogenic function in MCF-7 cells (115). In different ER-negative cell lines, TNF-α shows dual effects once more. It accelerates apoptosis in some cases (BT549 cells) (116), however, it enhances survival and proliferation in other cases (MDA-MB-468, SK-BR3, and MDA-MB-231 cells) (117). Therefore, further studies are required to elucidate the role of TNF-a in growth and proliferation.



Novel Adipokines

Chemerin increases RhoA/ROCK pathway signal transduction to promote breast cancer cell proliferation and metastasis (118). FABP4 also accelerates cancer cell proliferation by activation of phosphoinositide 3-kinase (PI3K)/Akt and MAPK/ERK pathways and the induction of FOXM1 transcription factor expression in MCF-7 cells (119). Iron facilitates cancer cell proliferation and metastasis. Breast cancer cells show an increased uptake and intracellular storage of iron to support their enhanced metabolism and DNA synthesis (120, 121). Recent evidence supports the existence of transferrin-independent iron transport mechanisms in the tumor microenvironment, which points to local iron transport proteins such as LCN2 (122). Stimulation of breast cancer cells with resistin not only enhances their growth and stemness but also results in chemoresistance through STAT3 activation (123). Visfatin is identified to facilitate the survival and proliferation of breast cancer cells via upregulating Notch1 (124). Visfatin also induces breast cancer cell proliferation and viability through PI3K/Akt and MAPK/ERK activation and protects against apoptosis in these cells (125, 126). Visfatin increases both extracellular and intracellular nicotinamide adenine dinucleotide (NAD) concentration in breast cancer cells, which causes upregulation of silent information regulator 1 (SIRT1) activity and p53 deacetylation. SIRT1 is implicated in blocking senescence and apoptosis and promoting cancer growth (127).




Adipocytokines and Mechanisms Responsible for Bone Remodeling and the Formation of Osteolysis

Marrow adiposity has promoting effects on tumor-related osteolysis. Accelerated bone remodeling is one of the key factors associated with reactivation and growth of tumor cells colonized in the bone. Experimental treatment-induced osteoclasts formation and bone resorption, in turn, increase tumor cell growth and occurrences of bone metastases (128).

RANK signaling facilitates the differentiation of osteoclast progenitors via transcription factors like NF-κB and activator protein 1 (AP1) and by activating Jun N-terminal kinase (JNK), ERK1/2, and P38 MAPK, eventually stimulating nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1), a master gene of osteoclastogenesis. Therefore, RANKL/RANK pathway is the predominant mediator of osteoclastogenesis, regulating bone resorption (129). After bone resorption, several growth factors stored in the bone matrix, such as TGF-β, platelet-derived growth factor (PDGF), IGF-1, and FGF, are released to promote cancer proliferation and establish a “vicious cycle” in osteolytic metastases (44).


Cytokines and Osteoclastogenesis

Cytokines, such as TNF-α, IL-1β, and IL-6, increase osteoclast activity by inducing the production of RANKL from osteoblasts and stromal cells, and decreasing OPG levels (44). For instance, the IL-6/IL-6R axis upregulates RANKL expression to induce osteoclast differentiation and bone resorption through JAK/STAT signaling (130). As described earlier, adipocytokines such as TNF-α, IL-1β, FGF-2, and CCL2 have also been found to be involved in the regulation of LOX expression in breast cancer (29, 39, 40). Interestingly, a transplantable breast cancer model shows that secreted LOX regulates bone homeostasis via osteoclastogenesis. LOX-mediated disruption of bone homeostasis is driven by NFATc1 directly and is independent of RANKL. High expression of LOX in tumors results in osteolytic lesion formation that could be inhibited by silencing or inhibition of LOX (38).



Adipokines and Osteoclastogenesis

Leptin and adiponectin show multiple functions in regulating bone homeostasis. Leptin can enhance the secretion of soluble intercellular adhesion molecule (sICAM)-1 by breast cancer cells to induce osteoclastogenesis and accelerate bone erosion (109). On the other hand, leptin acts on bone mesenchymal stem cells (MSCs) to promote their proliferation and differentiation of MSCs into osteoblasts (130).

In contrast, adiponectin inhibits osteoclastogenesis and resorption function by suppressing NF-κB and p38 signaling pathways, which is essential for osteoclast formation. Moreover, adiponectin blocks the formation of F-actin rings and attenuates osteoclast-mediated bone resorptive function (131). On the other hand, adiponectin activates the Wnt/β-catenin pathway in the MSCs to increase osteoblastic differentiation (132). Adiponectin also upregulates the expression of osteoblastic genes, such as osteocalcin, alkaline phosphatase, and Runx2 (133).



Novel Adipokines and Osteoclastogenesis

ANGPTL2 promotes osteoclastogenesis via upregulating NFATc1 expressions in macrophage colony-stimulating factor (M-CSF)-treated precursor cells (134). Chemerin receptor CMKLR1 is expressed by osteoclasts and mesenchymal stem cells (135). There is a paracrine role for chemerin in promoting osteoclasts differentiation through modulating intracellular calcium and NFATc1 (136). Chemerin also enhances mature osteoclast activity and bone resorption via extracellular signal-regulated kinase-5 (ERK5) phosphorylation. The activation of the ERK5 pathway boosts cathepsin K and matrix metalloproteinase-9 (MMP9) activity, a critical intracellular signaling cascade involved in the RANKL-induced osteoclastogenesis (135). LCN2 exerts a positive effect on bone resorption by increasing osteoclast maturation, through the enhancement of RANKL and IL-6 expression from osteoblasts (137, 138). Resistin shows dual functions in bone remodeling. On the one hand, resistin accelerates the proliferation of osteoblastic precursors (130). On the other hand, resistin facilitates osteoclasts differentiation via regulating protein kinase C (PKC) and PKA signaling pathways (139).




Contribution of Adipocytokines to the Tumor Angiogenesis

Angiogenesis is necessary for the solid tumor to transport continuous oxygen and nutrient supply. It is also a crucial requirement of growth and progression for all subsets of breast cancer (140). Notably, the vasculature has an indispensable role in the formation of bone metastasis. Indeed, bone metastatic breast cancer cells prefer to colonize adjacent to the endothelial cells and even around the vessels (141). High vascularization supports cancer growth by providing nutrients and growth factors (7).

It is well-known that vascular endothelial growth factor (VEGF) is the crucial driver of angiogenesis. The function of VEGF is reinforced by the hypoxic condition presented in the marrow, hypoxia-inducible factor 1α (HIF-1α), and matrix metalloproteinases (MMPs) (142). Nonetheless, tumor cells can secrete angiogenic factors VEGF and promote the growth of capillaries into the tumor. Accumulating evidence suggests that adipocytokines can also regulate angiogenesis, thereby contributing to tumor progression (48). Adipocytes actively participate in angiogenic modulation through the secretion of adipocytokines, including leptin, IL-1β, IL-6, ANGPTL2, chemerin, FABP4, LCN2, resistin, and visfatin.


Leptin and Angiogenesis

In a paracrine manner, leptin is demonstrated to induce proliferation and migration of endothelial cells expressing Ob-R (143). Moreover, leptin stimulates blood-vessel growth in cooperation with VEGF. Leptin stimulation facilitates VEGF expression in breast cancer cells via HIF-1α and NF-κB (144). In breast cancer cell lines, treatment with leptin enhances cell proliferation, migration, and upregulation of VEGF and its receptor VEGFR-2 (145). This is highly dependent on the Notch, IL-1, and leptin cross-talk outcome (NILCO) in breast cancer. Thereby, NILCO is suggested as the integration of key signalings for leptin-induced tumor angiogenesis. In the short-term effect, leptin exerts pro-angiogenic actions via the direct transactivation of VEGFR-2 in endothelial cells. In the long term, this effect involves the upregulation of MMPs, integrins, and NILCO in breast cancer cells, which further promotes VEGF/VEGFR-2 expression (27, 146).



IL-1β, IL-6 and Angiogenesis

IL-1β stimulates the expression of VEGF and its receptor on endothelial cells. Also, IL-1β facilitates endothelial cell migration and tube formation via activating p38-MAPK (147). IL-6 influences HIF-1α and VEGF expression to regulate angiogenesis (142). In cancer cells, IL-6 upregulates VEGF expression by the JAK/STAT3 signaling (148). In a further study, chromatin immunoprecipitation indicates that the STAT3 activated by IL-6 binds to the VEGF promoter to stimulate VEGF production and accelerate tumor angiogenesis (149). Moreover, the effects of IL-6 on angiogenesis are involved in several other processes, such as enhancing endothelial progenitor cell migration, promoting vascular smooth muscle cell (VSMC) migration, and accelerating PDGF–mediated VSMC proliferation (150).



Novel Adipokines and Angiogenesis

Most ANGPTL proteins present angiogenic effects (52). The role of ANGPTL2 in angiogenesis is exhibited as a proangiogenic factor and exerts anti-apoptotic effects on endothelial cells (151). Existing data indicate that chemerin plays a role in the stimulation of endothelial cells proliferation, migration, and capillary tube formation (152). Further studies show that chemerin activated angiogenic effects are dependent on p42/44 MEK activation (153). FABP4 is a positive regulator of endothelial cell proliferation and angiogenesis, as a target of the VEGF/VEGFR2 pathway (153). LCN2 is reported to induce the production of HIF-1α and VEGF in breast cancer cells to stimulate angiogenesis, via the ERK signaling pathway (140). Visfatin facilitates endothelial proliferation and capillary tube formation in endothelial cells. This is mediated by increased production of VEGF and matrix metalloproteinases (MMP-2 and MMP-9) via MAPK/PI3K-Akt/VEGF signaling pathways (154). Visfatin also accelerates VSMC proliferation through nicotinamide mononucleotide-mediated activation of ERK 1/2 and p38 signaling pathways (155). In addition, visfatin reduces apoptosis in endothelial cells and induces maturation in human VSMC (153). Resistin upregulates VEGF expression in cancer cells to promote angiogenesis via PI3K/Akt signaling cascades (156).

Collectively, increased adipocytokines secretion from adipocytes, combined with the hypoxic microenvironment, establishes an ideal environment to drive angiogenesis via the upregulation of VEGF expression (142). This effect results in the development of new vasculature to support breast cancer metastatic growth.





CONCLUSION AND PROSPECTS

As discussed above, BMAs have emerged as a crucial mediator of bone metastasis of breast cancer. Inhibiting BMAs is likely to lead to a novel therapeutic strategy for bone metastasis. BMAs are linked to osteoblasts by sharing the same progenitor, multipotent mesenchymal stromal cell. Adipocyte and osteoblast differentiation are closely related, and both types of cells share some common steps during their differentiation (12). This creates an inverse reciprocal relationship between osteoblastogenesis and adipogenesis. Some factors that promote one of the two processes usually inhibit the other (8). An approach is to regulate the balance between osteoblastogenesis and adipogenesis, thereby preventing an increase in marrow adiposity. Sclerostin is a Wnt signaling antagonist secreted by osteocytes, inhibiting osteoblastogenesis and new bone formation. Preclinical studies have shown a decreasing metastatic breast cancer burden in the mice bones with anti-sclerostin treatment (157). Interestingly, anti-sclerostin also reduces the volume of BMAs (158), implicating that the antitumor effect of sclerostin antibody may partly attribute to inhibiting BMAs (7). This treatment target follows the belief that “fat loss is bone gain” (14).

Another potential option is inhibiting the effects of adipocytokines secreted by BMAs. First, leptin peptide receptor antagonist is reported to suppress leptin-induced chemoresistances in breast cancer cells (159). This finding suggests leptin peptide receptor antagonist combined with chemotherapy improve chemosensitivity of breast cancer. Besides, IL-6 has been considered as a primary factor affecting the resistance of breast cancer to trastuzumab, a targeted therapeutic HER2 antibody. Blockade of IL-6 effect by an IL-6 antagonist, tocilizumab, reduces the breast cancer stem cell population, resulting in decreased cancer growth and metastasis in mice (160). Clinical trials are ongoing for investigating utilization of HER2 therapies in combination with IL-6 therapies to overcome drug resistance in HER2-positive breast cancer (54). Moreover, a clinical trial for triple-negative breast cancer is currently proceeding to test the checkpoint inhibitor PDR001 in combination with Canakinumab, an anti-IL-1β antibody (147). The results of this clinical trial will provide valuable information on the use of IL-1 antagonist in combined treatment. TNF-α neutralizing antibodies are also tested for cooperation with paclitaxel, a conventional chemotherapeutic agent in breast cancer. In mice, administration of TNF-α antibodies enhances the efficacy of paclitaxel treatment with respect to both breast cancer proliferation and lung metastasis (59). TNF-α neutralizing antibodies prove to be promising agents for their ability of suppressing metastasis as presented in animal models. When combined with eribulin, a chemotherapeutic microtubule inhibitor, a novel CXCL12/CXCR4 antagonist POL5551 reduces metastasis and prolongs survival in mice after resection of the primary breast cancer, compared with single-agent eribulin (161). However, more clinical trials are needed to assess these combined therapeutic approaches and their efficacy.

In conclusion, the bone marrow is highly enriched in adipocytes and it is the main metastatic site of breast cancer. Adipocytes are the most abundant components in the bone metastatic microenvironment that facilitate metastatic breast cancer cells in recruitment, invasion, survival, colonization, proliferation, angiogenesis, and immune modulation. BMAs are unique in their origin and location, and they serve as an endocrine organ via secreting adipokines, cytokines, chemokines, and growth factors. Most of these secreted adipocytokines are involved in pro-metastasis effects on breast cancer. Therefore, targeting BMAs combined with conventional treatment programs might present a promising therapeutic option for the bone metastasis of breast cancer. However, more studies should be performed to further uncover the complex interactions between BMAs and breast cancer cells in the bone microenvironment.
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Objectives: MicroRNAs (miRNAs) have been demonstrated to contribute to carcinogenesis; however, their association with tumor chemoresistance is not fully understood. In this study we aimed to investigate the molecular mechanisms involved in resistance to taxane-based chemotherapy in lung adenocarcinoma (LAD).

Methods: We established paclitaxel-resistant A549 cells (A549/PTX) and docetaxel-resistant H1299 cells (H1299/DTX). In order to hit the mark, we employed multiple methods including qRT-PCR, western blotting analysis, loss/gain-of-function analysis, luciferase assays, drug sensitivity assays, animal experiment, wound-healing assay, and invasion assay.

Results: Bioinformatics analysis and a luciferase reporter assay revealed that secreted frizzled-related protein 1 (SFRP1) is a direct target of miR-1260b. By qRT-PCR analysis, we found that miR-1260b was significantly upregulated in taxane-resistant cells as compared to parental cells. Suppression of miR-1260b reversed the chemoresistance of human LAD cells to taxanes both in vitro and in vivo, whereas ectopic miR-1260b expression decreased the sensitivity of parental LAD cell lines to taxanes. Downregulation of miR-1260b expression inactivated the Wnt signaling pathway and reversed the epithelial-mesenchymal transition (EMT) phenotype of taxane-resistant LAD cells. In clinical tumor tissue samples, high miR-1260b expression was detected in tumors of non-responding patients treated with taxane-based chemotherapy and was associated with low SFRP1 expression and poor prognosis.

Conclusions: Our findings reveal that targeting of the miR-1260b/SFRP1/Wnt signaling axis might provide a novel strategy for overcoming chemotherapy resistance in LAD.

Keywords: lung adenocarcinoma, taxane, chemoresistance, Wnt signaling, SFRP1, miR-1260


INTRODUCTION

Lung cancer is a leading cause of cancer-related deaths due to its high prevalence, aggressiveness, and poor prognosis (1). Lung adenocarcinoma (LAD) is the most common histological type of lung cancer and is usually diagnosed at an advanced stage (2). Despite the development of cancer treatments and the introduction of new technologies, chemotherapy remains one of the main treatment methods to improve survival and prognosis in LAD patients (3). Taxanes, such as paclitaxel and docetaxel, are common chemotherapy agents used to treat many types of cancers, including advanced LAD and other solid tumors (4). However, chemoresistance is a major obstacle in taxane therapy. The identification of the molecular mechanisms involved in LAD chemoresistance is a critical step toward the development of novel therapeutics.

Substantial evidence indicates that the Wnt/β-catenin pathway plays a vital role in tumor cell survival, metastasis, and chemoresistance (5). Secreted frizzled-related protein 1 (SFRP1), a 35-kDa secreted glycoprotein, is an extracellular signaling molecule used to antagonize Wnt signaling (6). We previously found that SFRP1 is significantly downregulated in paclitaxel-resistant A549 cells (A549/PTX) when compared with parental A549 cells. SFRP1 might act as a tumor suppressor to reverse taxane resistance of LAD cells by inactivating Wnt signaling, as indicated by both in vitro and in vivo experiments (7). Nevertheless, the mechanisms that regulate the loss of SFRP1 remain to be investigated.

MicroRNAs (miRNAs) regulate ~30% of human gene expression (8). miRNAs can control gene expression by directly binding to the 3′-untranslated region (3′-UTR) of target mRNAs, which leads to degradation of the mRNA transcript or inhibition of the protein translation process (9). miRNAs play important roles in various biological and pathological processes, such as cell differentiation, proliferation, and carcinogenesis (10). Some recent studies have highlighted that miRNAs can induce chemoresistance in various tumors by altering gene expression (11, 12). On the basis of this idea, we hypothesized that miRNAs might be involved in the loss of SFRP1 and taxane resistance of LAD cells by affecting Wnt pathway activity.

In the current study, we report for the first time that SFRP1 is a direct target of miR-1260b in LAD cells. Specifically, we identify miR-1260b as a strongly upregulated miRNA in paclitaxel-resistant LAD cells. MiR-1260b-dependent downregulation of SFRP1, which contributes to the activation of Wnt/β-catenin signaling, modulates the sensitivity of LAD cells to multiple antitumor drugs both in vivo and in vitro. These findings confirm the importance of miR-1260b in the development of chemoresistance and provide the first evidence for miR-1260b-dependent regulation of chemoresistance.



MATERIALS AND METHODS


Cell Culture and Treatment

The human lung adenocarcinoma cell lines H1299 and A549 were obtained from the Shanghai Institute of Cell Biology (Shanghai, China). Paclitaxel-resistant A549 cells (A549/PTX) were a gift from Dr. Liu (Nanjing Gulou Hospital, Jiangsu, China) and maintained in the presence of 200 μg/L paclitaxel. Docetaxel-resistant H1299 cells (H1299/DTX) were established by sequential exposure to docetaxel at increasing concentrations as described previously, and were maintained in the presence of 50 μg/L docetaxel (13). All cells were maintained in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA), penicillin, and streptomycin (Invitrogen, Shanghai, China) at 37°C in an atmosphere of 5% CO2.



Plasmid Construction and 3′-UTR Luciferase Assay

Putative miR-1260b-binding sites in the SFRP1 gene were identified using public prediction software (http://targetscan.org). The potential sequences were amplified by PCR from A549 cell genomic DNA and cloned downstream of the firefly luciferase reporter gene in the pLUC vector (Promega, Madison, WI, USA). The primer sequences used for plasmid construction are listed in Supplementary Table 1. Mutant reporters were generated by GeneChem (Shanghai, China). A549 Cells were cotransfected with pLUC-SFRP1-3′-UTR or pLUC-SFRP1-3′-UTR mutant plasmid, miR-NC or miR-1260b precursor, and renilla. After 48 h of transfection, luciferase activity was assessed using the Dual-Glo Luciferase Assay System (Promega, USA).



Cell Transfection

The miR-1260b precursor (PmiR-1260b), miR-1260b inhibitor (AmiR-1260b), and their corresponding negative controls (NC), green fluorescent protein (GFP)-empty (Lv-NC) lentiviral vector, and GFP-miR-1260b-knockdown (Lv-anti-miR-1260b) lentiviral construct were all obtained from GeneChem (Shanghai, China). Lentiviral infection was performed based on the protocols. Briefly, cells were planted into 12-well plates (1 × 105 cells/well), and then infected with lentivirus at a multiplicity of 10 plaque-forming units/cell. After 72 h of infection, cells were screened with puromycin. Survived cells were selected and prepared for subsequent experiments.



Quantitative Real-Time (qRT)-PCR

Total RNA was isolated from tissues and cells using TRIzol reagent (Invitrogen, USA) and reversely transcribed into cDNA using a PrimeScript RT Reagent Kit (Takara, Otsu, Japan) following the vendor's recommendations. All PCR reactions were run in triplicate in a PRISM 7900 Sequence Detection System (Thermo Scientific, Waltham, MA, USA) using the miScript SYBR Green PCR kit (Takara). Sequence information for all primers is shown in Supplementary Table 1. The expression of miR-1260b or genes was calculated relative to that of U6 or GAPDH as an endogenous control. Fold changes in expression were calculated using the 2−ΔΔCt method.



Western Blotting

Equal amounts of cell lysates were resolved on a 10% sodium dodecyl sulfate polyacrylamide gel and blotted onto a polyvinylidene fluoride membrane (Millipore, Billerica, MA). The membranes were blocked with 5% BSA for 1 h and probed with primary antibodies to SFRP1 (1:250, Abcam, Cambridge, MA, USA), β-catenin (1:1000, bioWORLD, Dublin, OH, USA), p-GSK3β (1:1000, bioWORLD), GSK3β (1:1000, bioWORLD), cyclin D1 (1:1000, Cell Signaling Technology, Danvers, MA, USA), or c-Myc (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). After incubation with horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse antibody (1:2000, Abcam Inc., Cambridge, UK), protein bands were visualized using ECL substrate (Thermo Scientific, USA).



Cell Viability Assay

Cells were seeded into 96-well plates (3 × 103 cells/well) and incubated with various concentrations of drugs for 72 h. Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-nyltetrazolium bromide (MTT, Sigma-Aldrich, St. Louis, MO) assays, as previously described (7).



Flow-Cytometric Cell Cycle Analysis

Cells were collected and fixed in 70% ethanol at −20°C. After incubation with propidium iodide (PI)/RNase staining solution (MultiSciences, Hangzhou, China), cell cycle analysis was conducted by flow cytometry in a FACScan instrument (BD Biosciences, San Jose, CA, USA), as previously described (7).



Apoptosis Analysis

The apoptotic rate was measured using an Annexin V-FITC/PI Apoptosis Detection Kit (KeyGen Biotech, Nanjing, China) according to the manufacturer's instructions. Cells were suspended in 0.5 ml binding buffer and stained with 5 μl annexin V and 5 μl PI. The analysis was performed in a BD FACSCanto II (BD Biosciences, USA) flow cytometry and FlowJo software.



Colony Formation Assay

Cells were seeded into 6-well plates (1,000 cells/well) and cultured in RPMI 1640 medium for 14 days. Then, the cells were fixed with methanol and stained with 1% crystal violet solution to visualize colonies for counting.



TCF/LEF Reporter Assay

Wnt/β-catenin signaling pathway activity was evaluated by TCF/LEF reporter assays. TOPflash, FOPflash, and pRL-SV40 were all purchased from Upstate (Lake Placid, NY, USA). Cells were cotransfected with miRNA-1260b precursor (or inhibitor), TOPflash (or FOPflash), pcDNA3.1/SFRP1 (or pcDNA3.1), and pRL-SV40. Cell lysates were analyzed for firefly and renilla luciferase activities using the Dual-Luciferase Reporter Assay System (Promega, USA) according to the manufacturer's instructions. Each assay was conducted in triplicate wells, and data are reported as the mean of three independent experiments.



Wound Healing Assay

5 × 105 cells were grown to confluent monolayer in 6-well plates. After serum starvation in serum-free medium for 24 h, the monolayer cells were scratched using 200 μl tips to create a denuded zone (gap) of constant width. The imagination of wounded areas was viewed under a microscope and photographed at the indicated time points (0, 24, and 48 h). The distances between the two edges of the scratched cells were measured and healing rate was calculated, as previously described (14).



Invasion Assay

5 × 104 cells in serum-free media were placed into the upper chambers of 8-μm pore size Transwell plates (Corning, MA, USA). The lower chambers were filled with RPMI-1640 media containing 10% FBS. After 48 h incubation, the migrated cells were fixed with methanol, stained with crystal violet (Beyotime Biotech., Jiangsu, China), and counted under a microscope. Each sample was measured in triplicate, and the experiment was performed at least three times.



Animal Experiments

28 BALB/c athymic nude mice (male, 5–6-week-old, specific pathogen-free) were obtained from the animal center of Jiangsu University. All animal experiments were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of Jiangsu University. A549/PTX cells stably downregulating miR-1260b, H1299/DTX cells stably downregulating miR-1260b and negative control cells (NC) were inoculated subcutaneously into the right flanks with 7 mice per group, respectively. Tumor volume was measured using a caliper every other day, and calculated using the following equation: volume (mm3) = (length × width2)/2. When the mean tumor volume reached ~100 mm3, paclitaxel or docetaxel was intraperitoneally injected into A549/PTX or H1299/DTX xenograft mice with a concentration of 15 or 1 mg/kg every 3 days for three times in total, respectively. After 5 weeks, the mice were euthanized and tumor tissues were removed for H&E staining and proliferating cell nuclear antigen (PCNA) protein immunostaining analysis as previously described (15).

Stable miR-1260b knockdown A549/PTX cells were injected into the lateral tail vein. After 8 weeks, lung tissues were excised and analyzed by H&E staining. Blood was collected and red blood cells were removed. RNA from the remaining cells was extracted for real-time PCR. The relative concentration of circulating tumor cells was assessed based on human-specific GAPDH (hGAPDH) expression relative to mouse-specific GAPDH (mGAPDH) and human-miR-1260b (hmiR-1260b) expression relative to mouse- miR-1260b (mmiR-1260b) (14).



Clinical Samples

A total of 38 patients with advanced LAD receiving chemotherapy at the Affiliated Hospital of Jiangsu University from January 2012 and December 2017 were enrolled in the study. Based on the Tumor-Node-Metastasis staging system, these cases were staged IIIB/IV and histologically diagnosed as having LAD with at least one measurable lesion. All patients received first-line chemotherapy comprising paclitaxel and cisplatin or paclitaxel and carboplatin every 3 weeks for a maximum of six cycles. The tumor response was assessed by medical image analysis and categorized based on Response Evaluation Criteria in Solid Tumors as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). This study was approved by the Ethics Committee of Affiliated Hospital of Jiangsu University.



Statistical Analysis

Data are representative of at least three experiments. Significance was assessed by a two-tailed Student's t-test. The Kaplan-Meier method was used to estimate the probability of survival. All statistical analyses were performed using SPSS (version 16.0) and GraphPad (Version 5.0). A p-value < 0.05 was considered significant (*p < 0.05, **p < 0.01).




RESULTS


Parental A549 Cells and Paclitaxel-Resistant A549/PTX Cells Differ in Physiology and miR-1260b Directly Targets SFRP1 in LAD Cells

To investigate the biological mechanisms of chemoresistance in LAD cells, we previously established a paclitaxel-resistant cell line (A549/PTX) from parental A549 cells. Drug cytotoxicity in A549 and A549/PTX cells was evaluated by MTT assays. The IC50 values for paclitaxel were 0.71 ± 0.23 and 7.38 ± 0.89 μg/ml in A549 and A549/PTX cells, respectively (Figure 1A, left). The IC50 values of A549 and A549/PTX cells for docetaxel were 0.51 ± 0.31 and 8.34 ± 1.72 μg/ml, respectively, indicating that the A549/PTX cell line had acquired cross-resistance to docetaxel (Figure 1A, right). Colony formation assays revealed a significant enhancement of the proliferation ability of A549/PTX cells (Figure 1B). Flow-cytometric analyses revealed that compared with A549 cells, in A549/PTX cells, cells in the S phase were increased whereas those in the G1 phase were decreased (p < 0.01) (Figure 1C), while no significant differences were observed in apoptosis (data not shown).
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FIGURE 1. Different sensitivity to paclitaxel and docetaxel between A549/PTX cells and parental A549 cells and SFRP1 was a direct target of miR-1260b in LAD cells. (A) IC50 values for paclitaxel (left) and docetaxel (right) in A549 and A549/PTX cells as determined by MTT assays. (B) Proliferation ability of A549 and A549/PTX cells as determined by colony formation assays. (C) Cell cycle analysis of A549 and A549/PTX cells by flow cytometry. (D) Consensus sequences for miR-1260b in the SFRP1 3′-UTR were predicted by bioinformatics analysis. (E) A reporter vector containing the SFRP1 3′-UTR (wild-type or mutant constructs) was cotransfected with miR-1260b mimic in A549 cells, which were then analyzed using a dual-luciferase reporter assay. (F) SFRP1 protein levels in parental and taxane-resistant cells after transfection with miR-1260b mimic or inhibitor as determined by western blotting. (G) Expression of miR-1260b in A549/PTX and H1299/DTX cells compared with A549 and H1299 cells as indicated by qRT-PCR. miRNA abundance was normalized to the U6 RNA level. The experiment was repeated at least three times. Student t-test was employed to compare the differences between two groups. The data are represented as mean ± SD. **p < 0.01 compared with control group.


Our previous study has shown that the expression level of SFRP1 was enormously down-regulated in A549/PTX cells compared with parental A549 cells (7). To elucidate the mechanism of SFRP1 downregulation, miRNA target prediction software (http://targetscan.org) was used to find potential miR-1260b target sequences in SFRP1 gene. The results indicated that SFRP1 contains two putative binding sites for miR-1260b at positions 38–44 and 2510–2516 in its 3′-UTR (Figure 1D). To evaluate whether miR-1260b effectively targets SFRP1, we performed luciferase reporter assays. The wild-type SFRP1 3′-UTR complementary to miR-1260b and respective mutant sequences were cloned into pLUC vectors, which were named pLUC-SFRP1-3′-UTR1 and pLUC-SFRP1-3′-UTR2 (corresponding to positions 38–44 and 2510–2516, respectively). A significant decrease in the relative luciferase activity was observed when the miR-1260b mimic was cotransfected with pLUC-SFRP1 3′-UTR2-wt, whereas the luciferase activity was unaffected in A549 cells transfected with the mutant 3′-UTRs and 3′-UTR1 reporters (Figure 1E). Next, we investigated the effect of miR-1260b on SFRP1 expression by western blot analyses. As shown in Figure 1F, miR-1260b downregulation increased SFRP1 expression in A549/PTX and H1299/DTX cells, whereas miR-1260b upregulation diminished SFRP1 expression in A549 and H1299 cells. To explore the mechanism of miR-1260b in regulating the chemoresistance of LAD cells, we employed a docetaxel-resistant H1299 cell line (H1299/DTX). QRT-PCR analysis showed that compared with A549 and H1299 cells, miR-1260b was upregulated 14.68-fold and 7.59-fold in A549/PTX and H1299/DTX cells, respectively (Figure 1G). These results demonstrated that miR-1260b directly targeted SFRP1. Furthermore, we hypothesized that miR-1260b may play an important role in taxane chemoresistance in LAD cells.



Inhibition of miR-1260b Enhances in vitro Chemosensitivity of Taxane-Resistant LAD Cell Lines to Taxanes

To investigate the relation between miR-1260b expression and the sensitivity of LAD cell lines to taxanes, A549/PTX and H299/DTX cells were transfected with miR-1260b inhibitor (AmiR-1260b) or AmiR-NC as a control. The transfection efficacy was confirmed by qRT-PCR (Figure 2A). Compared with A549/PTX/AmiR-NC cells, the IC50 values for paclitaxel and docetaxel in A549/PTX/AmiR-1260b cells were significantly decreased by 61.8 and 53.1%, respectively (p < 0.01, Figure 2B). Compared with H1299/DTX/AmiR-NC cells, the IC50 values for docetaxel and paclitaxel in H1299/DTX/AmiR-1260b cells were decreased by 39.2 and 33.1%, respectively (p < 0.01, Figure 2C). Colony formation assays revealed that the proliferation ability of A549/PTX and H299/DTX cells transfected with miR-1260b inhibitor was more significantly suppressed than that of NC-transfected cells when treated with paclitaxel (200 μg/L) or docetaxel (50 μg/L), respectively (p < 0.01, Figure 2D). The effects of miR-1260b on cell cycle and apoptosis were evaluated by flow cytometry. Following paclitaxel (200 μg/L) or docetaxel (50 μg/L) treatment, inhibition of miR-1260b in A549/PTX or H1299/DTX cells caused an increase in the percentage of cells in G1 phase and a decrease in the population in S phase, as well as a dramatic increase in the apoptosis rate (p < 0.01, Figures 2E,F). Thus, suppression of miR-1260b can reverse the chemoresistance of LAD cells for docetaxel and paclitaxel by suppressing their proliferation and promoting apoptosis.
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FIGURE 2. Inhibition of miR-1260b reversed the in vitro chemoresistance of A549/PTX and H1299/DTX cells to paclitaxel or docetaxel. (A) Expression levels of miR-1260b in A549/PTX and H1299/DTX cells transfected with mimic NC or miR-1260b inhibitor as determined by qRT-PCR. IC50 values for paclitaxel or docetaxel in A549/PTX (B) and H1299/DTX (C) cells transfected with mimic NC or miR-1260b inhibitor as determined by MTT assays. (D) Colony formation assays revealed proliferation ability of A549/PTX (upper) and H1299/DTX (lower) cells transfected with miR-1260b inhibitor, following treatment of paclitaxel (200 μg/L) or docetaxel (50 μg/L), respectively. Flow cytometric analysis indicated cell cycle (E) and apoptosis (F) in A549/PTX and H1299/DTX cells transfected with mimic NC or miR-1260b inhibitor, following treatment of paclitaxel (200 μg/L) or docetaxel (50 μg/L), respectively. Data between two groups were tested using independent sample t-test. The data are based on 3 to 5 independent experiments and are shown as mean ± SD. **p < 0.01 compared with NC group.




Ectopic miR-1260b Expression Reduces the in vitro Chemosensitivity of LAD Cells to Taxanes

To determine whether upregulation of miR-1260b would affect the sensitivity of LAD cells to taxanes, A549 and H299 cells were transfected with miR-1260b mimic (PmiR-1260b). QRT-PCR confirmed the increased expression of miR-1260b in the LAD cells (Figure 3A). MTT assay results indicated that the IC50 values for paclitaxel and docetaxel were significantly increased by 54.8 and 47.6%, respectively, in A549/PmiR-1260b cells, and by 39.2 and 51.7%, respectively, in H1299/AmiR-1260b cells (p < 0.01, Figures 3B,C). However, compare IC50 for the drugs in miR-1260b inhibitor transfected cells and generated resistant cells a much lower resistance was reached. Next, we analyzed the effect of miR-1260b upregulation on the colony formation ability of LAD cells upon exposure to paclitaxel (20 μg/L) or docetaxel (5 μg/L). As shown in Figure 3D, upregulation of miR-1260b increased the proliferation ability of A549 and H1299 cells (p < 0.01). Moreover, compared with the NC group, enforced miR-1260b expression in A549 or H1299 cells resulted in an increased percentage of cells in the S phase, whereas the numbers of cells in the G1 phase were decreased (p < 0.01, Figure 3E). We did not observe changes in apoptosis. These results suggested that miR-1260b upregulation partially decreased chemosensitivity of LAD cells to taxanes.
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FIGURE 3. Ectopic miR-1260b expression decreased the chemosensitivity of A549 and H1299 cells to paclitaxel or docetaxel. (A) Expression levels of miR-1260b in A549 and H1299 cells transfected with mimic NC or miR-1260b mimic were determined by qRT-PCR assay. IC50 values for paclitaxel or docetaxel in A549 (B) and H1299 (C) cells transfected with mimic NC or miR-1260b mimic as determined by MTT assays. (D) Colony formation assays revealed proliferation ability of A549 (upper) and H1299 (lower) cells transfected with mimic NC or miR-1260b mimic following treatment of paclitaxel (20 μg/L) or docetaxel (5 μg/L), respectively. (E) Flow cytometry indicated cell cycle of A549 (upper) and H1299 (lower) cells transfected with mimic NC or miR-1260b mimic following treatment of paclitaxel (20 μg/L) or docetaxel (5 μg/L), respectively. Paired t-test was applied to compare the differences between two groups. Similar results were obtained in 3 independent experiments and are shown as mean ± SD. *p < 0.05; **p < 0.01 compared with NC group.




Effect of miR-1260b on Chemoresistance of Taxane-Resistant LAD Cells in vivo

We next employed xenograft mouse models to explore the possible effect of miR-1260b on the chemosensitivity of LAD cells in vivo. A549/PTX and H1299/DTX cells were stably transfected with Lv-NC or Lv-anti-miR-1260b and subcutaneously injected into nude mice. QRT-PCR confirmed the decreased expression of miR-1260b in taxane-resistant LAD cells (Supplementary Figure 1). Approximately 10 days after inoculation, all mice developed tumors. When the tumor volume reached ~100 mm3, we treated mice bearing miR-1260b knocked down A549/PTX cell tumors, mice bearing miR-1260b knocked down H1299/DTX cell tumors, and mice bearing A549/PTX or H1299/DTX cell tumors (negative control, NC) with paclitaxel or docetaxel, respectively, as described in the materials and methods. As shown in Figures 4A–D, the tumor size and volume were decreased in the Lv-anti-miR-1260b group as compared to the NC group. Immunohistochemical analysis showed that the PCNA-positive rate was lower in the Lv-anti-miR-1260b group than in the NC group (Figures 4E,F). From these data, we concluded that miR-1260b inhibition can significantly increase the chemosensitivity of LAD cells to taxanes in vivo.
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FIGURE 4. Inhibition of miR-1260b increased the chemosensitivity of A549/PTX and H1299/DTX cells to taxanes in vivo. Nude mice were subcutaneously injected with A549/PTX or H1299/DTX cells that had been infected with lentivirus carrying miR-1260b inhibitor and treated with paclitaxel (15 mg/kg) or docetaxel (1 mg/kg) when the mean tumor volume reached ~100 mm3. (A) Representative picture of tumors from A549/PTX/Lv-NC or A549/PTX/Lv-anti-miR1260b group with paclitaxel treatment. (B) Representative picture of tumors from H1299/DTX/Lv-NC or H1299/DTX/Lv-anti-miR1260b group with docetaxel treatment. (C) Growth curve of tumors derived from A549/PTX/Lv-NC or A549/PTX/Lv-anti-miR1260b cells. (D) Growth curve of tumors derived from H1299/DTX/Lv-NC or H1299/DTX/Lv-anti-miR1260b cells. Paired t-test was performed for comparisons between two groups. Each data point represents the mean ± SD of 7 mice. The three independent experiments gave similar results. *p < 0.05; **p < 0.01 compared with Lv-NC group. (E) H&E- (upper) and PCNA-stained (lower) sections of the transplanted tumors from A549/PTX/Lv-NC or A549/PTX/Lv-anti-miR1260b cells upon paclitaxel treatment. (F) H&E- (upper) and PCNA-stained (lower) sections of the transplanted tumors from H1299/DTX/Lv-NC or H1299/DTX/Lv-anti-miR1260b cells upon docetaxel treatment. Photomicrographs were taken at 400x magnification.




miR-1260b Activates Wnt Pathway by Directly Targeting SFRP1 in LAD Cells

We previously reported that SFRP1 modulates taxane resistance in LAD cell lines by inactivating the Wnt signaling pathway (7). Thus, we explored the effect of miR-1260b on Wnt signaling activity in the A549/PTX and H1299/DTX cell lines. Based on our previous data and the results shown in Supplementary Figure 2, we determined that the Wnt signaling pathway was activated in A549/PTX and H1299/DTX cells. Compared with the parental cell lines, GSK3β phosphorylation was significantly increased in both A549/PTX and H1299/DTX cells. In addition, β-catenin accumulation in the cytoplasm and nuclei was confirmed by qRT-PCR and western blot assays. Furthermore, transcript levels of target genes of β-catenin, including c-Myc and cyclin D1, were increased in the two taxane-resistant LAD cell lines. We next evaluated whether downregulation of miR-1260b could inactivate the Wnt signaling pathway. miR-1260b inhibition suppressed the expression levels of p-GSK3β, β-catenin, cyclin D1, and c-Myc in both A549/PTX and H1299/DTX cells (Figures 5A,B). A TCF/LEF reporter assay of Wnt signaling pathway activity revealed that miR-1260b significantly increased the TCF reporter activity in A549 and H1299 cells, whereas the presence of pcDNA-SFRP1 only partially attenuated this effect by miR-1260b (p < 0.01, Figure 5C). The above results suggest that miR-1260b may not only suppress SFRP1 expression by directly binding its 3′-UTR, thereby affecting Wnt signaling activity, but also upregulate Wnt signaling activity via other signaling pathways in the LAD cells.
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FIGURE 5. miR-1260b affected Wnt signaling activity by directly targeting SFRP1 in LAD Cells. (A) mRNA expression levels of β-catenin, cyclin D1, and c-myc in A549/PTX and H1299/DTX cells transfected with miR-NC or miR-1260b inhibitor as determined by qRT-PCR. (B) Protein expression levels of p-GSK3β, GSK3β, β-catenin, cyclin D1, and c-myc in A549/PTX and H1299/DTX cells transfected with miR-NC or miR-1260b inhibitor as determined by western blotting. (C) TCF/LEF reporter assay to assess the effect of miR-1260b on Wnt signaling activity in A549 (left) and H1299 (right) cells. Data are represented as mean ± SD of three independent experiments (Student t-test). *p < 0.05; **p < 0.01.




Effects of miR-1260b on Epithelial-Mesenchymal Transition (EMT) in LAD Cells in vitro and in vivo

EMT plays a role in tumor recurrence, metastasis, and drug resistance. Wnt pathway activation has been shown to be associated with EMT in numerous tumor models. Previous studies have revealed that A549/PTX and H1299/DTX cell lines showed EMT phenotype, including morphologic changes, EMT marker expression, and increased migratory and invasive capacities (13, 16). In the present study, we explored the relationship between miR-1260b expression and EMT features. Morphological study showed that A549/PTX cells presented marked morphologic changes including loss of cell polarity, increased formation of pseudopodia and leading to elongated, irregular fibroblastoid appearance. A549/PTX cells transfected with miR-1260b inhibitor displayed a more epithelial appearance compared with control group (Figure 6A). As shown in Figure 6B and Supplementary Figure 3A, the expression of the epithelial marker E-cadherin was increased, whereas that of the mesenchymal markers including vimentin and N-cadherin was decreased in A549/PTX and H1299/DTX cells transfected with the miR-1260b inhibitor. Transwell invasion and wound healing assays showed that miR-1260b downregulation significantly inhibited the invasive and migratory capacities of A549/PTX and H1299/DTX cells when compared with parental cells (Figures 6C,D and Supplementary Figures 3B,C). We next examined the role of miR-1260b in the metastatic potential of A549/PTX cells in vivo. H&E staining revealed that compared with the A549/PTX/Lv-anti-miR1260b group, lung tissues in the A549/PTX/Lv-NC group had more multinucleate, huge cells and scattered lymphocytes (Figure 6E). Concentration of circulating tumor cells were significantly decreased in A549/PTX/Lv-anti-miR1260 cell-injected nude mice (Figures 6F,G, p < 0.05). Together, these data demonstrated that miR-1260b inhibition can reverse the EMT phenotype of taxane-resistant cells.
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FIGURE 6. Inhibition of miR-1260b reversed the EMT phenotype and suppressed the invasive ability of A549/PTX cell line. (A) The phenotype of A549, A549/PTX, A549/PTX/AmiR-NC, A549/PTX/AmiR-1260b cells. Photomicrographs were taken at 200x magnification. (B) mRNA and protein expression levels of E-cadherin, N-cadherin, and vimentin in A549/PTX/AmiR-NC and A549/PTX/AmiR-1260b cells as determined by qRT-PCR (left) and western blotting (right). Cell migration and invasion capacities of A549/PTX/AmiR-NC and A549/PTX/AmiR-1260b cells as determined by wound healing (C) and invasion (D) assays, respectively. Photomicrographs were taken at 200x magnification. (E) Eight weeks after tail vein injection of A549/PTX/Lv-NC or A549/PTX/Lv-anti-miR1260b cells, metastatic potential was determined by H&E staining. (F) Human-specific GAPDH (hGAPDH) expression relative to mouse-specific GAPDH (mGAPDH) in circulating tumor cells as determined by qRT-PCR. (G) Human-miR-1260b (hmiR-1260b) expression relative to mouse-miR-1260b (mmiR-1260b) in circulating tumor cells as determined by qRT-PCR. The data are represented as mean ± SD of triplicate samples performed in two independent samples (Student t-test). *p < 0.05; **p < 0.01 compared with control group.




High Expression of miR-1260b in LAD Tissues Is Associated With Decreased SFRP1 Expression, Taxane-Resistance, and Poor Prognosis

To investigate the relationship between miR-1260b and SFRP1 expression in vivo further, tumor tissue samples were obtained from 38 patients with advanced LAD. Based on the patient response to taxane-based chemotherapies, tumors were classified as “sensitive” (CR + PR) or “insensitive” (SD + PD). There was no difference in age, sex, and smoking statues between patients with sensitive tumors and patients with insensitive tumors. Half of the patients in each group were smokers. Figure 7A shows that the relative levels of miR-1260b were significantly higher in “insensitive” tumors (n = 20) than in the “sensitive” tumors (n = 18), whereas SFRP1 mRNA expression showed opposite trends. The inverse correlation between miR-1260b and SFRP1 mRNA expression was confirmed by linear regression analysis (Figure 7B). Further, Kaplan–Meier analysis revealed the association between miR-1260b expression and patient survival; LAD patients with high miR-1260b expression had a poorer progression-free survival than those with low miR-1260b expression (p < 0.05, Figure 7C). These data suggested that the miR-1260b level is inversely correlated with SFRP1 expression in LAD patients and is linked to taxane-based chemotherapy resistance.
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FIGURE 7. miR-1260b was associated with SFRP1 expression and poor prognosis in LAD tumor tissue samples. (A) mRNA expression levels of miR-1260b (left) and SFRP1 (right) in sensitive (n = 18) and insensitive (n = 20) LAD tissues as detected by qRT-PCR. U6 RNA and GAPDH were used as internal controls. The data express as the mean ± SD (Student t-test). **p < 0.01. (B) Linear regression analysis revealed an inverse correlation between miR-1260b and SFRP1. (C) Kaplan–Meier survival analysis of LAD patients according to the level of miR-1260b expression in tumor tissues. The p-value was determined with the log-rank test.





DISCUSSION

The present study provided new insights into the molecular mechanisms underlying chemoresistance in LAD. By targeting SFRP1, miR-1260b can modulate the chemosensitivity and EMT phenotype of taxane-resistant LAD cells via affecting Wnt signaling pathway activity. In addition, miR-1260b is closely associated with SFRP1 expression in advanced LAD tumors and the patient response to taxane-based chemotherapy.

Tumor cells acquire resistance to taxanes via various mechanisms, including aberrant DNA methylation of key genes, abnormal activation of certain pathways, ectopic expression of oncogenic microRNAs, and dysregulation of major proteins involved in drug transport and metabolism (17). As a novel member of the SFRP family, SFRP1 has been confirmed to exert inhibitory effects on tumor cell growth, invasion, and chemoresistance (18). Our previous study indicated that SFRP1 is significantly downregulated in taxane-resistant LAD cells and tissues (7). miRNAs participate in tumor development by targeting multiple cancer-related genes (19). In this study, we identified SFRP1 as a direct target of miR-1260b based on miRNA target prediction database search and luciferase reporter assays. In addition, the SFRP1 level was inversely correlated with miR-1260b expression. In line with this observation, Hirata et al. documented that SFRP1 may be transcriptionally silenced by miRNA-1260b in renal cancer cells (20). Intriguingly, SFRP1 is also targeted by other miRNAs, including miR-27a, miR-1180, and miR-454-3p (21–23). miRNAs can simultaneously modulate multiple genes, via imperfect base-pairing and different binding sites, thereby forming a complex regulatory network (24). In addition, evidence suggests that SFRP1 transcription is frequently regulated by epigenetic events, such as DNA methylation alterations and chromatin histone modifications, in various tumor models (25). These mechanisms remain to be validated in future research.

miRNAs participate in the regulation of tumor genes, cellular processes, tumor aggressiveness, and chemoresistance (26). A recent study indicated that miR-1260b acts as an important oncogenic miRNA in prostate cancer development (27). Increased miR-1260b expression has been also observed in lung cancer tissues, particularly in patients with positive lymph nodes (28). Xia Y. et al. has also proved that miR-1260b promoted xenograft tumor formation in NSCLC (29). In addition, miR-1260b overexpression promoted the proliferation and invasion of hepatocellular carcinoma cells (30). However, the function of miR-1260b on chemotherapeutic sensitivity in LAD remained unclear. In the current study, both in-vitro and in-vivo experiments indicated that downregulation of miR-1260b could resensitize taxane-resistant LAD cells to chemotherapy by suppressing cell proliferation and promoting apoptosis and G1 phase arrest, whereas ectopic miR-1260b expression in LAD cells had the opposite effects. Therefore, we suggest that miR-1260b may function as an oncogene to affect the sensitivity of LAD cells to taxanes. To the best of our knowledge, this is the first report documenting the effect of miR-1260b on chemoresistance in LAD cells.

SFRP1 contains a cysteine-rich domain homologous to frizzleds, the seven-pass trans-membrane cell surface receptors for Wnt signaling pathway (18). SFRP1 acts as a soluble inhibitor of Wnt signaling by inhibiting the binding of Wnt ligands to frizzled, causing β-catenin phosphorylation and reducing β-catenin levels. An increasing body of evidence indicates that aberrant activation of Wnt signaling may contribute to abnormal cell proliferation, invasion, and chemoresistance (31). Activated Wnt/β-catenin signals lead to translocation of β-catenin into the nucleus, thereby regulating the expression of downstream targets, including cyclinD1 and c-Myc (32). CyclinD1 has been implicated in chemoresistance by virtue of its influence on G1/S restriction, and c-Myc is a key regulator of apoptosis (33). Consistent with these functions, we previously demonstrated that SFRP1 overexpression could inhibit Wnt signaling by decreasing the expression of β-catenin target genes, as mentioned above (7). In the current study, miR-1260b silencing had similar effects as ectopic SFRP1 expression in TCF/LEF reporter and western blot assays. Therefore, we suggest that both miR-1260b silencing and SFRP1 expression restoration can reverse taxane chemoresistance of LAD cell lines by inactivating the Wnt pathway.

Several potential chemoresistance mechanisms involving EMT have been suggested (34, 35). It is well-known that EMT occurs during tumor migration and invasion, and facilitates tumor progression (36). Furthermore, mesenchymal-type cancer cells are significantly less sensitive to chemotherapeutic agents than epithelial-type cancer cells are, suggesting an influence of the cell phenotype on the sensitivity to therapeutic agents (13, 37). In line with these reports, we found EMT features in taxane-resistant cell lines, such as loss of epithelial marker and gain of mesenchymal marker expression. Amounting evidence indicates that miRNA alterations and abnormal Wnt/β-catenin signaling activation account not only for chemoresistance, but also EMT characteristics of lung cancer cells. Yang et al. reported that miR-1246 might promote lung tumor cell metastasis by regulating the expression of GSK-3β and β-catenin (38). Zheng et al. discovered that miR-495 represses EMT progression in non-small-cell lung cancer cells, potentially by inactivating the Wnt/β-catenin pathway (39). Our previous study revealed that SFRP1 restoration could reverse the EMT process by inhibiting the Wnt pathway in A549 cells (40). The current study revealed that miR-1260b knockdown resulted in the reversal of EMT characteristics, including morphological changes, marker protein expression and migratory potential, in A549/PTX and H1299/DTX cells. Further, SFRP1 expression was elevated in response to miR-1260b downregulation in LAD tissues, and we found an association between miR-1260b expression and progression-free survival in LAD patients, suggesting that miR-1260b and SFRP1 might function as important regulators in the chemosensitivity and EMT phenotype of LAD cells.

In summary, our study demonstrated for the first time that miR-1260b, a new onco-miRNA, can modulate resistance to taxanes and the EMT phenotype in human LAD cells via SFRP1 inhibition and Wnt signaling activation (Figure 8). Thus, targeting the miR-1260b/SFRP1/Wnt signaling axis may be a promising strategy for the treatment of chemoresistant LAD in the future. However, our findings remain to be confirmed in studies using more LAD cell lines and clinical tissue samples.
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FIGURE 8. Schematic diagram for miR-1260b modulation of chemoresistance in NSCLC. miR-1260b regulates chemoresistance by targeting SFRP1 and thereby activating Wnt signaling.
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Supplementary Figure 1. QRT-PCR assay determined expression levels of miR-1260b in A549/PTX and H1299/DTX cells infected with lentivirus carrying miR-1260b inhibitor.

Supplementary Figure 2. The Wnt signaling pathway was activated in H1299/DTX cells. (A) mRNA expression levels of β-catenin, cyclin D1, and c-Myc in H1299 and H1299/DTX cells as determined by qRT-PCR. (B) Protein expression levels of p-GSK3β, GSK3β, β-catenin, cyclin D1, and c-Myc in H1299 and H1299/DTX cells as determined by western blotting. Results represented the average of three independent experiments (mean ± SD). **p < 0.01 compared with H1299 cells.

Supplementary Figure 3. Inhibition of miR-1260b modulated the EMT phenotype and decreased the migratory ability of H1299/DTX cells. (A) mRNA and protein expression levels of E-cadherin, N-cadherin, and vimentin in H1299/DTX/AmiR-NC and H1299/DTX/AmiR-1260b cells as determined by qRT-PCR (left) and western blotting (right). Cell migration and invasion capacities of H1299/DTX/AmiR-NC and H1299/DTX/AmiR-1260b cells as determined by wound healing (B) and invasion (C) assays, respectively. Photomicrographs were taken at 200x magnification. Data are presented as mean ± SD based on at least three independent experiments (Student t-test). *p < 0.05; **p < 0.01 compared with NC group.

Supplementary Table 1. Primer sequences used for Real-time PCR.
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Lung cancer, renowned for its fast progression and metastatic potency, is rising to become a leading cause of death globally. It has been long observed that lung cancer is particularly ept in spawning distant metastasis at its early stages, and it can readily colonize virtually any human organ. In recent years, cancer research has shed light on why lung cancer is endowed with its exceptional ability to metastasize. In this review, we will take a comprehensive look at the current research on lung cancer metastasis, including molecular pathways, anatomical features and genetic traits that make lung cancer intrinsically metastatic, as we go from lung cancer’s general metastatic potential to the particular metastasis mechanisms in multiple organs. We highly concerned about the advanced discovery and development of lung cancer metastasis, indicating the importance of lung cancer specific gene mutations, heterogeneity or biomarker discovery, and discussing potential opportunities and challenges. We will also introduce some current treatments that targets certain metastatic strategies of non-small cell lung cancer (NSCLC). Advances made in these regards could be critical to our current knowledge base of lung cancer metastasis.




Keywords: non-small cell lung cancer, metastasis, treatment, mechanism, systematic literature review



Introduction

Lung cancer is notoriously known for its ability to spread readily in its early stages, as well as its potency to spread to a wide range of organs of vastly different anatomy and physiology. Since lung cancer patients are often diagnosed at an advanced stage, multiple metastases would have already developed, making targeted therapy extremely difficult and systemic therapy less effective. In recent years, studies conducted to uncover mechanisms behind lung cancer are rapidly increasing in numbers.

We have learned that lung cancer cells often resist or even thrive under hypoxia, immune cells may be inactivated and manipulated by tumor cells, tumor cells can migrate through various ways, and the different mechanisms underlying lung metastasis of nearly every possible site. All the evidence piece together to reveal how complicated the concept of lung cancer metastasis is due to the numerous pathways involved in the process. In this review, we will discuss the general mechanisms of metastasis including hypoxia, immunocompromise, tumor cell migration. We shall track non-small-cell lung cancer from its primary tumor to its metastasis in the brain, the bone and the liver, which are the three most frequent sites of lung cancer metastasis. Pathology, molecular pathways and genetic characteristics of lung cancer metastasis to these organs form the bulk of our discussion. While current work of lung cancer metastasis will be reviewed with considerable depth, inferences and connections will also be frequently made to propose possible patterns of lung cancer metastasis. This review shall provide updated progress of lung cancer metastasis research, and give directions about relevant further studies.



Results


General Metastatic Potential

Once a cancerous cell mass has established itself, it must address a variety of environmental stress in order to support its rapid expansion as well as initiating processes that can potentially lead to metastasis. Such environmental stress includes a hypoxic stroma, a multitude of immune responses, and antagonistic local cell types that hinders its invasion. Then, tumor cells need to intravasate and survive the circulation to spawn metastasis in various organs. Through manipulation and cooperation, lung cancer cells are able to attain resistance to its hostile surroundings, even converting certain negative influences into signals beneficial to its development, enemy into allies.


Hypoxia Resilience

Cancer cells, being relatively metabolically active, have a certain oxygen demand. If a tumor tissue is deprived of oxygen for a prolonged period of time, it could undergo necrosis. Unfortunately, due to their low level of vascularization, tumors are generally less oxygenated compared to their surrounding tissues when they first arise, which invariably leads to intratumor hypoxia. Hypoxia is one of the defining characteristics of lung cancer and indicates poor survival (1). Although low oxygen availability in tumors reduces the effect of radiotherapy, it is also a limiting factor that severely limits tumor growth. It is estimated that tumor cells can only survive within 100 to 150 μM from a blood vessel, given that cells beyond this distance often suffer necrosis (2). To overcome this limitation, lung cancer cells use several regulation mechanisms to avoid lethal hypoxia, while reaping the benefits of low-grade hypoxia which boosts metastasis potential.

An intuitive approach for tumors to obtain adequate oxygen supply is by improving vascularization within the tumor mass through the process of angiogenesis. Several factors that facilitate this process has been identified, some of which are frequently associated with lung cancer. Vascular endothelial growth factors (VEGFs), for instance, can be secreted by tumor cells to stimulate blood vessel formation within the tumor mass. It was observed that hypoxia inducible factor (HIF) 1α expression is positively correlated with VEGF expression, and the upregulation of HIF1α and VEGF often implies poor prognosis in liver cancer (3). Discovered in 1992, HIF has been put under the spotlight as 2019 Nobel Prize in Physiology or Medicine had recently been revealed, and emerges as a promising target for cancer therapy. Among the subtypes of VEGFs, VEGF-A is currently the most extensively studied and well understood. While it can form vasculatures in tumors to compensate for the oxygen demand, newly formed blood vessels are often abnormal in shape and function. Vessels are not neatly divided into arterioles, venules, and capillaries, and are shown to be leaky, even hemorrhagic in all stages of tumor (4). Though the tumor is only getting a suboptimal supply of oxygen and nutrition, this slightly hypoxic environment does yield benefits for tumor cells. Furthermore, since newly formed vasculature is leaky, presumably because of VEGF1-A’s participation in vascular permeability regulation, there’s an increased likelihood for tumor cells to enter these abnormal vessels early on in tumor progression, especially with increased interstitial pressure accompanied with hemorrhagic leakage. This helps explain why metastasis through blood circulation often occurs at an early stage in lung cancer.

As demonstrated above, angiogenesis can only fulfill a portion of a tumor’s oxygen demand. While tumors display significant heterogeneity concerning spatial distribution of hypoxic regions, the vast majority of tumor cells are subsisting under non-lethal hypoxia (5). This characteristic of the tumor microenvironment is shown to facilitate an array of processes contributive to enhanced metastatic potential. It is observed that Epithelial-Mesenchymal Transition (EMT) is profoundly increased in hypoxic tumor tissues, and various mechanisms had been proposed since to explain this phenomenon. Beta-catenin is found to be accumulating in hypoxic tumor cell nucleus and is pinpointed as an agent that increases the expression of EMT-related genes (6). One previous study reveals that beta-catenin enhances HIF-1 mediated transcriptions, promoting tumor survival. This study also confirms that beta-catenin signaling is aberrant under hypoxia (7). Recent studies have attempted to explain beta-catenin’s EMT inducing potential, and a link has been drawn between beta-catenin and Wnt pathway, known as Wnt/beta-catenin signaling. Through stabilizing beta-catenin and translocating it into the nucleus, hypoxia in adenocarcinoma cells in lungs eventually results in enhanced Wnt signaling activity. Research had shown that a disruption in regulated Wnt/beta-catenin (8) signaling could induce EMT in tumor cells, and it is proposed that it is caused by the loss of E-cadherin, which is detrimental to the maintenance of epithelial integrity (9).  Alternative mechanisms have also been proposed. A study in 2016 concludes that PTEN phosphatase activity can be altered under persistent hypoxia. PTEN phosphatase appears to inhibit EMT in tumor progression, while phosphorylation of the PTEN C-terminus (p-PTEN) leads to diminishing activity of PTEN phosphatase. Lung cancer cells exposed to hypoxia demonstrated sharp decrease in PTEN phosphatase and increase in p-PTEN, which accompanies a high rate of EMT (10). TWIST, recently recognized as another crucial mediator of cancer metastasis, is shown to be influenced by a hypoxic microenvironment. TWIST negatively correlates with E-cadherin expression, while positively correlates with HIF1-α expression. It is considered that HIF-1α derived from hypoxic environment enhances TWIST expression (11). High-level expression of HIF-1α and TWIST, therefore, indicate increased EMT occurrence, metastasis likelihood and a poor prognosis (12). EMT grants cancer cells higher mobility and stem-cell properties which both facilitate distant metastasis. Given how fundamental EMT is to most metastasis, hypoxia evidently contributes to the metastasis potential of lung cancer, possibly through multiple signaling pathways.




Immunocompromise

Aside from having to adapt to unfavorable oxygen status, tumor cells also need to fend off another major threat. Recognizing tumor cells as foreign, a myriad of immune cells will actively attack them upon contact, reducing the tumor’s capabilities to expand. In fact, the immune system is so efficient in performing its antitumoral functions that, if a detectable tumor does arise, its cells must have evaded local immunity (13). Tumor cells develop specialized tactics against each component of the local immune system. The following paragraphs will explore the mechanisms tumor cells use to either evade or cooperate with various immune cells.

Given the fact that cancer cells are still bodily cells in nature, they are most prone to attacks launched by members of cell-mediated immunity. One such attack is initiated by cytotoxic T cells (CD8+). CD8+ tumor-infiltrating lymphocytes (CD8+ TILs) can infiltrate into tumors and induce cytotoxic effects through secretion of cytokines, which triggers inflammation and immune responses (14). They can also secrete substances such as granzymes and perforins for immediate cytotoxic effect. Its presence is correlated with a better prognosis, but its function can be suppressed by several factors (15). Programmed death-ligand 1 (PDL1)-Programmed death receptor 1 (PD1) pathway is shown to promote dysfunction in tumor-responding T cells in lung cancer patients (16). Tumors cells expressed PDL1 can bind to PD1 on the surface of CD8 T cells, reducing its antitumoral effectiveness (17). Immunomodulation therapies targeting this interaction in non-small cell lung cancer (NSCLC) shows promise to enhance therapeutic effects (18).

Apart from directly manipulating CD8 T cell functionality, tumor cells also utilize many indirect mechanisms with the end goal of suppressing CD8 T cell activity. Dendritic cells (DC), a potent antigen-presenting cell (APC) is shown to play a role in immune suppression in lung cancer. DCs isolated from NSCLC display increased secretion of immunosuppressing molecules such as the aforementioned PDL1 (19). DCs are heterogeneous in nature, which can be subdivided into tumor-associated DCs (TADC), which orchestrates T cell antitumoral processes, and regulatory DCs, which accelerates tumor growth by immunosuppression (20). Tumor cells take advantage of DCs’ heterogeneity as well as its plasticity to alter the composition of DC pool, impairing the overall antigen-presenting ability of DCs while magnifying its protumorigenic effects (21). Research also suggests that certain regulatory DCs also inhibit helper T cells (CD4+) activity, which disable another antigen-presenting pathway, reducing CD8+ T cell activity further (22). Regulatory T cells (Tregs), which normally function as an immunosuppressing agent through expression of FOXP3, acquire enhanced effectiveness in the tumor microenvironment (TME). Similar to DCs, Tregs exhibit high heterogeneity and plasticity, constituting another pool of immune cells tumor can turn to its favor (23). Tumors seem to possess the ability to chemically attract a subtype of Tregs known as FOXP3(+)CD25(+)CD4(+) Treg, which differentiates into a subpopulation that suppresses effector T cells functions (24). This is exemplified by a study involving 92 patients with NSCLC, which discovered increased Treg activity in intratumoral regions, including the overexpression of FOXP3 mRNA (25). Increased level of FOXP3 is shown to enhance the viability and invasiveness of tumors in NSCLCs, thus Treg can be yet another link in immunity which lung cancer might exploit to promote its growth (26). In conclusion, diminishing effect of CD8+ T cells caused by various mechanisms corresponds to greater invasiveness of lung cancer, giving it access to more capillary beds in the lungs, which increases likelihood of blood mediated metastasis.

CD8+ T cells are not alone in the frontline battle against cancer. Natural Killer (NK) cells, which constitute a major part of the innate immune system, also have antitumorigenic capabilities. Unlike CD8+ T cells, which requires a round of clonal expansion before unleashing its cytotoxic effects, NK cells can directly kill tumor cells, such as through the secretion of TNFα. A study conducted on mice subjects concluded that lung resident NK cells have a dominant role in suppressing metastatic tumor growth in the lungs (27). Numerous factors had been studied to establish pathways leading to NK cell exhaustion. Prostaglandin E2 (PGE2) secreted by lung cancer cells is attributed to diminishing effect of NK cells in one study, which shows that a range of soluble factors including PGE2 can inhibit the release of perforins and granzymes produced by NK cells (28). The loss of interleukin 2 (IL2) is also considered as a suppressive factor since IL2 is critical to triggering cytolytic activities in NK cells (29). Human leukocyte antigen E (HLA-E), a ligand overexpressed in tumor cells, can bind to inhibitory receptor NKG2A which dampens NK cell response to malignant growth (30). In cisplatin-resistant lung cancer cases, a specific pathway is unmasked. Higher expression of fatty acid synthase (FASN) in cisplatin-resistant tumor cells signals the downstream molecule TGFβ1, resulting in elevated PD-L1 expression that suppresses NK cell functions (31). In short, through multiple signaling pathways, lung cancer cells evade the cytolytic effects of NK cells, potentially giving it a greater chance to survive at distant sites surveilled by NK cells.

The last type of immune cells that will be discussed in this section are macrophages. Macrophages make up the majority of tumor-infiltrating immune cells, often triggering local inflammation (32). The dual role of macrophage has been observed in tumor masses. Early on in tumor emergence, macrophages either engulf individual tumor cells or act as APCs to provoke immune response from CD8+ T cells. When CD8+ T cells eventually fail to mount an immune effect on the tumor, tumor-associated macrophages (TAMs) promote tumor growth by secreting growth factors or facilitating angiogenesis (33).

Although alternative classifications have been proposed, a binary system is still widely used, which subdivides macrophages into M1 and M2 types (34). Inhibition of NOTCH-1 is proposed as a possible pathway that enhances M2 differentiation in tumors. When notch-1 is inhibited, enhanced M2 differentiation is observed (35). One study clarifies individual effects M1 and M2 has on lung cancer development. Using lung cancer cell A549, their experiments showed that M2 subtype promotes A549 invasion, while the M1 subtype inhibits angiogenesis in tumors (36). The M2 subtype’s protumorigenic function is further proven in an experiment that uses β-elemene to inhibit M2 activity, resulting in suppressed tumor growth (37). M2 macrophages are shown to have angiogenesis effects that M1 macrophages do not possess. FGF signaling for M2a and PlGF signaling for M2c are proposed as possible mechanisms behind the angiogenic effect of M2 macrophages (38). Not only do M2 macrophages stimulate angiogenesis and suppress immune responses, they also prepare target organs for metastasis, as well as promoting intravasation of tumor cells (39). Macrophages are also associated with EMT in tumor cells, since inflammation is shown to be a key factor in inducing EMT. Given that certain macrophages, like M1 macrophages, are proinflammatory, they might increase EMT occurrence in cancerous cells (40). Another 2017 research concludes that M2 macrophages can induce EMT through the TGF-β/Smad2 signaling pathway. M2 macrophages secrete large amounts of TGF-β, which can induce EMT in lung alveolar epithelial cells. Specific changes in genetic expression include heightened α-SMA and lowered E-cadherin and CK18, which contributes to cell mobility and the loss of epithelial adhesion (41). Another Chinese team confirms that E-cadherin level does correlate with TAMs density, and reveals that TAMs promote a certain type of EMT in lung adenocarcinoma through FUT4/LeY-mediated fucosylation (42). With angiogenetic and EMT capabilities combined, macrophages are a major candidate for facilitating lung cancer growth and metastasis.



Cell Motility and Migration

Rather than remaining stationary, many tumor cells turned to a nomadic lifestyle. Tumor cell migration often depends on the crosstalk of different mechanisms. In order to move around in its extracellular matrix (ECM), tumor cells must make changes to themselves and cooperate with other cell types present in the local microenvironment. Better cell motility grants malignant cells enhanced potency to invade normal tissues, as well as a heightened chance of entering vasculature (43).

Tumor cells are not endowed with the ability to move on themselves at an early stage. Therefore, tumor cells must undergo significant changes to enable movement. Cell membrane protrusion is one of the first characteristics of migratory tumor cells acquire. The formation of these protrusions, such as lamellipodia and invadopodia, is driven by the interaction between several proteins and cytoplasmic structures, one of them being the actin cytoskeleton (44). The actin cytoskeleton requires actin-binding proteins to function, and some of these actin-binding proteins are shown to be correlated with cancer progression. A study in 2017 discovered that cortactin, an action-binding protein, is often overexpressed in tumors. Cortactin promotes tumor cell invasiveness by forming invadopodia and degrading surrounding ECM. It is believed that the overexpression of cortactin is caused by the amplification of a chromosomal band (45). Another study postulated that since actin and actin-binding protein are observed to be accumulating in tumor cell nucleus, they may alter gene expression, which could potentially explain the genetic amplification observed in the previous study (46). Actin has been linked to the formation of multiple membrane protrusions. One research suggests that cortactin and dynamin-2 stabilize F-actin bundles in filopodia in lung cancer cell line H1299 (47). Furthermore, cortactin is also shown to participate in invadopodia formation. Inhibiting cortactin by miR-182 negatively impacted invadopodia formation (48). Cortactin is not the only protein that facilitates the acquisition of cell motility through membrane protrusions. The range of proteins participating in forming membrane protrusions is inconceivably large. Tks5, an adapter protein that contributes to invadopodia formation, is shown to have increased expression in lung carcinoma. The overexpression of Tks5 is correlated with increased metastatic potential and worsened prognosis (49). Another study in 2014 also identifies Tks5 as a critical factor for invadopodia maturation, while pointing to cortactin and Tks4 for invadopodia initiation and function, respectively (50). A study concerning invadopodia pinpointed β3 integrin as indispensable to invadopodia’s formation and its ability to degrade the surrounding ECM. Increased β3 integrin expression often indicate a greater probability of metastasis in lung cancer (51). A decrease in nexin 9 (SNX9) in invadopodia in NSCLC is correlated with tumor invasiveness. SNX9 normally inhibits invadopodia function by binding to TKS5, therefore the depletion of SNX9 result in increased degradation of ECM (52). As demonstrated above, lung cancer cells may utilize a range of protein regulation to enhance its motility through the formation of membrane protrusions.

Tumor cells can also steer cells in the ECM into their favor. Myofibroblasts (MF), which normally participate in tissue repair, may cooperate with cancer and promote tumor cell migration (53). TGF-β is shown to be involved in the creation of MF. One study established a positive feedback signaling loop formed by TGF-β and IL-6/JAK2/STAT3 signaling pathways, which mediates interactions between MF and tumor cells (54). Although TGF- β can exist in soluble form, it is also found on surfaces of exosomes produced by tumor cells, which might explain why MF presence is heightened in tumor ECM (55). Exosomal TGF- β also has greater potency in signaling myofibroblastic differentiation. When exosomes are eliminated from cancer cell secretome, myofibroblastic differentiation ceases, leading to failure of stroma-assisted tumor growth (56). MF express metalloproteinases (MMPs), which can alter matrix proteins. Studies show that MMPs are highly expressed in lung tumors and are actively involved in ECM degradation (57). A study performed on A549 NSCLC cells demonstrates that upregulation of MMP-9 promotes tumor cell migration and increases invasiveness (58). Moreover, using ECM degradation techniques such as MMPs, lung cancer cells can also degrade basement membrane of capillaries to intravasate. In conclusion, through cooperating with cells like MF, lung cancer cells can attain greater efficiency in degrading its surrounding ECM, allowing it to migrate with increased pace.



Going Organ-Specific

Lung cancer is distinctive from many other types of cancer regarding the wide range of organs it could metastasize to. The nervous system, bone, liver, respiratory system, and adrenal gland, ranked by overall incidence rate, are all colonizable by lung cancer metastasis, and such metastasis all foretell a worsened prognosis (59). Understanding the mechanisms behind such a width of potential metastasis of lung cancer can unlock new therapeutic strategies to prevent the formation of metastasis. The following sections will concern less about why lung cancer metastasize frequently in general, but rather focus more on mechanisms that facilitate metastasis formation in individual organs favored by lung metastasis. Although the colonization of tumor cells in these organs follow a similar pattern, they involve vastly different molecular pathways based on their immediate surroundings (Figure 1).




Figure 1 | Non-small cell lung cancer (NSCLC) metastasis stages. Tumors cells gain mobility and intravasate into bloodstream, where they will travel to distant organs and extravasate. Once in the target organ tissues, tumor cells adapt to their surroundings by resisting local immune attacks and cooperating with different cells.




Brain

Being one of the most protected organs in the body, the brain is surprisingly prone to lung cancer metastasis. There has been some advancement on decrypting the homing mechanisms used by tumor cells. CD15 is a cell adhesion molecule found overexpressed in metastatic NSCLC cells. Its binding counterpart, E-selectin (CD62E), is also found overexpressed in hCMEC/D3 human brain endothelial cells through activation by TGF-α. This increases the chance for metastatic NSCLC cells to bind to the brain endothelium, which opens the gateway for tumor cell intrusion (60). The effect of TGF-α can be dampened by EGFR specific tyrosine kinase inhibitor (61), and is shown to be downregulated by Yin Yang 1 (YY1), a potential therapeutic target (62). CD15-CD62E interaction is exclusively found at adhesion sites of tumor cells and brain endothelium while blocking this interaction significantly reduces cancer cell’s ability to attach to the brain endothelium (63). Another study suggests that metastasizing lung cancer cells might secrete substances that damage endothelial glycocalyx. The glycocalyx serves as a protective covering of brain endothelium, which can have various adhesive interactions with tumor cells (64). its degradation is correlated with enhanced E-selectin-mediated adhesion (65). Many other cellular adhesion molecules (CAMs) have also been identified as relevant to brain metastasis, such as ALCAM/ALCAM and VLA-4/VCAM-1 interactions identified in a 2014 study (66).

Regardless of the strategy lung tumor cells use to adhere to brain endothelium, it now must breach it in order to get access to brain tissue. The endothelium, being part of the blood-brain-barrier (BBB), relies on tight junctions (TJs) between endothelial cells to provide an isolated environment for the brain. Occludin, claudins, and junctional adhesion molecules (JAMs) are all proteins present in TJs (67). Among those proteins, claudin–5 (CLDN5) is marked as pivotal in regulating BBB permeability. Reinforced expression of CLDN5 enhances BBB integrity and hinders invasion of lung adenocarcinoma A549 cells (68). Some mechanisms have been proposed to explain the downregulation of CLDN5 expression frequently found associated with lung cancer brain metastasis. One study identifies CLDN5 as a downstream target of ETS-related gene (ERG). ERG normally reduces endothelial permeability, but its function can be repressed by inflammatory signals, which could be secreted into circulation by tumors. ERG repression results in CLDN5 downregulation, increasing BBB permeability (69). One such inflammatory signal has been identified. Inflammatory cytokine TNF-α acts through NFκB signaling to downregulate CLDN5 expression (70). A multitude of natural product extracts, such as terpenes and phenolic compounds, were shown to be TNF-α inhibitors (71). Asiaticoside, a triterpenoid, enhances endothelial integrity of blood vessels, reducing their permeability through inhibiting TNF-α (72) (Figure 2).




Figure 2 | Blood–brain barrier (BBB) penetration. Lung cancer cells must breach BBB in order to access the brain parenchyma. The three general steps shown in this figure are glycocalyx degradation, epithelial adhesion, and tight junction downregulation.



After tumor cells breach the BBB, they enter the brain parenchyma densely packed with astrocytes and patrolled by microglia. Similar to their tactics used in invading lung tissues, tumor cells either evade or cooperate with local cell types. Astrocytes, glial cells specialized in nourishing neurons and maintaining ECM, secrete plasmin which suppresses brain metastasis. Tumors cells from metastatic lung cancers are found to express high levels of neuroserpins and serpin β2, which neutralizes death paracrine signals sent out by astrocytes (73). Astrocytes aid metastasis formation mainly through two methods: Substance secretion and gap junction interactions (74). A range of molecules secreted by reactive astrocytes (RAs) has been shown to correlate with lung cancer brain metastasis progression. Hyaluronic acid is found to promote lung cancer cell growth through the activation of protein kinase B (AKT)/mitogen-activated protein kinase (MAPK) (75). Endothelin-1 (ET-1) also activates the AKT/MAPK pathway. Its expression is enhanced in astrocytes by the upregulation of IL-6 and IL-8 expression in tumor cells (76). Polydatin(PD) inhibits MAPK, PI3K/AKT, and NF-κB pathways, and can also inhibit certain pro-inflammatory cytokines, such as TNF-α, IL-4, IL-1β, and IL-8 (77). Benzyl sulforaphane and Macrolactin F show potential in suppressing AKT/MAPK pathway in the liver and the bone, respectively (78, 79). Previous research also confirms that RAs produce IL-6, tumor necrosis factor-α (TNF-α), and IL-1β, all of which promote lung cancer brain metastasis (80). In another study, RAs secrete interferon-α (IFN-α) and tumor necrosis factor (TNF), which activates the STAT1 and NF-κB pathways in lung cancer cells residing in the brain (81). Astrocytes can also directly alter its ECM under influence of cancer cells. MMP-2 and MMP-9 secreted by astrocytes are found responsible for facilitating lung and breast cancer brain metastasis progression, presumably by making the EMC more favorable for tumor cells (82). Gap junctions formed between RAs and tumor cells also facilitates tumor growth. Survival genes such as GSTA5, BCL2L1, and TWIST1 are found to be upregulated in lung tumor cells that have formed gap junctions with astrocytes. The upregulation of these genes increases the chance of tumor cell survival and grants resistance to chemotherapy (83). The mechanism behind such regulation via gap junction is revealed in a 2016 study, which discovered that small RNA (sRNA) is tranferred between cells through gap junctions, marking sRNA as possible agents released by astrocytes that upregulates survival genes in tumor cells (84).

Similar to astrocytes, microglia, immune cells found exclusively in the central nervous system, are also capable of both tumorigenic and cytotoxic effects. Microglia can be broadly divided into pro-inflammatory and anti-inflammatory subtypes. Proinflammatory microglia suppress metastasis formation, while its counterpart increases metastatic tumor burden (85). Lipopolysaccharide (LPS)-activated microglia are cytotoxic to lung cancer cells by inducing apoptosis in them (86). Its activation is also correlated with increased production of proinflammatory cytokines (87). Cancer cells counteract the threat posed by microglia by suppressing its pro-inflamotory properties. Studies show that Wnt pathways are central to the regulation of microglial functions. Some Wnt pathways were once considered proinflammatory and thus unfavored for tumor growth. A 2011 study suggests that Wnt-3A stimulation triggers IL-6, IL-12, and tumor necrosis factor α production in microglia, which are all strong proinflammatory factors (88). However, multiple subsequent studies reach differing conclusions. Wnt-3A pathway is found to trigger the induction of M2 phenotype in microglia, which are anti-inflammatory and favor tumorigenesis (89). It is recognized as an oncogene, and its activation is correlated with Wnt-catenin pathway. Knocking down Wnt-1 and Wnt-3A suppresses tumor proliferation (90). Other than Wnt-3A, Wnt-5A has also been shown to correlate with increased presence of TAMs, though the effect of WNT-5A seems to be also pro-inflammatory (91). This complication of Wnt-3A and Wnt-5A effects can be potentially explained by a 2013 study. While Wnt-3A and WNT-5A alone upregulate proinflammatory responses, the combination of Wnts and LPS serves anti-inflammatory functions (92). Tumor cells likely utilize this characteristic to favor their own growth by upregulating multiple Wnt pathways, amplifying the anti-inflammatory and tumorigenic effects of microglia. Furthermore, Wnt/β-catenin signaling pathway, which has been discussed earlier in section 1, play a pivotal role in microglia function in brain metastasis. Through Gastrodin mediation, Wnt/β-catenin signaling pathway can downregulate multiple inflammatory factors such as TNF-α (93). Given that Wnt/β-catenin interaction is highly pronounced in lung cancer cells, lung cancer cells might gain an advantage by using this interaction to cooperate with microglia, resulting in higher metastatic potential in the brain. Secreted frizzled-related proteins (Sfrps) demonstrate differential inhibition of Wnt-3a activity (94). A study in 2011 found that SFRP-1 and the SFRP-like molecule V3Nter can inhibit β-catenin-activated tumor cells growth in vivo, though another study argues that sFRPs have dual effects on Wnt/β-catenin signaling depending on various factors (95, 96). With more research currently underway, much more will be uncovered about microglia’s role in lung cancer brain metastasis in the future (Figure 3).




Figure 3 | Astrocyte and microglia. To survive and colonize the brain, lung cancer cells must interact with surrounding glial cells such as astrocytes and microglia. Through various mechanisms, cancer cells are able to withstand the threats and cooperate with glial cells.





Bone

At 39%, bone metastasis is the most frequent site of metastasis of adenocarcinoma. The presence of bone metastasis also signals worse prognosis compared to other metastasis sites (59). Multiple homing mechanisms have been revealed in lung cancer that metastasizes to the bone. In breast and prostate cancers, stromal cell-derived factor 1 (SDF-1) and its receptor CXCR4 are responsible for attracting tumor cells to the bone marrow (97). This coincides with a study recently published in 2019, which observed increased expression of CXCR4 in lung carcinoma (98). It is not impossible that the overexpression of CXCR4 in lung cancer cells enabled better attachment of tumor cells to the bone. Kisspeptin-10 (KP-10) can inhibit tumor cell invasion and EMT induced by SDF-1 through down-regulating CXCR-4 expression (99). Recent studies also reveal that certain CXCR4-targeting nanobodies inhibit CXCR4-related functions, which may yet unravel another treatment option (100). With striking resemblance to the aforementioned CXCR4/SDF-1 homing mechanism, CXCL10/CXCR3 also emerge as a potential homing mechanism used by lung adenocarcinoma. A 2012 study demonstrates that CXCL10 attracts CXCR3-expressing tumor cells to the bone, though omitting its connection with lung cancer (101). A French team discovered that a CXCL10/CXCR3-A autocrine loop exists in invasive mucinous adenocarcinoma (IMA), in which CXCL10 upregulates CXCR3-A (102). It is thus possible that CXCL10 in the bone stroma may upregulate CXCR3 production in lung cancer cells, which in turn became more attracted to the bone. One confirmed homing mechanism used by lung adenocarcinoma cells is discoidin domain receptor 1 (DDR1). DDR1 is a cell surface receptor that can bind to several types of collagens and enhance cell adhesion. It was observed back in 2010 that DDR1 upregulation is a frequent occurrence in invasive lung adenocarcinoma. Its upregulation is correlated with increased tumor invasiveness and worse prognosis, although the precise mechanisms were elusive (103). The upregulation of DDR1 is found to be inducible by collagen I, which is a major component of osteons in the bone (104). Lung cancer cells may express DDR1 when induced by collagen I in the bone, which completes its homing process. Disrupting DDR1 pathway significantly reduced tumor-bone engagement, lowering cancer cell’s potential to metastasize to the bones (105), and multiple means of doing so has been discovered. Tetrahydroisoquinoline-7-carboxamide based DDR1 inhibitor 7ae developed to treat acute lung injury (ALI) bind tightly to DDR1, reducing its kinase activity (106). Other studies reveal that celastrol downregulates E2F1 (107), while E2F1 silencing downregulates the expression of DDR1 (108). However, these studies are primarily concerned with osteosarcomas and hepatocellular carcinoma, therefore their existence in lung cancer bone metastasis awaits further validation.

Maintenance of bone tissues requires cooperation between osteoblasts (OBs) and osteoclasts (OCs). Cancer cells often hijack either OB or OC, forming osteoblastic or osteolytic lesions in bone tissues. Since osteoblastic lesions are infrequent in NSCLC bone metastasis, it will not be discussed in this article. In osteoclastic bone metastasis, which is most common in NSCLC, a “tumor-OC cooperation” is found. Tumor cells secrete pro-osteoclastogenic substances, while osteolysis generates substances that benefit tumor growth (109). One initiator of such a vicious circle is RANK ligand (RANKL). RANKL has been demonstrated to be essential to osteolytic activities induced by NSCLC cells. The inhibition of RANKL reduced osteoclastogenesis stimulated by NSCLC cells, and metastasis progression is slowed, possibly due to fewer growth factors yielded from osteolysis (110). A 2018 study confirms this discovery using mouse models. RANKL expression is found in NSCLC in primary lung cancer, and it is correlated with enhanced tumor growth (111). It is thus possible that NSCLC tumor cells present in the bones express RANKL, which enables osteolytic activities. With such a critical role in bone metastasis formation, RANKL is by far one of the most accurate predictors of bone response in patients with bone metastasis (112). Multiple factors that are associated with RANKL expression in lung tumor cells have also been identified. Thrombospondin (TSP)-2 knockdown is correlated with the inhibition of osteolytic metastasis of lung cancer. It is proposed that TSP-2 enhances osteoclastogenesis through RANKL dependent pathways (113). RANKL can also upregulate Basigin-2, which induces MMPs and VEGF expression, contributing to lung cancer bone metastasis through osteoclastogenesis (114). Extensive research has yielded numerous treatments that target RANKL, most of which are conducted quite recently. Estrogens and androgens are shown to inhibit OB-driven osteoclastogenesis (115). A myriad of drugs, such as Baricitinib, Matrine, and Sciadopitysin all suppress RANKL-mediated osteoclastogenesis (116–118).

With extensive osteolysis underway, a range of tumor trophic substances will be released, one of which being transforming growth factor beta (TGFβ). TGFβ is dysregulated in malignant cells, including lung cancer, and upregulation of TGFβ in the ECM of lung cancer promotes NSCLC progression and invasion (119). Not only does TGFβ promote tumor cell proliferation, it also contributes to the vicious cycle by encouraging osteolysis. TGFβ upregulates Gli2, which in turn promotes osteolysis through increased secretion of osteolytic factors such as parathyroid hormone-related protein (PTHrP) (120). In osteoclastic bone metastasis, micro-RNAs (miRNAs) also play an important role, acting as key regulators in bone metastasis progression. Most miRNAs discovered are found to be inhibitory, and very few are shown to be pro-metastasis. One such miRNA is miR-326, which is found to correlate strongly with tumor burden in lung cancer bone metastasis (121). Serum microRNA-139-5p expression in mesenchymal stem cells (MSCs), progenitors of OBs, is sharply reduced when exposed to lung cancer cells A549 and L9981. The downregulation of microRNA-139-5p is correlated to increased osteolysis (122). miR-33a, which suppresses bone metastasis, is downregulated in lung cancer cells. Decreased miR-33a expression is correlated with increased PTHrP expression and RANKL production, both of which contribute to osteolysis (123). In conclusion, NSCLC cells manipulate OCs through secretion of pro-osteoclastogenesis substances and regulation of various miRNAs, allowing it to form bone metastasis.

Besides osteoclasts, adipocytes and macrophages also participate in bone metastasis formation. Adipocytes store fat, which can be used by lung cancer cells as an energy source. Compared to non-malignant lung cells, lung cancer cell A549 has twenty times more lipid droplets in its cytoplasm, suggesting that it is capable of using lipid as an alternative energy source to glucose (124). When fatty acid production in vivo or in vitro is inhibited, NSCLC growth is also hindered, suggesting cancer cell’s reliance on fatty acid synthesized and stored in adipocytes (125). Cancer-associated adipocytes (CAAs) release fatty acids through lipolysis, while cancer cells can harvest the energy in them using β-oxidation (126). Moreover, CAAs can produce leptin, which has been demonstrated to promote EMT changes in A549 lung cancer cells, contributing to tumor cell mobility and consequently their invasiveness in the bone (127). Macrophages are also correlated with bone metastasis. A reduction in the number of macrophages is accompanied by the inhibition of bone metastasis (128). Rac2, a small GTPase, controls M1 to M2 differentiation in macrophages, which suppresses inflammatory responses (129). IL-13-induced phosphorylation of STAT6 has also been identified as a major pathway leading to macrophage M2 polarization (130). Furthermore, bone marrow macrophages (BMMs) are the major source of cathepsin K (CTSK), which promotes tumor progression in bones (131). Although substantial progress is made regarding the roles of adipocytes and macrophages in bone metastasis, very few researches have explored their interactions with lung cancer cells in particular. That being said, more effort should be invested in clarifying the connections between adipocytes, macrophages, and invading lung cancer cells. In essence, lung cancer bone metastasis involves a unique homing mechanism, a osteoclastic invasion, and diverse tumor-bone interactions.



Liver

Compared to NSCLC metastasis in the brain and the bone, metastasis in the liver is less frequent, but still at a high occurrence. It is estimated that 16.7% of metastasized NSCLC patients develop liver metastasis (132). With an average median survival time of 4 months, liver metastasis in NSCLC confers a worse prognosis than lung, brain, and bone metastasis according to a recent study (133). NSCLC liver metastasis often predicts poor progression-free survival with treatments underway, including Nivolumab (134) and erlotinib targeted therapy (135).

When tumor cells enter the liver through the hepatic artery or portal vein, they will encounter the sinusoid, which endothelium is composed of liver sinusoidal endothelial cells (LSECs). LSECs have dual roles in metastasis formation. When tumor cells obstruct the sinusoid, inflammatory response will be triggered by LSECs, leading to production of various substances inhibiting metastasis (136). Among these substances is TNF-α, capable of inducing apoptosis in tumor cells. Lung cancer cells, however, often express phenotypes that resist the effect of TNF-α. A study dating back to 2000 suggests that NF-κB activation increases lung cancer cells’ resistance to TNF-α (137). Cylindromatosis (CYLD) is considered to positively correlate with the apoptotic effect of TNF-α. Its expression in lung cancer cells is low, suggesting that lung cancer cells may downregulate CYLD in order to prevent TNF-α induced apoptosis (138). The effect of TNF-α can only be realized when it binds to TNF-α receptor (TNFR1), which contains TNFR1 promoter -223/-29 in lung cancer cells. The downregulation of TNFR1 is associated with decreased effectiveness of TNF-α, pointing to a potential mechanism lung cancer cells may use to evade TNF-α (139). Tumor cells may even benefit from exposure to TNF-α. One study concluded that through the upregulation of MMP-13, TNF-α promotes tumor growth in lung cancer cells (140). Significant progress is made to inhibit cancer growth through manipulating TNF-α expression. Highly N-acetylated COS (NACOS) inhibits TNF-alpha-induced E-selectin expression in ECs via the JNK/NF-κB pathways, potentially attenuates tumor cell adhesion with ECs (141). A research conducted in 2013 proposed that Acacetin can also inhibit TNF-α-induced E-selectin expression, as well as the activation of NF-κB by TNF-α (142). ZLJ-6 inhibits a range of adhesion molecules including E-selectin, ICAM-1, and VCAM-1, and, although it was once believed that the COX/5-LOX pathway underlies its effect, was found to be independent of this pathway and is rather mediated by NF-κB (143).

Other than TNF- α, LSECs also produce IFN-γ. IFN-γ induces extracellular trap cell death (ETosis) in A549 lung cancer cells. Reactive oxygen species (ROS), another substance LSECs secrete, regulates IFN-γ-induced mimic ETosis in lung cancer cells (144). This mechanism, however, has been found to be defective in many lung cancer cells. PC14PE6/AS2 human lung cancer cells were shown to be unsusceptible to IFN-γ-induced autophagy (145). PC14PE6/AS2 human lung adenocarcinoma cells are presented with reduced responsiveness in IFN-γ signaling, possibly due to natural PTEN loss. PTEN silenced A549 cells also demonstrate reduced susceptibility to IFN-γ through ROS/SHP2 signaling (146). It is also suggested that IFN-γ alone may not be able to inhibit lung cancer proliferation, as only PD-L1+ lung carcinomas are affected by IFN-γ. Thus PDL1- lung cancer cells may be immune to IFN-γ induced ETosis (147). Possible mechanisms have been proposed. IL-10 and IL-10R are found to be overexpressed in cells surrounding NSCLC cells in the lungs, and confer resistance to IFN-γ through regulation of the PD1/PD-L1 pathway, although such phenomenon has not been studied in the liver (148). LSECs contribute to the formation of liver metastasis by expressing various adhesion molecules. Early studies have shown that the presence of tumor cells in hepatic circulation can trigger a rapid induction of E-selectin expression in LSECs, which could serve as adhesive molecules that facilitate tumor cell colonization (149). Blocking E-selectin expression causes a 97% reduction in liver metastasis compared to the control group (150). Tumor growth is also suppressed when E-selectin expression in LSECs is inhibited through the prevention of angiogenesis, suggesting E-selectin’s importance in metastasis progression in the liver (151). Vascular cell adhesion molecule-1 (VCAM-1) is also found expressed in LSECs, which participates in tumor-stromal interactions (152). Downregulation of VCAM-1 is correlated with suppressed lung cancer cell growth (153), while VCAM-1 knockdown reduces A549 cells’ ability to migrate (154).

Furthermore, since LSECs are fenestrated, tumor cells can directly interact with the basement membrane underneath (155). One type of the receptors present on the surface of basement membrane matrix is integrin receptors (156). Integrins αv, α5, β1, β3, and β5 are shown to promote survival and metastasis of lung cancer cells through either providing mechanical attachment to ECM, or the generation of various cell signals stimulating metastasis formation (157). Suppressing metastasis-related integrins such as integrin αv and integrin β3 in lung cancer inhibits motility of tumor cells (158). Interestingly, nitric oxide (NO), which is released by LSECs, is demonstrated to increase the expression of integrin αv and β1 in three types of NSCLC cell lines. Focal adhesion kinase, active RhoA, and active cell division control 42, all of which are migration associated proteins, are downstream targets of these two integrins (159). Integrin β4 is also found overexpressed in NSCLC cells, which increases venous invasion and correlates with a poor prognosis (160). Inhibiting integrin expression may serve as a new therapeutic strategy to suppress liver metastasis. E3 ubiquitin ligase Smurf1, for example, was demonstrated to be an effective inhibitor of integrin expression (161).

After tumor cells extravasate from sinusoid, they will encounter hepatocytes, the main cells of the liver. There has been evidence pointing to the presence of tumor cell-hepatocytes interactions. Claudin-2 level is elevated in breast cancer liver metastasis, and it is responsible for adhering breast cancer cells to hepatocytes (162). Although such interaction is not yet studied between lung adenocarcinoma cells and hepatocytes, there are clues that suggest the existence of this interaction. Claudin-2 is highly expressed in lung adenocarcinoma and is linked to increased tumor cell proliferation (163), and another study in the same year also concluded that decreased claudin-2 hinders lung carcinoma development (164). Therefore, it is not impossible that lung cancer cells may employ a similar technique to better adhere to hepatocytes. Hepatocytes also alter E-cadherin expression in cancer cells. E-cadherin expression is critical in EMT and EMrT, which are essential in metastatic processes. p0071/E-cadherin interaction in lung cancer cells is shown to increase their metastatic potential (165). The downregulation of E-cadherin in A549 cells induces cancer stem cell properties, which are necessary for metastasis. The upregulation of E-cadherin, in contrast, causes cancer stem cells to diminish (166). Therefore, when lung cancer stem cells reach liver tissues, they must upregulate E-cadherin levels to perform EMrT, which trades their stem cell features with epithelial features, invasiveness. Hepatocytes have the ability to upregulate E-cadherin expression in tumor cells in prostate cancer liver metastasis, which seemed to be regulated by lowering epidermal growth factor receptor (EGFR) signaling (167). Since EGFR mutation is relatively common in lung cancer, this mechanism found between prostate cancer cells and hepatocyte may also be used by lung cancer cells, although currently it is not thoroughly studied.




New Treatment Strategy and Molecular Mechanisms of NSCLC Metastasis

In recent years, many new drugs have been put into clinical trials for the treatment of metastatic NSCLC to verify their toxicity and efficacy to enrich the treatment first-line options for patients. Several carcinogenic drivers including EGFR have been identified and studied. The development of new therapies, including targeted therapy and immunotherapy, has shown encouraging results in prolonging the survival of patients with NSCLC. For example, inhibitors targeting the PD-1/PD-L1 immune checkpoint have been developed as an effective immunotherapy for metastatic NSCLC. In NSCLC cells, the binding of PD-1 and PD-L1 promotes T-cell tolerance and escape from host immunity. Pembrolizumab, nivolumab, and cemiplimab are anti-PD-1 inhibitors, and atezolizumab, durvalumab, and avelumab are anti-PD-L1 inhibitors (168). PD-1 inhibitors offer enhanced survival benefits and fewer adverse events than PD-L1 inhibitors (169). As mentioned above, any malignant transformation of EGFR may lead to the spread of lung cancer (170), so EGFR as a target has become the main research scheme to inhibit the metastasis of NSCLC. For example, from 2003 to 2019, first-generation drugs (erlotinib, gefitinib), second-generation drugs (afatinib, dacomitinib), third-generation drugs (osimertinib, rociletinib), combination therapy (docetaxel+pemetrexed), and fourth-generation drugs (EAI001 and EAI045) were successively developed (171). Although many drugs have been proved to be effective in clinical trials, some patients will have drug resistance and complex toxicity after a period of treatment. Therefore, it is still necessary to further study the molecular mechanism of NSCLC metastasis and explore potential biomarkers for the development of new therapeutic strategies

HER2 overexpression has been observed in 3%–38% of NSCLC, while strong HER2 protein overexpression is found in 2.5% of NSCLC (172). Leeza Shrestha et al., designed a peptidomimetic(compound 18) that binds to domain IV of the HER2 receptor, disrupts the homo/heterodimerization of HER2, and inhibits downstream signaling for cellular proliferation and growth, hence, can be used as a potential therapeutic agent for the treatment of NSCLC (173). A study from China suggests that traditional Chinese herbal medicine may play a role in antimetastasis of malignant tumors. Chinese herbal medicine Wenxia Changfu formula reverses cell adhesion-mediated drug resistance in lung cancer. Xiaoai Jiedu recipe can inactivate p38 MAPK signaling pathway in NSCLC cells to inhibit its proliferation and metastasis (174). Recent studies have found that CERS6 has important roles in lung cancer migration and metastasis, which proves that the miR-101-CERS6 pathway can be targeted, with potential benefits provided for affected patients (175). High expression of monoamine oxidase A (MAOA) in NSCLC is related to EMT and the development of clinicopathological features of NSCLC (176). The potential MAOA inhibitor G11 may inhibit paclitaxel‐resistant NSCLC metastasis and growth by impacting on p‐AKT, VEGF, HIF1α, and MMP2 or MMP9. These findings have established MAOA as a promising therapeutic target in drug-resistant NSCLC and provide a feasible method of MAOA-targeted combined therapeutics (177). The combination of chemical and mechanical signals should also be considered in the new direction of drug development. Baicalein inhibited the formation of protrusive structures and leader cells by the combined effects that decreased both ezrin S-nitrosylation (chemical signaling) and ezrin tension transduction (mechanical signaling), and hampered NSCLC invasion and metastasis. Future sudy and improved clinical prospects for patients with NSCLC will depend on continued focus on combination of basic discovery and clinical translational research.




Discussion and Perspective

As showcased in this review, a substantial amount of effort has already been devoted to unraveling mechanisms behind NSCLC’s high metastasis potency as well as the wide range of potential organs for colonization that make NSCLC stand out from the majority of cancers. The chronological distribution of the references indicates that discoveries in this field have been made at an ever-increasing pace. Through studying the numerous molecular pathways involved in NSCLC metastasis, we are starting to find patterns that may one day fit into the puzzle of NSCLC metastasis containment and management. Many novel pathways identified to be essential to NSCLC metastasis had yielded new treatment options, and many of these targeted therapies were shown to be effective in restricting NSCLC metastasis. Still, for every question clarified, dozens of confusions arise. As demonstrated by this extensive review, lung cancer metastasis is an extremely complicated event and is further complicated by the type of lung cancer, metastatic organ, and more. Here, we list out some inquiries and topics that may be worth further investigation, including the limitations and unsolved enigmas of current research. Advances made in these regards could be critical to our current knowledge base of NSCLC metastasis.

	In many organs studied for cancer metastasis, such as the bone, very few researches studied lung cancer metastasis in these organs. As a result, extrapolation might be frequently used in an attempt to apply progress in other cancer types to NSCLC. These inferences are usually made by finding similarities between the discussed cancer types and lung cancer, and then suggest that lung cancer could utilize a similar mechanism. These inferences, being extrapolations, have the factor of conjecture. In order to clarify whether these suggestions are valid in NLCSC, we encourage more studies to be done to either validate or dismiss the existence of these mechanisms.


	Cancer progression can be viewed as a failure of the immune system to identify and eradicate cancer cells. Thus, many immune cells are associated with cancer, some actively involved in cancer invasion and metastasis. Each part of the human body has a unique blend of different immune cells, such as BMM in the bone and microglia in the brain. Most of the works currently available explain how cancer cells evade a certain immune cell’s immune response. Few works, however, studied whether one mechanism cancer cell used to fend off a certain type of immune cell might be involved in another interaction between cancer cells and a different type of immune cell. Since there are plenty of overlaps between the molecules secreted by or the signal pathways involved in different immune cells, it may be worth the effort to identify these overlaps to discover treatment options that can simultaneously attack multiple tumor cell-immune cell interactions, yielding a better prognosis.


	When tumor cells arrive at a distant organ, it can instantaneously spawn a new metastasis, but it can also enter a period of dormancy and become activated at a later time. The latter have been first discovered in the bone marrow, but it is now evident that many organs including the liver can house dormant tumor cells. These dormant cells can survive chemotherapy since it is not hyper-proliferating nor over metabolically active, thus they may spawn new metastasis even though all visible tumors have been eradicated. This mechanism has been extensively studied in the bone, but fewer studies are devoted to other organs such as the liver, and even few of them use NSCLC as their cancer type. A better understanding of this mechanism can be promising to the invention of therapies that prevent cancer recurrence.




Looking at only the tip of an iceberg of NSCLC metastasis, there is obviously still a quite formidable amount of knowledge to be discovered. However, with the progress made with high pace fueled by new generations of biotechnology, preventing NSCLC metastasis, or even curing NSCLC, may became reality in the future not far away.
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Notch3 Knockout Suppresses Mouse Mammary Gland Development and Inhibits the Proliferation of 4T1 Murine Mammary Carcinoma Cells via CCL2/CCR4 Axis
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Our previous study found that Notch3 knockout mice exhibit defects in mammary gland development. To elucidate the underlying mechanism, tissue samples were subjected to RNA-seq, GO, and KEGG enrichment analyses and qRT-PCR validation. Of enriched pathways, chemokine signaling pathway and cytokine–cytokine receptor interaction were noticed in both Notch3wt/wt/Notch3wt/– and Notch3wt/wt/Notch3–/– mice, in which the expression of chemokine ligand 2 (CCL2) was sharply reduced in Notch3wt/– and Notch3–/– mammary gland tissues. The Mouse ENCODE transcriptome data reveal that the mammary gland fat pad exhibits a high CCL2, CCR2, and CCR4 expression, indicating that these molecules play important roles during mammary gland development. Specifically, defective mammary glands in Notch3 knockout mice could be partially rescued by CCL2 overexpression lentivirus through intraductal injection. An in vitro study showed that CCL2 overexpression promoted the proliferation, migration, and cancerous acinar formation of 4T1 cells, which could rescue the defective migration of 4T1 cells caused by Notch3 knockdown. We also found that Notch3 transcriptionally regulated the expression of CCL2 in a classical pattern. Our findings illustrated that Notch3-regulating CCL2/CCR4 axis should be an important signaling pathway for mammary gland development and should be a candidate target for breast cancer therapy.

Keywords: Notch3, knockout mice, mammary glands development, CCL2/CCR4 axis, intraductal injection


INTRODUCTION

Compared with other major organs, the mammary gland is a unique glandular organ because it reaches full development only after birth. Its development can be divided into three main stages throughout the lifetime, namely, embryonic, pubertal, and adult (Macias and Hinck, 2012). During these different stages, the epithelial cells of the mammary gland will undergo many rounds of proliferation, differentiation, or apoptosis in response to the hormonal changes induced by the estrous/menstrual cycle as well as the dramatic changes that occur during pregnancy, lactation, and involution, giving rise to significant remodeling of the branching morphogenesis or glandular tissue architecture (Inman et al., 2015). Accordingly, the mammary gland provides a distinctive model for biologists to study development, organ specificity. In fact, many dysregulated pathways and malignant biological processes observed in breast cancer progression mimic those observed during normal mammary gland development and tissue remodeling. For instance, Wnt-Cadherin signaling that controls the initial epithelium invasion in the fat pad for the elongation of mammary ducts and regulates their continuing plasticity is very similar to that occurring in the infiltration, migration, and clonogenicity adopted by malignant mammary gland epithelial cells (Meniel and Clarke, 2003). In addition, based on the model system of mouse mammary gland, many researchers also constantly explore developmental mechanisms and some basic questions in cancer biology by knocking in/down certain gene(s), which have been extrapolated to humans (Lanigan et al., 2007).

Notch is a well-known transmembrane receptor in an evolutionarily conserved signaling pathway that plays a crucial role in stem cell maintenance, differentiation, proliferation, motility, survival, tissue patterning, and cell fate specification during development (Nichols et al., 2007). In mammals, the Notch family has four members (Notch1–4) that interact with five Notch ligands (DLL1, DLL3, DLL4, JAG1, and JAG2). Usually, Notch mediates local cell–cell communication and coordinates a signaling cascade present in all animal species studied to date.

Upon ligand binding, Notch receptors are activated by sequential cleavages involving members of the ADAM (a disintegrin and metalloprotease domain) protease family (α-secretases) and γ-secretase. These cleavage events result in the translocation of the Notch intracellular domain to the nucleus, where it engages the DNA-binding protein CBF1/RBP-Jκ, resulting in the replacement of a multiprotein corepressor complex with a coactivator complex, thus initiating the transcription of target genes (Callahan and Egan, 2004).

Like most glandular tissues, different types of cells are found in the mammary glands, including epithelial, adipose, fibroblasts, immune, lymphatic, and vascular cells. These different cell types have been demonstrated to be of importance at specific stages of mammary gland development.

Emerging evidence indicates that Notch signaling plays a critical role in mammary stem cell function, luminal fate commitment (Callahan and Egan, 2004; Bouras et al., 2008), and even in mammary development (Dontu et al., 2004). Recently, Lafkas et al. (2013) showed that Notch3 marks luminal progenitor cells and restricts their proliferation and consequent clonal expansion.

Herein we provide solid evidence that Notch3 is required for mouse mammary gland development by directly regulating the downstream target molecule CCL2 expression at the transcriptional level in a classical Notch signaling pattern. At the same time, we also report that Notch3 knockdown can inhibit the proliferation and the migration of 4T1 murine mammary carcinoma cells via the CCL2/CCR4 axis.



MATERIALS AND METHODS


Mice and Reagents

Mice were housed in groups in a specific pathogen-free environment, and experiments were given approval by the Shantou University Medical College Animal Ethics Committee. All experiments conformed to the relevant regulatory standards. Female FVB.129S1(B6)-Notch3tm1Grid/MshaJ mice were used in this study. The mice were purchased from Jackson Laboratory (Bar Harbor, ME, United States).



Mating and Gestation

Animals 8–10 weeks of age and weighing ≥ 20 g were used for mating. A single male mouse was paired with two females. Because female Notch3–/– mice do not like to nurse the babies, the Notch3–/– males were mated with Notch3wt/– females to generate Notch3–/– females. This procedure was repeated to generate Notch3–/– females. After 4 days of pairing, the males were removed. At birth, each mother/offspring set was maintained in clean filtered air, and the number of litters with viable and dead offspring was determined, respectively. After weaning (3 weeks), the pups and the mothers were separated, and the genotypes of the offspring were tested. All the mice used in this study and their numbers are listed in Supplementary Table S3.



Genotyping

The offspring were genotyped by performing PCR of the genomic DNA derived from tail clippings. The primers for genotyping are listed in Supplementary Table S1. The PCR programs for genotyping are based on the suggestions provided by The Jackson Laboratory.



Cell Lines

HEK-293T and 4T1 mouse breast cancer cell lines were purchased from the Committee on Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). These cell lines had been analyzed by short tandem repeat. The cells were routinely grown with Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The cells were passaged every 4–5 days, and the medium was changed once between splits.



Transcriptome Profiling by RNA-Seq

The mice were euthanized by cervical dislocation. Excised mammary gland tissues were snap-frozen in liquid nitrogen and stored at −80°C until use. Total RNA was isolated from tissues or cells with the TRIzol reagent (Invitrogen, CA, United States), according to the manufacturer’s instructions. Equal amounts of total RNA from three mice with the same genotype were either pooled or individually used. Transcriptome sequencing (RNA-Seq) was performed by the BGI company.



Real-Time qRT-PCR and Western Blotting

Total RNA was isolated from breast cancer cell lines using TRIzol Reagent. First-strand cDNA was synthesized by incubating 1 μg of total RNA with oligo dT Primer and reverse transcriptase (PrimeScript RT reagent kit with gDNA Eraser, Takara, Kusatsu, Japan), according to the manufacturer’s protocol. The primers are listed in Supplementary Table S1.

To detect protein expression levels, mammary glands tumor tissues were homogenized in ice-cold radioimmunoprecipitation assay lysis buffer (Beyotime, Beijing, China). The homogenates were then centrifuged at 12,000 × g for 20 min at 4°C. The protein content in the clear supernatant was quantified using a bicinchoninic acid kit (Beyotime, Beijing, China), and samples were then reduced and stored at −80°C until use. The primary antibodies used in this study are listed in Supplementary Table S2. Details on the experimental methods and data processing are described in the Supplementary Materials and Methods. Student’s t-test was used to determine statistical significance. All values are presented as mean ± SD.



Mammary Glands Whole Mount and Carmine Alum Staining

The mice were euthanized by cervical dislocation. The mammary glands were dissected, spread onto a glass slide, fixed in methanol (10%), dehydrated in graded solutions of ethanol, cleared in xylene overnight, hydrated in graded solutions of ethanol, and stained in carmine alum staining solution [0.2% carmine (Sigma) and 0.5% aluminum potassium sulfate (Sangon Biotech)] for about 2 days until the stain has infiltrated the tissues. Finally, these were dehydrated in graded solutions of ethanol, cleared in xylene overnight, and mounted with a coverslip. The slides were scanned, and digital pictures were taken by Perkin Elmer Vectra Slide Analysis System which was powered by inForm® software (BS, MT, United States).



Morphometric and Thresholding Analysis

In detail, the whole mounted mammary glands were viewed through a Zeiss Stemi 2000-c dissection scope at ×3.2. Images were captured by an AxioCam HRc digital camera (Zeiss) at 2,600 dots per inch (dpi) and processed with Axiovision software (version 4.3; Zeiss) to measure the following parameters: ductal tree; ductal extension, measured as the distance from the nipple to the furthest point of growth; number of branching points; number of secondary and tertiary branches; number of terminal ends; and primary duct length, measured as the distance from the nipple to the first branching point. The method is widely used in mammary development biology.



Intraductal Injection for Localized Gene Delivery to the Mouse Mammary Glands

The mice were divided into two groups, control and experimental group, and anesthetized using 1% pentobarbital sodium (0.1 ml/20 g). A protocol for the non-invasive intraductal delivery of aqueous reagents to the mouse mammary glands is described and shown from the website https://www.jove.com/video/50692/intraductal-injection-for-localized-drug-delivery-to-mouse-mammary. It is important to enter the nipple slightly past the bevel of the needle (not more than 2 mm) to prevent penetration through the mammary tissue into the serous membranes of the ventral body cavity. The needle should be inserted into the nipple slightly deeper than 3 mm, slowly drawing the syringe back up out of the duct until 2 mm from the tip of the bevel so that the mammary tissues were ensured to be targeted instead of the muscle surrounding the peritoneal cavity of mice. Moreover, visualization of the injection is difficult, and practice for this step is needed. We recommended practicing this step by injecting trypan blue and preparing whole mammary mounts to confirm targeting of the ductal tree as well as using the non-transgenic mice until the injection technique is optimized. Specifically, we postponed the injection time and allowed the nipples and the primary duct to develop as much as possible so that the nipples can be seen clearly under a stereoscope.



In vivo Bioluminescence Imaging of Mammary Glands

Bioluminescence was monitored using an IVIS200 imaging system (PerkinElmer IVIS Lumina). At 12 days after the CCL2 ectopic overexpression, lentivirus was intraductally injected. D-Luciferin [15 mg/ml, dissolved in phosphate-buffered saline (PBS)], the substrate of luciferase, was injected intraperitoneally for a working dose of 10 mg/kg, and the mice were anesthetized (isoflurane, 2.5%).

Bioluminescence (photons/s) was then acquired every 5 min after the injection. The obtained images were analyzed with the Living Image Software.



Cell Proliferative Assay

Cell proliferation potential was evaluated by cell proliferation assays using CCK-8 assays (Sigma). The 4T1 cells ectopically expressing CCL2 were plated at a concentration of 500 cells/ml into 96-well culture plates. The cells transfected with empty vectors were used as negative controls. The medium that contained 10% FCS was used as blank control. Replications were done with five wells plating the same cells. For the cell proliferation potential assay, 10 μl of CKK-8 solution was added to each well of the plate at 0, 1, 2, 3, and 4 days after inoculation, and then the plates were incubated for 2 h. Absorbance was then measured at 450 nm using a microplate reader (SpectraMax M5, Sunnyvale, CA, United States).



Spheroid Formation Assay

4T1 cells were transfected with EX-Mm05119-Lv217 and EX-Mm05119-Lv217/CCL2 lentivirus, respectively. The cells were treated with trypsin, respectively, and first resuspended in complete medium (DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin). The cells were pelleted through centrifugation at 125 × g for 5 min and then resuspended in complete medium. Cell concentration was counted by the TC20 automated cell counter (Bio-Rad). Then, 100 μl of cell suspension containing 1 × 105 cells and 200 μl Matrigel matrix (10 mg/ml) (Corning) were mixed, the mixture of which was kept on ice. Pre-chilled tips were used to seed the mixture into a 24-well plate. The plate was incubated at 37°C for 30–45 min. Each well was gently added with 500 μl complete medium. The culture was kept for 8–10 days, and the complete medium was changed every 2 days for further observation of malignant acini development along a time course.



Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as previously described, with minor modifications (Saleh et al., 2008). To determine whether the Notch3 regulate the expression of CCL2, mouse myoblast C2C12 cells were grown on a medium containing 10% FBS, and the medium was replaced to inducing medium which contained 1% horse serum for 2 days. Cross-linked chromatin was sheared, by sonication using a Biosafer250-88 Ultrasonic homogenizer (Biosafer, Nanjing, China), five times for 5 s and an interval of 10 s with a microtip in a 1.5-ml tube. The supernatant from the irrelevant antibody served as a positive control (“input,” 1% of the ChIP material). Chromatin was immunoprecipitated with Notch3 antibody. Immunoglobulin G (IgG) was used as a negative control. Protein A+G agarose was added to the antibody/chromatin complex, and the mixture was incubated overnight at 4°C. The protein A+G agarose–antibody/chromatin complex was resuspended in wash buffer and centrifuged to collect the protein/DNA complex. Protein/DNA crosslinks were reversed to obtain free DNA. The purified and immunoprecipitated DNA was analyzed by semi-quantitative PCR. The ChIP primer sequences are provided in Supplementary Table S1.



Immunohistochemical Staining

The samples were fixed with neutral formalin, embedded in paraffin, and sectioned at a thickness of 4 μm. The sections were deparaffinized in xylene and rehydrated in a graded alcohol series. Antigen retrieval was performed, and hydrogen peroxide was applied to block endogenous peroxidase activity. Non-specific protein binding was blocked. The sections were incubated overnight at 4°C with primary antibodies (Supplementary Table S1) and were stained in parallel with non-immune IgG as a negative control. The expression levels and patterns of target proteins were then detected using an EliVision Plus kit (Maixin, Fuzhou, China). 3,3′-Diaminobenzidine visualization was then performed, and the slides were counterstained with hematoxylin. The slides were randomized and examined by two independent investigators. Five views were examined per slide, and 100 cells were observed per view at ×400 magnification.



Colony Formation Assay

The mouse triple negative breast cancer 4T1 cells were inoculated at 1 × 105 cells/ml in a six-well plate and allowed to attach for 24 h. The cells were then respectively transfected with 2.5 μg of EX-Mm05119-Lv217/CCL2 or empty vector EX-Mm05119-Lv217, using Endofectin transfection reagent. At 48 h post-transfection, the transfected cells were reseeded into six-well plates at a density of 500 cells/well and incubated for 14 days. At the end of the experiment, the cells were fixed with 4% paraformaldehyde for 60 min and then washed with PBS and stained with 500 μl of 1% gentian violet, and the number of colonies was counted and analyzed. The protocol was reported previously. The experiment was independently repeated three times. All values are presented as mean ± SD.



Wound Healing Assay

First, the 4T1 cells grown in 10-cm dishes were transfected with a reagent mixture composed of 15 μg of EX-Mm05119-Lv217/CCL2 or empty vector EX-Mm05119-Lv217 (diluted in 750 μl serum-free medium) and 45 μl Endofectin transfection reagent (diluted in 750 μl serum-free medium). Then, the transfected cells were incubated until 90% confluency. The layer of cells was scratched with a 2-mm-wide pipette tip and washed with PBS three times. Incubation was continued for some time in a medium containing 1% FBS DMEM. An average of five random widths along the injury line was measured for quantitation. All values are presented as mean ± SD.



Statistical Analysis

Statistical analysis was performed using GraphPad prism 6 software. The results are presented as means ± SD. Statistically significant differences were calculated using Student’s t-test. P-value < 0.05 was considered significant.



RESULTS


Notch3 Is Required for Ductal Morphogenesis of Mouse Mammary Gland Development

In view of the important phenotypes that female Notch3wt/– or Notch3–/– mice are unable to support live birth because of an inability to lactate (Figure 1A) as well as the decreased expression of CSN2 (β-casein), in turn, in heterozygous and homozygous Notch3 knockout mothers (Figure 1B), we speculated that Notch3 should be required for mouse mammary gland development. To verify this, we collected mouse mammary gland tissues at several key time points, such as week 3 (before puberty, n = 3), week 5 (puberty, n = 3), and week 8 (after puberty and mature, n = 3).


[image: image]

FIGURE 1. Notch3 is required for the development of mammary glands in mice. (A) Milk in the stomachs of the babies produced by heterozygous and homozygous Notch3 knockout mothers was not observed. (B) The CSN2 mRNA expression levels in mammary gland tissues at lactation stage were detected by qRT-PCR. (C) The fourth pair of mammary glands were harvested from 3, 5, and 8 weeks post-birth female Notch3wt/wt, Notch3wt/–, and Notch3–/– FVB background mice. The mammary glands were fixed in methanol (10%), stained overnight with Carmine dye, and scanned using the Perkin Elmer Vectra Slide Analysis System. The development of mammary glands from Notch3wt/– and Notch3–/– mice was clearly disrupted and affected both ductal and alveolar growth. (D) The profiles of primary duct, secondary branching, tertiary branching, and the terminal end buds (TEBs) are extracted from whole-mount mammary gland samples. (E) The relative length of total ducts in mammary glands at 3 weeks of age is measured. (F) The mean diameter of total ducts in mammary glands at 3 weeks of age is measured. (G) The number of total TEB in mammary glands at 3 weeks of age is counted. Data are presented as mean ± SD of three independent experiments. The asterisks indicate statistical significance (*p < 0.05; **p < 0.01).


Like normal developing mammary glands, the rudimentary ductal had formed in Notch3wt/wt mice, and the ducts and the branches were elongated toward the lymph node, and the terminal end buds (TEBs) were numerous at 3 weeks of age. By contrast, in Notch3wt/– and Notch3–/– mice, although the rudimentary epithelial anlage (the rudimental ductal tree or TEBs) had formed, a small number of ducts or very tiny TEBs were observed. At 5 weeks of age, the main ducts reached or exceeded the lymph node, and side branches with TEBs were abundant and elongated to the edge of the fat pad in Notch3wt/wt mice. However, elongated ducts with only a few side branches and TEBs were found under or just above the lymph node in Notch3wt/– and Notch3–/– mice. Until 8 weeks after birth, the ductal system was well implanted in the fat pad with numerous side branches with a little evidence for TEBs in Notch3wt/wt mice. Nevertheless, the ducts and the lobuloalveolar structure were shorter and sparser in Notch3wt/– and Notch3–/– mice as compared to the controls (Figure 1C).

Limited by the complex morphological structure of mammary glands at 5 and 8 weeks of age, we measured the relative length and the mean diameter of ducts and counted the number of TEBs in three genotype mice at 3 weeks of age. We first noticed that the total relative length of the primary duct of the mammary glands in either Notch3wt/– or Notch3–/– mice was shorter than that in age-matched control Notch3wt/wt mice. The relative length of the primary ducts of the mammary glands was 5,616.02 ± 342.89, 4,374.10 ± 277.34, and 1,902.19 ± 314.21 μm in Notch3wt/wt, Notch3wt/–, and Notch3–/– mice, respectively. There was a significant difference between Notch3wt/wt and Notch3wt/– or Notch3–/– mice (Figures 1D,E). Next, we found that the relative mean diameter of the ducts in Notch3wt/– and Notch3–/– mice (18.81 ± 0.86 and 18.12 ± 0.82 μm) was thinner than that in Notch3wt/wt mice (24.89 ± 0.70 μm). There were statistical differences between Notch3wt/wt and Notch3wt/– as well as between Notch3wt/wt and Notch3–/– mice (Figures 1D,F). Finally, we also noticed that the number of TEBs in Notch3wt/wt mice (28.67 ± 1.53 (μm) was markedly more than that in Notch3wt/– or Notch3–/– mice (12.67 ± 2.08 and 10.33 ± 1.53 μm) (Figures 1D,G). Similar phenotypes could be observed in Notch3wt/– and Notch3–/– mice at 5 and 8 weeks of age. These results suggest that Notch3 is required for ductal morphogenesis during mouse mammary gland development.



Significant Gene Expression Profile Changes Related to Notch3 Knockout

To explore the underlying mechanism involved in the failure of mammary gland development in Notch3 knockout mice, we compared the gene expression profiles of developing mammary glands derived from the three mice genotypes using RNA-Seq. In total, 16,039, 16,354, and 15,895 genes were detected at about 3 weeks of age, 16,037, 16,261, and 16,317 genes were detected at about 5 weeks of age as well as 16,130, 16,263, and 16,351 genes were detected in Notch3wt/wt (n = 3), Notch3wt/– (n = 3), and Notch3–/– mice (n = 3) at about 8 weeks of age, respectively.

Of these detected differentially expressed genes (DEGs) at about 8 weeks of age, 483 genes were upregulated and 332 genes were downregulated in Notch3wt/wt versus Notch3wt/–, 830 genes were upregulated and 731 genes were downregulated in Notch3wt/– versus Notch3–/–, and 862 genes were upregulated and 742 genes were downregulated in Notch3wt/wt versus Notch3–/– mammary tissue samples (Figures 2A–C). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was carried out on all screened DEGs, and the top 10 enriched pathways are shown in Figures 2D–F. Upon comparison of the candidate pathways, we found that chemokine signaling, Th17 cell differentiation, leukocyte trans-endothelial migration, and cytokine–cytokine receptor interaction pathways were shared between the Notch3wt/wt versus Notch3wt/– and Notch3wt/wt versus Notch3–/– tissue samples. The volcano plots show the up-regulated and the down-regulated genes (DEGs) in the chemokine signaling pathway (Figures 3A,B), in which the decreased CCL2 expression significantly attracted our attention. The results point out that Notch3 knockout significantly changes the gene expression profile of mice, especially the chemokine signaling pathway.
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FIGURE 2. RNA-Seq and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed. (A–C) Scatter plots of differentially expressed gene mRNAs in mammary glands with three different genotypes at 8 weeks of age, respectively. (D–F) KEGG pathway enrichment is used to identify the chemokine pathway modulated by Notch3.
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FIGURE 3. RNA-Seq analysis reveals that Notch3 knockout suppresses CCL2 expression. (A,B) Volcano plots showing the log2 fold changes and the –log10 Q-values in transcript cluster expression in the chemokine signaling pathway of the mammary gland tissue transcriptome profiles Notch3 knockout mice compared to the wild-type controls. CCL2 expression is significantly reduced in the mammary gland tissues of Notch3 knockout mice. (C–G) The expression levels of RBP-Jκ, Notch3 receptor, its ligands Jagged1, and the canonical Notch target genes of the Hes/Hey family (Hes1, Hes5) at age of 3, 5, and 8 weeks postnatal were examined by real-time qRT-PCR. Data are presented as mean ± SD of three independent experiments. The asterisks indicate statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001).




The Classical Notch Signaling Pathway Was Inactivated in Notch3 Knockout Mice

To verify the RNA-seq results and explore which ligand or downstream molecules in the Notch signaling pathway were mainly influenced after Notch3 knockout, the expression levels of RBP-Jκ, Notch3 receptor, its ligands (Jagged1/2 and DLL 1, 3, and 4), and the canonical Notch target genes of the Hes/Hey family (Hes1, Hes5, Hey1, and Hey2) at postnatal 3, 5, and 8 weeks of age were examined by real-time qRT-PCR. The results revealed that the expression of Notch3 and RBP-Jκ was significantly downregulated, accompanied by Notch3 knockout. Of the five possible Notch ligands, only JAG1 was found to be significantly downregulated in Notch3 knockout mammary glands tissues. The expression of other ligands was undetected (data not shown). Of the possible targets within the Hes/Hey family, Hes1 and Hes5 were identified (Figures 3C–G). These data indicate that Notch3 knockout inactivated the classical Notch signaling pathway, and N3ICD preferentially regulates the expression of Hes1 and Hes5 by interacting with JAG1.



CCL2 Expression Was Downregulated in Mammary Glands of Notch3 Knockout Mice

To evaluate whether Notch3 knockout affects CCL2 expression in mammary gland tissues, real-time qRT-PCR was performed. The RT-PCR results showed that CCL2 expression was reduced almost at all stages besides Notch3 heterozygote at postnatal 3 weeks of age (Figures 4A–C). In addition, we also detected the mRNA expression levels of two CCL2 receptors, such as CCR2 and CCR4, in mammary gland tissues with three different genotypes at 8 weeks of age. The results showed that, although there were no rules to follow for CCR2 expression, decrease in Notch3wt/–, and increase in Notch3–/–, CCR4 expression was, however, significantly downregulated either in Notch3wt/– or in Notch3–/– mammary gland tissues as compared with that in Notch3wt/wt mice, suggesting that CCR4 was selectively decreased (Figures 4D,E). Furthermore, anti-CCL2 immunohistochemistry staining was performed on paraffin sections of mammary gland tissue representing the three genotypes. The immunohistochemistry staining revealed that the higher intensity staining was mainly located in the cytoplasm of epithelial cells and some stromal cells in the Notch3wt/wt mammary gland tissues at 3, 5, and 8 weeks of age (Figure 4F, top panel). By contrast, CCL2 immunohistochemistry staining revealed weak positive signals or negative signals in Notch3wt/– or in Notch3–/– mammary gland tissues in the three age groups (Figure 4F, middle and bottom panels). The expression levels of CCL2 and CCR4 in the mammary gland tissues at 8 weeks were determined by western blot. The results showed that the expression of both CCL2 and CCR4 significantly reduced along with Notch3 knockdown (Figures 4G–I). This result is also supported by data of the RNA-Seq dataset which were obtained from the ENCODE project, an assortment of 30 samples of mouse tissue from eight different embryos, covering several stages of embryo development, as well as 22 adult tissues of mouse1 (Parkhomchuk et al., 2009; Jiang et al., 2011). The Mouse ENCODE transcriptome data reveal that the CCL2 expression level in mammary gland fat pad ranks the second in a total of 30 mouse embryonic and adult tissue samples (Figure 5A). Additionally, the receptor CCR4 presented the third highest mRNA expression level in a total of 30 mouse embryonic and adult tissue samples (Figure 5B). Overall, the results reveal that CCL2 and its receptor CCR4 are particularly important for mouse mammary gland development and that Notch3 knockout leads to the reduced expression of CCL2 and CCR4 receptor.
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FIGURE 4. CCL2 expression decreases in mammary gland tissues of Notch3 knockout mice. (A–C) The expression levels of CCL2 at age of 3, 5, and 8 weeks postnatal were examined by real-time qRT-PCR. (D,E) The expression levels of CCL2 receptor (CCR2 and CCR4) at 8 weeks of age were examined by real-time qRT-PCR. (F) Immunohistochemistry of CCL2 using an antibody specific to CCL2 in Notch3wt/wt, Notch3wt/–, and Notch3– /– mammary gland tissues at three time points (10% methanol-fixed, paraffin sections; ×20 magnification). (G–I) The expression levels of Notch3, CCL2, and CCR4 of mammary glands at 8 weeks were determined by western blotting. GAPDH was used as internal control. The asterisks indicate statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 5. CCL2 and its receptor CCR4 may be important for mouse mammary gland development. Intraductal injection of CCL2 ectopic overexpression lentivirus can partially rescue the failure of mammary gland development resulting from Notch3 knockout. (A,B) Mouse ENCODE transcriptome data reveal that the CCL2 and CCR4 expression levels in the mammary gland fat pad respectively rank fifth and third in a total of 30 mouse embryonic and adult tissue samples. (C,D) Determining the overexpression efficiency of CCL2 by qRT-PCR and western blotting. (E) Representative images of luminescence in mice showing the effect of CCL2 on rescued mammary gland development by Luc2 activity measurement. For all experiments, three mice were used in this experiment. The experimental groups consisted of left mammary glands (ventral view) of three mice injected with CCL2 overexpression lentivirus. The control groups consisted of right mammary glands (ventral view) of three mice injected with empty vector lentivirus with the same concentration as the CCL2 overexpression lentivirus. (F) The whole mount the 4th pair of mammary glands injected with EX-Mm05119-Lv217 (upper) or EX-Mm05119-Lv217/CCL2 (bottom) lentivirus were fixed in 10% methanol, stained overnight with carmine alum dye, and scanned using the Perkin Elmer Vectra Slide Analysis System. (G) The pattern diagram shows the depicted primary duct (green color), second branching (blue color), tertiary branching, and terminal end buds (TEBs) (red color) of mammary glands. Control mammary gland (upper) and experimental mammary gland (bottom). The enlarged views of the areas indicated by the rectangles. (H) Quantitation of the numbers of the primary duct, second branches, tertiary branches, and TEBs of mammary glands of Notch3 knockout mice after intraductal injection of EX-Mm05119-Lv217 or EX-Mm05119-Lv217/CCL2 lentivirus. The asterisks indicate statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t-test) as compared to control cells. Data are presented as mean ± SD (n = 3).




Overexpressing CCL2 in vivo via Intraductally Injecting Can Partially Rescue the Mouse Mammary Glands Deficiency Resulting From Notch3 Knockout

To explore whether CCL2 represents a feasible target for developing mammary glands in Notch3 knockout mice, a rescue experiment was performed. First, we constructed a CCL2 expression lentivirus vector, EX-Mm05119-Lv217/CCL2, containing the firefly luc2 gene. Plasmids were transiently transfected into 293T cells to verify the overexpression efficiency. Both real-time qRT-PCR and western blotting showed that the expression level of CCL2 in 293T cells transfected with EX-Mm05119-Lv217/CCL2 was sharply raised as compared to the control cells (Figures 5C,D). In addition, we also validated the expression of firefly luciferase Luc2 gene; the result is shown in the supporting information (Supplementary Figure S2). These data illustrate that EX-Mm05119-Lv217/CCL2 vector was constructed successfully.

Next, CCL2-overexpressing lentivirus that carried Luc2 tag were delivered by intraductal injection through the nipple. To ensure accurate injection, we firstly injected trypan blue to test the injection volume in the mouse mammary glands (shown in the Supplementary Figure S3). After the CCL2-overexpressing lentivirus was delivered, the mice were subjected to non-invasive fluorescent in vivo imaging using PerkinElmer’s IVIS imaging platform. The results showed that a bioluminescent reporter of gene activity was observed within mammary epithelial cells, and no fluorescent particles were observed in the other organs. In detail, the experimental left inguinal (ventral view) presented a wide distribution of potent luminescent signal, which was equal to the localization of the mammary tissue. Conversely, the control right inguinal (ventral view) showed foci of luminescent signals (Figure 5E). On average, total luminescence readout from the left inguinal significantly exceeded that from the control right inguinal by 3.945-fold (at 10-week time point, n = 3). At the endpoint of the experiments, the mammary glands were isolated, and whole-mount preparation as well as carmine alum staining was carried out. The number of primary, secondary, and tertiary ducts and TEBs was counted. The results showed no obvious changes in the numbers of primary and secondary ducts between experimental mammary glands and control mammary glands. However, the numbers of tertiary ducts and TEBs in the experimental mammary glands (Figure 5F—bottom, Figure 5G—bottom, and Figure 5H) were more than that in the control mammary glands (n = 3) (Figure 5F—upper, Figure 5G—upper, and Figure 5H). We can conclude that the delivery of CCL2 overexpression lentivirus by intraductal injection can partly rescue the structures of the tertiary ducts and TEBs in Notch3 heterozygous or homozygous mice.



Breast Cancer Patients With High CCL2 Expression Are Closely Associated With More Malignant Behaviors

The development or regeneration of organ/tissue and carcinogenesis are likely closely related processes. We therefore used Gene Expression-Based Outcome for Breast Cancer Online dataset to analyze and compare the CCL2 expression level among various breast cancer molecular subtypes according to HU or PAM50 subtyping, namely, basal, HER2 positive, luminal A, luminal B, normal-like, and unclassified breast cancer2. Of these six subtypes, we observed that both luminal A and luminal B present lower CCL2 expression levels, whereas basal-like, HER2 positive, normal-like, and unclassified breast cancer exhibit higher CCL2 expression levels (p < 0.00001, Supplementary Figure S1A—upper row). Based on ER status, we analyzed and compared the CCL2 expression levels and found that there is significantly higher CCL2 mRNA expression in ER-negative than in ER-positive breast cancer (p < 0.00001; Supplementary Figure S1A—lower-left). Additionally, a statistical analysis comparing the expression levels according to tumor grade showed that there are significantly higher CCL2 mRNA expression levels in grade III tumors than in grade II or I tumors (P = 0.00819, Supplementary Figure S1A—lower-right). Importantly, a survival analysis from cBioPortal dataset demonstrates that the higher CCL2 expression levels are significantly correlated with the poor survival rate of breast cancer patients (p = 0.0202) (Supplementary Figure S1B). Those patients whose tumors had higher levels of CCL2 expression had worse distant metastasis-free survival (p = 0.00085) (Supplementary Figure S1C). Altogether these data demonstrated that CCL2 may play pivotal roles during the development of mammary glands and breast cancer progression.



Notch3 Knockdown Inhibits the Proliferation and the Migration of 4T1 Cells via CCL2/CCR4 Axis

We next tested the effect of CCL2 on the proliferation of mouse triple negative breast cancer 4T1 cells by CCK8 assay and colony formation assay. The CCK8 analysis showed that overexpressing CCL2 could significantly enhance the proliferation of 4T1 cells after 3 days of plating the cells as compared with empty vector-transfected 4T1 cells (P < 0.01) (Figure 6A).


[image: image]

FIGURE 6. CCL2 overexpression can promote proliferation and malignant acinar structure formation of 4T1 cells. (A) Transient overexpression of CCL2 promotes 4T1 cell growth in vitro (p < 0.01). EX-Mm05119-Lv217/CCL2 plasmids are transfected into the 4T1 cells. EX-Mm05119-Lv217 plasmid is used as control. The cells’ growth absorbance is measured using CCK-8 kit at the indicated time points. (B,C) Representative colony formation assays in monolayer culture to assess the tumorigenesis function of 4T1 cells treated with CCL2 overexpression. (D,E) Wound healing assays are performed in 4T1 blank and 4T1/shN3/NC and 4T1/shN3/CCL2 cells, and wound healing distance at different time points are shown. (Fa,c) Acinar formation assay. The acinar structures of 4T1 cells at days 4 and 6 after transfection with EX-Mm05119-Lv217. (Fb,d) The acinar structures of 4T1 cells transfected with EX-Mm05119-Lv217/CCL2, which was cultured in Matrigel for 4 and 6 days, ×10. Data are presented as mean ± SD of three independent experiments, and asterisks indicate statistical significance (*p < 0.05; **p < 0.01).


The result was further confirmed by a following colony formation assay, which showed that overexpressing CCL2 markedly increased the number of colony formation of 4T1 cells (25.93 ± 2.35%) compared to control cells (17.50 ± 2.45%, p < 0.05) (Figures 6B,C).

To further validate that Notch3 plays roles via the CCL2/CCR4 axis, a functional rescue experiment was conducted by knocking down Notch3 combined with overexpressing CCL2. 4T1 cell migration detected by wound healing (or gap closure) assay revealed that Notch3 knockdown significantly retarded wound closure. By contrast, the gap was filled with control 4T1 cells at 48 h. Furthermore, the slow migration of 4T1 cells caused by Notch3 knockdown could be restored by overexpressing CCL2, which made the gap close by about 75% after 24 h and completely fill at 36 h (Figures 6D,E). These data indicate that ectopic CCL2 overexpression can partially compensate for the migration deficiency of 4T1 cells caused by Notch3 knockdown.

It is well known that normal mammary gland epithelial cells have several distinguishing histological features, including a polarized morphology, specialized cell–cell contacts, attachment to an underlying basement membrane, and organized acinar structures. We asked whether the ectopic overexpression of CCL2 in 4T1 cells can affect the organized acinar structures. We therefore used Matrigel 3D culture which can simulate an approximate reconstruction of the tissue architecture, such as duct, lobuloalveolar, and basement membrane. The results showed that the experimental 4T1 cells transfected with CCL2 overexpression vectors began to proliferate quickly and exhibited several oncogenic phenomena at day 4, such as invasive ductal structures extending outward, disorganized architectural morphology in the 3D Matrigel, as well as increased number of abnormal grape-like tumor structures (or 3D acinar structures) (Figure 6Fb). On the contrary, the 4T1 cells transfected with empty vector began to proliferate on reconstituted basement membrane and make well-organized 3D spherical architectures (Figures 6Fa,c). By the 6th day, the 4T1 cell-overexpressing CCL2 seemed to form more abnormal grape-like tumor structures (Figure 6Fd). These data emphasize that the overexpression of CCL2 can morphologically promote more invasive 3D acinar structure formation. Collectively, CCL2 overexpression can promote the proliferation and the migration of 4T1 cells and can rescue slow proliferation and migration caused by Notch3 knocking down.



Notch3 Regulates CCL2 Expression at the Transcriptional Level

To verify the positive correlation between Notch3 and CCL2 in mouse mammary gland tissues, we also ectopically expressed Notch3 in mouse 4T1 cells and tested the CCL2 expression level. The western blot assay confirmed that Notch3 overexpression led to a raised expression of CCL2 (Figure 7A). In view of the fact that Notch3 is an important transcription factor, we hypothesized that transcription factor Notch3 may directly regulate CCL2 gene expression. Analyzing the sequence of promoter and first non-encoding exon of CCL2 (−2,000 to +85 bp) by an online tool3, we noticed that a canonical RBP-Jκ binding site at the position between −425 and −416 bp on the sense strand showed a high score (12.75), suggesting that Notch3 might act as an upstream inducer of CCL2, most likely in a direct manner (Figures 7B,C). The luciferase reporter vector that included the region from −496 to +85 bp of the CCL2 gene (pGL3-enhancer CCL2-promoter reporter plasmid) was constructed. A dual luciferase reporter assay was used to investigate CCL2 promoter activity in the established Notch3 overexpressing 293T cells and control 293T-NC cells by transient co-transfection of pGL3-enhancer CCL2-promoter reporter plasmid, pGL3-enhancer vector, or pGL3-control vector with Renilla luciferase reporter vector. CCL2 promoter activity increased 2.12- to 35.48-fold in Notch3 overexpressing 293T cells when compared with 293T cells transfected with an empty vector, suggesting that Notch3 effectively elicits CCL2 expression in a classical Notch signaling pathway activation pattern. By contrast, the CCL2 promoter activity was not significantly affected in those control 293T-NC cells (Figure 7D; p < 0.05). We further conducted ChIP assay with primers covering the RBP-Jκ binding sites in the CCL2 promoter region in Notch3-overexpressing C2C12 cells. The Notch3 antibody was used to identify the Notch3/RBP-Jκ binding site on the CCL2 promoter; non-specific IgG (IgG) was used as a negative control, and input was used as a positive control. PCR was used to examine the RBP-Jκ occupancy of the putative loci. As expected, binding was observed (Figure 7E) in Notch3 antibody pull-down group. These data suggest that Notch3 activates CCL2 expression by binding to the RBP-Jκ-binding site of the CCL2 promoter. To sum up, these results demonstrate that Notch3 directly activates CCL2 transcription by specifically binding to the promoter region of the CCL2 gene.


[image: image]

FIGURE 7. Chromatin immunoprecipitation (ChIP) and luciferase assays confirm that CCL2 is regulated by Notch3 at the transcriptional level. (A) Western blot verified that ectopic Notch3 overexpression can upregulate the expression of CCL2. (B) The predicted RBP-Jκ binding sites (GCTGGGAAAG, in the -strand) in the CCL2 promoter and their scores by Jaspar online software. The scale in the X-axis represents score, orange color represents the sense sequence of DNA chain, and blue color represents the antisense sequence of DNA chain. (C) The pattern diagram shows the sequence and the location in CCL2 promoter of Notch3/RBP-Jκ binding to the RBP-Jκ binding site. (D) The fragment of CCL2 promoter containing RBP-Jκ binding site (–496 to +85 bp) was inserted into the luciferase reporter vectors by two restricted endonucleases [Sac I (CGAGCTCG) and Sma I (TCCCCCGGGGGA)]. 293T-Notch3 overexpression cells and 293T-NC control cells were co-transfected with pGL3-enhancer CCL2-promoter reporter plasmid, pGL3-enhancer vector, or pGL3-control vector with Renilla luciferase reporter vector, respectively. Luciferase activity was normalized to that of Renilla. (E) The ChIP assay used normal IgG (IgG) or anti-Notch3 antibody to determine whether Notch3 can bind the RBP-Jκ binding site in the CCL2 promoter in C2C12 cells (induced in a medium containing 1% horse serum for 2 days). After ChIP, PCR reveals that the Notch3/RBP-Jκ complex binds to the RBP-Jκ binding site in the antisense orientation. *p < 0.05 (Student’s t-test) as compared to the control cells. Data are presented as mean ± SD (n = 3).




DISCUSSION

Mammals have four Notch paralogs (Notch1–4); the presence of different receptors will also influence the signaling outcomes (Bellavia et al., 2008; Penton et al., 2012; Kopan et al., 2014). In this study, we investigated the influence of Notch3 on mammary gland development by using Notch3 knockout mice as well as the effect of Notch3 on the biology behaviors of the murine breast cancer cell 4T1 by overexpressing or knocking down Notch3. We present in vitro and in vivo evidence and the molecular mechanism by which Notch3 plays an important role in promoting mammary gland development and suppressing breast cancer cell growth, invasion, and migration.

Interestingly, in this study, what firstly caught our attention was that Notch3-deficient mothers would not like to raise their pups, leading to the fact that most of the newborn pups died soon after birth. Secondly, we found that the mRNA expression levels of CSN2 (β-casein) decreased in those mature mammary gland tissues derived from heterozygous and homozygous Notch3 knockout mice as compared with wild mice. Thirdly, Notch3 deficiency delays mouse mammary gland development and branching morphogenesis after evaluating gland architecture at three main development time points, namely, juvenile, pubertal, and mature virgin (Topper and Freeman, 1980). Obviously, these observations indicated that Notch3 appears to be a master regulator that is required for ductal and lobuloalveolar morphogenesis during mammary gland development. A published study has shown that Notch3 marks clonogenic mammary luminal progenitor cells in vivo (Lafkas et al., 2013).

Then, we wanted to know how Notch3 knockout affects mammary gland development. The transcriptome expression profiles of mammary gland tissues with three different Notch3 genotypes were analyzed by RNA-Seq. Based on KEGG and GO analysis of the DEGs, chemokine signaling, Th17 cell differentiation, leukocyte transendothelial migration as well as cytokine–cytokine receptor interaction pathways were in the top 10 enriched pathways. Of these DEGs made up above pathways, CCL2 was involved in multiple pathways, whose expression level was significantly suppressed either in Notch3 heterozygous or homozygous mammary gland tissues, suggesting that CCL2 is likely to be closely related to Notch3 and that it may be a key signaling molecule during mammary gland development. Therefore, we chose to focus our further analysis on CCL2.

CCL2, a 13-kDa CC family of chemokines and also known as monocyte chemotactic protein-1 (MCP-1/CCL2), is produced mainly by monocytes/macrophages but is also expressed by endothelial, fibroblasts, epithelial, smooth muscle, mesangial, astrocytic, and microglial cells. Recently, Ling et al. (2019) showed that oral squamous carcinoma cells can express and release CCL2 to effectively induce epithelial–mesenchymal transition. Moreover, there is a growing body of evidence that CCL2 has the ability to recruit monocytes and macrophages during development, inflammation, and tumorigenesis (Ferreira et al., 2008). Those recruited macrophages and eosinophils persist in surrounding the TEBs through development but disappear as soon as the TEBs turn into terminal end ducts (Coussens and Pollard, 2011). The cap cells at the TEBs that are thought to be a reservoir for regenerative mammary stem cells have a higher ability to form an entire ductal tree (Paine and Lewis, 2017). Probably the expression and the release of CCL2 by mammary gland epithelium contribute to the TEB elongation, invasion, and development. In this study, to evaluate whether Notch3 knockout affects the CCL2 expression in mammary gland tissues, we performed real-time qRT-PCR. Interestingly, the RT-PCR results showed that CCL2 expression was reduced almost at all time points besides Notch3 heterozygote at postnatal 3 weeks of age. We speculated that the possible reason should be that CCL2 compensatively and transiently increased in Notch3 heterozygous loss in mammary glands at 3 weeks. Indeed the expression level of CCL2 presented a declined trend in Notch3 homozygous loss in mammary glands at 3 weeks. Importantly, we clearly observed that the expression level of CCL2 significantly downregulated in Notch3 heterozygous mammary gland tissue with development, such as at 5 and 8 weeks. The long-term absence of CCL2 leads to breast development defects. Obviously, the delivery of overexpressing-CCL2 lentivirus particles increased the number of TEBs, suggesting that CCL2 overexpression could partially rescue the developmental deficiency of mammary glands caused by Notch3 knockout. Our current conclusion is indirectly supported by others’ reports. CCL2 induced Notch1 expression and the cancer stem cell features in breast cancer cells, constituting a “cancer–stroma–cancer” signaling circuit (Tsuyada et al., 2012).

In line with mammary gland development, we also found that ectopic CCL2 overexpression can partially reverse the decreased proliferation and the migration of 4T1 cells caused by Notch3 knockdown and can promote invasive acinar formation. Our results were supported by published studies. Zhang et al. (2010) showed that the elevated expression of CCL2 positively correlates with the increased tumor-associated macrophages numbers in several human tumors. CCL2-treated neural stem cells showed a significantly increased capacity for self-renewal, proliferation, and neuronal differentiation (Hong et al., 2015). Loss of CCL2 significantly inhibited tumorigenesis (Tsuyada et al., 2012). These evidences suggest that CCL2 is an important molecule during both mammary gland development and breast cancer progression.

However, it is unclear how Notch3 influenced mammary gland development via CCL2 expression. Given that Notch3 is a transcriptional factor, we suspected that Notch3 may participate in mammary gland development via transcriptionally regulating chemokine CCL2 for a number of reasons: (1) ectopic Notch3 overexpression raised the expression level of CCL2 in mouse 4T1 breast cancer cells; (2) a putative RBP-Jκ binding site was observed in the promoter of CCL2; (3) the results from a luciferase activity assay revealed that Notch3 overexpression significantly increased luciferase activity; and (4) the ChIP experiment showed that Notch3 apparently bound to the RBP-Jκ binding site in the promoter of CCL2. We can conclude that Notch3 may be a master gene for building a nice microenvironment for mammary development by directly and transcriptionally regulating CCL2 expression. The study from other people showed that Notch activation that is associated with basal-like breast cancer normally directs tissue patterning, suggesting that it may shape the tumor microenvironment (Shen et al., 2017). Based on these facts, our further study may focus on whether Notch3 play vital roles in a cancerous microenvironment via regulating CCL2 signaling pathway.

Besides acting through CCR2 (Sun et al., 2017), CCL2 was found to also activate CCR4 (Ishida and Ueda, 2006; Frossard et al., 2011) that is responsible for the more potent chemotaxis of mouse macrophages (Liu et al., 2013). Furthermore, macrophages are required for ductal morphogenesis in postnatal mammary gland development (Gouon-Evans et al., 2000). In addition, in analogy with immune cells, tumor dissemination requires chemokine receptors. To date, it has been reported that the expression of CXCR4, CCR7, and CCR10 was associated with breast cancer metastases (Muller et al., 2001). Specifically, Olkhanud et al. (2009) reported that a proportion of tumor cells may express CCR4 and migrate to the lungs the same way as the CCR4+ immune cells.

It is worth mentioning that the in vivo rescue experiment carried out through intraductal injection in this study was frequently compromised. We believed that the possible reasons for this are as follows: (1) the nipples and the primary duct are usually dysplasia either in Notch3wt/– or Notch3–/– mice; it is hard to see the nipples from postnatal 8-week mice even under a microscope (Supplementary Figure S4); (2) the duct blockage in some mice resulted in failed or compromised CCL2 lentivirus delivery because non-lactating virgin females were used in this study; (3) too fast and too much injection led to duct rupture; and (4) incorrect technique. To overcome these difficulties, we basically invited experienced researchers in our laboratory to perform this study.

In this study, an interesting finding that N3ICD/RBP-Jκ preferentially binds to the RBP-Jκ binding site in the antisense orientation (Liang et al., 2002; Zhang et al., 2016) was verified again. The nearest RBP-Jκ binding site to the transcription start site with the highest score predicated is still on the antisense strand (5′-TTCCCAG-3′; −425 to −416 bp), which was further verified by luciferase activity assay and ChIP in this study. The phenomenon that N3ICD binds to RBP-Jκ binding sites in the antisense orientation may lead to a higher probability of Notch activation, which is probably one of the important reasons why Notch3 acts differently from other members in the same family, such as Notch1, 2, and 4.

Finally, breast cancer is the most common cancer in women worldwide and remains a leading cause of cancer death. It is axiomatic that the study on the fundamental processes of mammary gland development can provide us great promise to hold therapeutic interventions for breast cancer patients. Our findings illustrated that Notch3 signaling activation is necessary for the development of the mammary gland, but its hyperactivation closely relates to breast cancer progression, and that Notch3-regulating CCL2/CCR4 axis should be the target for breast cancer therapy.
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Metastasis is the primary cause of death in colorectal cancer (CRC) patients. Emerging evidence has shown that CRC stem cells (CRCSCs) play a significant role in metastatic dissemination and tumor recurrence. However, strategies for targeting CRCSCs are limited because CRCSCs are resistant to therapeutic interventions and because the tumor microenvironment (TME) provides a supportive niche. Moreover, growing evidence highlights the critical role of CRCSCs in immune adaptation and modulation of the TME. CRCSCs escape immune surveillance by avoiding recognition by the innate immune system and shaping the TME through exosomes, cytokines, and chemokines to generate an immunosuppressive niche that facilitates cancer progression. In this review, we summarize studies investigating the immunomodulatory properties of CRCSCs and their underlying mechanisms in order to improve the efficacy of treatment strategies against advanced CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common and deadly cancers worldwide. The global CRC burden is expected to have increased by 60% by 2030 (1, 2). Improvements in the diagnosis, screening, and treatment of CRC have significantly increased the long-term survival rates of patients with early-stage disease. However, outcomes of patients with advanced-stage disease are still unsatisfactory (3). Although surgical resection is the main strategy for treating primary CRC, surgery alone is insufficient in patients with advanced-stage disease, and combination treatments including chemotherapy, targeted therapy, radiation therapy, and immunotherapy are mandatory for combating disseminated CRC. However, the overall survival (OS) of metastatic (m)CRC patients is dismal, with a 5-year OS rate of only 13.5% (4). Approximately 20% of CRC patients have synchronous metastases at initial diagnosis, which most commonly occur in the liver, and up to 60% of patients develop distant metastases within 5 years (5–7).

Cancer stem cells (CSCs) are a minor subpopulation of tumor cells that have self-renewal, tumor-initiation, therapeutic-resistance, and clonal long-term repopulation abilities (8–10). CSCs are considered the driving force behind cancer progression and metastasis. Therefore, targeting CSCs provides a therapeutic opportunity for managing metastatic disease. The existence of CSCs in CRC is supported by lineage-tracing experiments (11–13). In CRC, CSCs are generally defined by increased expressions of intestinal SC (ISC) markers, including leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), cluster of differentiation 24 (CD24), CD29, CD44, and CD133 (14–18). Functional assays examining their self-renewal ability, including serial replication of tumorspheres in vitro and serial passaging of bulk tumor cells in vivo, are also important for characterizing colorectal CSCs (CRCSCs).

Previous studies indicated that CSCs reside in cellular niches with a favorable tumor microenvironment (TME). These niches protect CSCs from immune surveillance and apoptosis and help them maintain their plasticity (19, 20). CSC plasticity is crucial for enduring environmental stresses and increasing the chance of successfully metastasizing. Moreover, CSCs can modulate their immunological profile, such as increasing expressions of human leukocyte antigen (HLA) class I molecules and programmed death ligand-1 (PD-L1), to escape immune surveillance, which enriches the CSC subpopulation in tumors (21, 22). The crosstalk between CSCs and the TME influences the response to treatment and metastasis. Therefore, an extensive understanding of the interplay between CRCSCs and the TME is warranted so that strategies can be developed to eradicate CRCSCs.



CRCSCs in Carcinogenesis and Metastasis

The accumulation of both genetic and epigenetic changes triggers colorectal carcinogenesis by transforming colon epithelial cells into heterogeneous adenoma-carcinoma cells (23). Mutations in driver oncogenes and tumor-suppressor genes, such as adenomatous polyposis coli, tumor protein 53, Kirsten rat sarcoma (KRAS), and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha, are present in 81, 60, 43, and 18% of sporadic CRC cases, respectively (24). These mutations promote the transformation of normal intestinal epithelial cells into adenomas, invasive carcinomas, and eventually metastatic tumors (25, 26). Experimental mouse models provide a useful tool to investigate how mutations in these genes affect the regulation of carcinogenesis and metastasis in CRC. For example, crossing APC-deficient mice with mice harboring other driver mutations enhances adenocarcinoma transformation without metastasis (27). Interestingly, transplantation of tumor-derived organoids from these crosses enhances the likelihood of metastasis (27–29). Those results imply that ex vivo organoid culture provides selective pressure that subsequently enriches the CSC population to confer a survival advantage and promote metastasis.

Interestingly, increasing evidence indicates that in mCRC, the initial location of the primary tumor is correlated with outcomes. For primary CRCs, tumors in the cecum to the transverse colon are defined as right-side colon cancers (RCCs), whereas those in the splenic flexure to the rectum are known as left-side colon cancers (LCCs). RCCs have a significantly worse prognosis than do LCCs (30–32). In a phase III CALGB/SWOG 80405 trial, different primary origin sites reflected different treatment responses in patients with mCRC. For example, patients with mCRC from RCCs had prolonged progression-free survival when treated with bevacizumab compared to those treated with cetuximab as first-line treatment. Conversely, patients with mCRC from LCCs had longer OS and better overall response rates than those treated with bevacizumab (33, 34). Zhang et al. (35) indicated that RCCs and LCCs had different tumor immunological profiles. RCCs are characterized by increased infiltration of immune cells with enhanced cytotoxic functions, interferon (INF)-γ signatures, and vascular endothelial growth factor (VEGF)-α (VEGFA) and decreased levels of activated cluster of differentiation 8+ (CD8+) T-cells, T helper cell type 1 (Th1) cells, and protein release factor 1 (PRF1) expressions. Therefore, patients with RCCs respond well to bevacizumab, a humanized anti-VEGF monoclonal antibody that can neutralize VEGFA. However, LCCs are associated with CD56bright natural killer (NK) cells. Cetuximab can bind the Fc receptor, FcγRIII (CD16), on NK cells, inducing antibody-dependent cell-mediated cytotoxicity. This releases cytotoxic granzyme-containing granules, and INF-γ secretion subsequently kills tumor cells (36). Intriguingly, expressions of stemness markers, such as ATP-binding cassette sub-family G member 2 and the POU family of transcription factors, class 5, factor 1, are associated with RCCs. As with CSCs, RCC cells are difficult to eradicate, and relapse and metastasis are common in RCCs (37). These studies indicate that stemness properties and tumor immunological profiles may lead to different treatment responses and outcomes of CRC.

Different studies showed that CSCs in distinct cancer types harbor unique markers. CRCSCs exhibit characteristics that are similar to ISCs (38). CRCSCs and ISCs express similar markers, such as LGR5 (14, 17) and CD44 (16), and share several important signaling pathways, including the WNT, transforming growth factor (TGF)-β, hedgehog, and Notch pathways (39–41). The depletion of Lgr5+ cells in CRC restricts primary tumor growth, and such tumors are incapable of forming distant metastases. Therefore, Lgr5+ CSCs are essential for metastasis. de Sousa e Melo et al.’s group (29) also showed that Lgr5+ CSCs are critical for the formation and maintenance of liver metastases. However, Fumagalli et al. (42) recently showed that the majority of CRC metastases are seeded by Lgr5– cells and reestablish a cellular hierarchy that gives rise to Lgr5+ cells. That study reinforced the concept of cancer cell plasticity and also indicated that plasticity is crucial for both primary and metastatic tumor growth. A hybrid epithelial-mesenchymal state may offer a more-plastic status for cancer cells to adapt to the stressful environment they experience during the metastatic process (43).

The consensus molecular subtype (CMS) classification is widely used to classify primary CRC into four subtypes based on transcriptomic profiles. CMS1 (microsatellite instability (MSI)-immune, 14% of patients) includes tumors with high MSI, CMS2 (canonical, 37% of patients) consists of chromosomal unstable tumors, CMS3 (metabolic, 13% of patients) comprises tumors with KRAS mutations and metabolic dysregulation, and CMS4 (mesenchymal, 23% of patients) includes tumors with a mesenchymal phenotype and CSC-like subtype. Tumors with mixed features (13% of patients) possibly represent a transition phenotype or intratumoral heterogeneity (44). Becht et al. (45) demonstrated that the CMS subgroups and microenvironmental signatures are highly correlated. CMS1 exhibits increased infiltration of activated CD8+ cells, NK cells, and T-cell-attracting chemokines, which were shown to be correlated with a better prognosis (45–47). In contrast, CSC-like CMS4 expresses high levels of the myeloid chemokine, CCL2, complement components, angiogenic factors, and other immunosuppressive factors. This leads to a highly vascularized and inflammatory tumor with a high density of cancer-associated fibroblasts. Therefore, immune infiltrates of CMS1 and CMS4 display divergent functional orientations. CMS1 tumors are associated with favorable outcomes since they express immunologic constants of rejection genes, whereas CMS4 tumors have an unfavorable, inflamed immune phenotype and are associated with worse survival (45). Therefore, patients with CMS1 tumors may theoretically benefit from immune checkpoint inhibitors (ICIs), whereas those with the CMS4 subtype would be suitable for strategies combining inhibitors of immunosuppressive components, such as transforming growth factor (TGF)-β, regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and immune checkpoint molecules (48).

Notably, treatment decisions for patients with metastatic disease are based on the molecular characteristics of the primary resected tumor. To effectively treat recurrent/metastatic CRC, the major question is whether the primary CMS reflects the gene signature of metastatic sites. Recently, Piskol et al. (49) applied a NanoString-based CMS classifier and indicated that tumor-intrinsic features, such as genetic alterations and tumor-specific gene expressions, are maintained during CRC progression in orthotopic models. Therefore, transcriptomes of tumor cells do not change during metastatic evolution. However, changes in extrinsic factors, such as the environmental composition (e.g., stromal content), may explain the discordance of CMS subtypes in primary and metastatic samples (49).



CRCSCs and the TME

The TME is composed of mesenchymal cells, tumor-infiltrating immune cells (TIICs), endothelial cells, extracellular matrix (ECM), and inflammatory mediators (50).

CRCSCs can modulate the TME through the secretion of tumor-associated exosomes (TAEs). Exosomes are cell-derived vesicles with a diameter ranging 30~100 nm that serve as important mediators for intercellular communication under both physiological and pathological conditions (51). The diverse molecules carried inside exosomes, such as proteins, enzymes, and nucleic acids, have different functions and are involved in the establishment of the pre-metastatic niche (51, 52). For example, exosomal integrins determine organotropic metastasis. The exosomal integrins, α6β4 and α6β1, are associated with lung metastasis, whereas the exosomal integrin, αvβ5, is linked to liver metastasis (53). Rana et al. (54) showed that TAEs target non-transformed cells in premetastatic organs and modulate premetastatic organ cells predominantly through transferred micro (mi)RNAs. We recently showed that CRCSCs secrete exosomal miR-146 to promote stem-like properties and tumorigenicity by targeting Numb in recipient colon cells. Notably, in clinical samples, miR-146aHigh/NumbLow tumors had an increased number of tumor-infiltrating CD66+ neutrophils and a decreased number of tumor-infiltrating CD8+ T cells, indicating an immunosuppressive TME (55). CRCSC-secreted exosomes also mediate interleukin (IL)-1β expression in neutrophils, thus prolonging neutrophil survival and inducing a protumoral phenotype. Furthermore, CRCSC-secreted C-X-C motif chemokine (CXCL)-1 and CXCL2 promote migration of neutrophils as a positive feedback mechanism for their stem-like function (56). CD44v6-positive CRCSCs also assist in cancer colonization, invasion, and metastasis. CD44v6 serves as a binding site for Fas, thus preventing Fas-mediated cell death by CD8+ T cells (57).

Activated signaling pathways in CRCSCs not only enhance CSC properties but also shape the TME as a proper niche for metastasis. For example, activation of the NOTCH1 signaling pathway plays a role in CRC stemness, creates a TME associated with worse CRC subtypes, and drives metastasis through TGF-β-dependent neutrophil recruitment (58). CSCs also secrete cytokines and chemokines to regulate the immune response and shape a protumoral TME (59–61). For example, CSC-secreted CXCL12 interacts with CXCR4 to inhibit CRC growth, survival, and migration (62). Blocking the CXCL12-CXCR4 interaction reduces CD44v6 expression in CRCSCs (63). CRCSCs also activate IL-6/STAT3 signaling, and IL-6 is associated with advanced CRC. IL-6 is required for the induction of effector Th17 cells and inhibits the differentiation of Tregs during chronic inflammation. Blocking the IL-6/STAT3 axis diminishes CRC tumor growth in vivo (64, 65).



Immunomodulation of CRCSCs

TIICs in the TME have dual functions in cancer progression: TIIC-related inflammation facilitates tumorigenesis, and TIICs also harbor antitumor properties when appropriately activated. Cancer cell-secreted factors hijack TIIC functions to promote tumor development and metastasis.

The interplay between cancer cells and host immune cells in the TME has been an attractive topic for cancer research owing to the great success of ICIs in treating advanced cancers. These ICIs include monoclonal antibodies (mAbs) targeting cytotoxic T-lymphocyte-associated antigen-4, programmed death (PD)-1, and PD ligand 1 (PD-L1). PD-1 on tumor-infiltrating lymphocytes interacts with its ligand, PD-L1, on other cells. This interaction blocks T-cell receptor-mediated signal activation, preventing further antigen-mediated T-cell activation. PD-L1 is expressed by many types of cells, including tumor cells, immune cells, epithelial cells, and endothelial cells (66). The US Food and Drug Administration (FDA) has approved ICIs, including the PD-1-blocking mAbs, pembrolizumab and nivolumab, and the PD-L1-targeted mAb, atezolizumab (67), for different types of cancer. Unfortunately, ICIs only benefit a small subset of mCRC patients, mainly those with mismatch repair-deficient tumors. These tumors are associated with a high level of microsatellite instability (MSI) and a high tumor mutational burden. Interestingly, growing evidence also showed that PD-L1 expression is dramatically increased in CSCs (68, 69), which not only contributes to immune evasion but also promotes stem-like properties (70–72). Mechanistically, the epithelial-to-mesenchymal transition (EMT) enriches PD-L1 in CSCs through the EMT/β-catenin/STAT3/PD-L1 signaling axis (22). In hepatocellular carcinoma, IL-6 was shown to activate phosphorylation of PD-L1 on Tyr112 by Janus kinase 1 (JAK1) and then recruit the endoplasmic reticulum-associated N-glycosyltransferase STT3A to maintain PD-L1 stability (73). In CRCSCs, we recently showed that the epigenetic regulation of the ARID3B/KDM4C axis not only enhances expressions of ISC-specific stemness genes but also promotes PD-L1 expression (74).

Some studies showed that CRCSCs also have low expressions of HLA class I and II molecules and high expressions of immunomodulatory molecules such as IL-4, which inhibit antitumor T cell responses. Conversely, another study showed no difference in HLA class I expressions between CRCSCs and non-CSCs (75). One possible explanation is that established cell lines might not accurately reflect the properties of primary CSCs (76). Moreover, CRCSCs were found to express more ligands for natural killer (NK) cell receptors. Therefore, CRCSCs are more susceptible to freshly purified allogeneic NK cells than are non-CSCs. Lower expression levels of MHC class I also benefit NK recognition and function (77).



Conclusions

CSCs are critical for the development of metastasis, which makes them an attractive target for cancer treatment. However, the direct targeting of CSCs has failed because CSCs can regenerate, and non-CSCs can be dedifferentiated into CSCs, both of which are supported by microenvironmental signals that produce stemness-inducing factors. Additionally, cancer cell plasticity can be triggered independently of stemness-inducing factors provided by niches. Because of the complexity of CSCs and the TME (Figure 1), further studies on immunomodulatory factors, immunological profiles, and endogenous cellular plasticity are warranted. There are ongoing clinical trials to therapeutically target these CRCSCs combined with TME modulation to improve patient outcomes. For example, the phase I/II study, NCT02176746, is using a CSC-loaded dendritic cell as a vaccine as active immunotherapy for CRCSCs. CSCs are more immunogenic and effective in inducing antitumor immunity. CSC-vaccinated hosts contained high levels of immunoglobulin G (IgG) which was bound to CSCs, resulting in CSC lysis by complement activation. In addition, cytotoxic T-lymphocytes (CTLs) generated from peripheral blood mononuclear cells or splenocytes harvested from CSC-vaccinated hosts were capable of killing CSCs in vitro. CSC-primed antibodies and T cells were capable of selective targeting of CSCs thereby conferring antitumor immunity (78). There is another phase 3 trial, NCT02753127, in which adult patients with previously treated metastatic colorectal cancer are being treated with Napabucasin (BBI-608) combined with 5-fluorouracil, leucovorin, and irinotecan (FOLFIRI). BBI-608 is a small-molecule STAT3 inhibitor that can directly inhibit STAT3-driven signaling activation, a critical regulator of cancer stemness. The standard CRC regimen, 5-fluorouracil, leucovorin, and oxaliplatin (FOLFOX), was evaluated and shown that Tregs were significantly reduced in those with high baseline levels, with no change in relative proportions of CD4, CD8, or NK cells (79, 80). This concise review summarizes the updated connection of CRC from primary and metastatic sites and highlights the importance of the TME in cancer progression. This article reviews the interplay between CRCSCs and the TME. These studies can facilitate improving current treatment modalities and designing innovative strategies for immunotherapeutic approaches to target CSCs.




Figure 1 | Immunomodulation of colorectal cancer stem cells (CRCSCs) and the interplay between CRCSCs and the tumor microenvironment. Crosstalk between CRCSCs and immune cells through signaling pathways, epigenetic modulation, and secretory factors shapes the tumor microenvironment to promote survival. CRCSCs modulate the expression of antigen presentation molecules (major histocompatibility complex (MHC) I) and surface markers [programmed death ligand 1 (PD-L1) and cluster of differentiation 44v6 (CD44v6)] to inhibit the activities of immune cells. They also secrete factors to modulate the tumor microenvironment. (This figure was created with BioRender.com.).
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Uveal melanoma, in spite of its rarity, represents the most common primitive intraocular malignant neoplasm of the adults; it affects choroid, ciliary bodied and iris and remains clinically silent for a long time, being accidentally discovered by routine ophthalmic exams. Prognosis of uveal melanoma is poor and frequently characterized by liver metastases, within 10–15 years from diagnosis. Autophagy is a multi-step catabolic process by which cells remove damaged organelles and proteins and recycle nutrients. It has been hypothesized that in early stages of tumorigenesis autophagy has a tumor suppressor role while, in more advanced stages, it may represent a survival mechanism of neoplastic cells in response to stress. Several proteins related to autophagy cascade have been investigated in numerous subtypes of human cancer, with overall controversal results. In this paper we studied the immunohistochemical expression of 3 autophagy related proteins (Beclin-1, p62 and ATG7) in a cohort of 85 primary uveal melanoma treated by primary enucleation (39 with metastasis and 46 non metastatic) and correlated their expression with clinico-pathological parameters and blood vascular microvessel density, in order to investigate the potential prognostic role of autophagy in this rare neoplasm. We found that high immunohistochemical levels of Beclin-1 correlated with a lower risk of metastasis and higher disease-free survival times, indicating a positive prognostic role for Beclin-1 in uveal melanoma. No statistically significative differences regarding the expression of ATG7 and p62 between metastatic and non metastatic patients was detected.
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Introduction

Although uveal melanoma (UM) is traditionally considered a rare tumor, it is the most frequent primitive intraocular malignancy of the adults and the second most frequent melanoma not associated with epithelial structures (1–3). UM is extremely rare in children in whom it recognizes a congenital origin and is often diagnosed in advanced stages of disease with extraocular spreading (4). Choroid is the most common intraocular site involved, followed by ciliary bodies and, less frequently, iris (3). The occurrence of uveal melanoma is 200 times higher in Caucasians, Fitzpatrick phototypes I-II (scores 1 to 13), than in the black population (5, 6). Nevertheless, the ultimate role of UV-B and UV-A exposure as a risk factor for uveal melanoma is still to be fully clarified. Recent reports evidenced that the use of sun-tanning devices is a well-recognized risk factor for uveal melanoma, as opposed to sunlight exposure, hypothesizing that this phenomenon could be correlated to the inability of artificial tanning to increase systemic level of vitamin D3 (7). Presence of choroidal nevus, syndromic/congenital diseases such as cutaneous dysplastic nevus syndrome, oculo-dermal melanocytosis (Ota nevus) and type 1 neurofibromatosis, have traditionally been included among risk factors associated with the onset of UM (8). Sudden retinal detachment is the most frequent presentation of disease; however, this tumor is often clinically silent for a long time, and it is frequently accidentally discovered by routine ophthalmic exams (9, 10). Although several steps have been made in the knowledge and treatment of this neoplasm, the prognosis of UM remains poor with about half of patient developing distant metastases, especially in the liver, within 10-15 years from primary enucleation (10).

To date, the peculiar interplay between the molecular routes that underlie the clinical behavior of UM has still to be fully clarified (11). Deregulation of cell death programs is a hallmark of cancer development, progression, and resistance to therapies (12, 13). A negative regulation of pro-apoptotic molecules by oncogenic signaling (14) and the involvement of several anti-apoptotic proteins involved in the regulation of extrinsic and intrinsic apoptotic pathways have been largely reported in melanoma (15, 16). Recently, also non-apoptotic, autophagy-dependent cell death pathways necroptosis, ferroptosis, pyroptosis, and parthanatos have been found involved in skin melanoma cell response to therapy. Melanoma cells use autophagy to counteract drug activity and tumor microenvironment drug-induced changes, conditioning clinical outcome and resistance to target therapy and immunotherapy (17, 18).

Autophagy is a catabolic process through which damaged organelles and proteins are removed and nutrients recycled by cells (19, 20). During the initiation and development of tumors, autophagy is likely to mainly play a tumor suppressor role while, in well-established cancers, it may constitute a survival mechanism in response to stress (21). Up to now, its role in cancer remains controversial, particularly for its relationship with prognosis. Three main dynamic autophagy pathways exist: chaperone-mediated autophagy (CMA), microautophagy, and macroautophagy (22). CMA is a selective multistep autophagy pathway that modulates the turnover of soluble cytosolic proteins, delivering them directly to lysosomes for degradation, without formation of vesicles (23). Microautophagy leads to the degradation of intracellular proteins and organelles directly engulfed by lysosomes or endosomes. The extent and role of microautophagy in mammalian cells have been yet poorly understood (24). Macroautophagy is a multistep process characterized by the formation of autophagosomes (double-membraned coated vesicles), that fuse with the membrane of lysosome, that degrade and recycle their contents (25). The macroautophagic process is regulated by six autophagy-related (ATG) protein classes and/or complexes (26). Autophagy cannot be detected in routine hematoxylin and eosin-stained and formalin-fixed and paraffin-embedded tissues. Biomarkers detection by IHC constitutes at present the best way to examine this process on routine tissue sections (27). Many of more than 30 autophagy-related genes (ATG) encoded proteins in human cells are detectable by immunohistochemistry (28, 29).

In this study, we choose to immunohistochemically investigate the expression of three proteins involved in the macroautophagic step of the autophagy cascade, Beclin-1, the autophagy-related gene 7 (ATG7), and p62, in a cohort of 62 patients affected by UM at different clinical stage.

BECN1 (Beclin-1) is the mammalian ortholog of yeast autophagy-related gene 6 (ATG6), which induces autophagosome formation. The human Beclin-1 gene is located on chromosome 17q21, and in the early stages of autophagy interacts with various cofactors forming a complex necessary for the recruitment of other ATG proteins and for the progression of the autophagic process (29–32). The evidence that Beclin-1 expression is monoallelicaly suppressed in some human breast, ovarian and prostatic cancer cell lines, suggests that it acts as a tumor suppressor gene (30–32). A decreased expression of Beclin-1 at mRNA and protein levels has been found in human brain tissues (33) and in estrogen receptor-negative, HER2-positive breast cancer, in which the reduced BECN1mRNA expression has been found associated with poor prognosis (34). In addition, upstream positive regulators of Beclin-1, such as UV radiation and Bax interacting factor-1 (Bif-1), have been found downregulated in several types of human cancers (35, 36) and an increased tumor incidence has been reported in Beclin1 heterozygous mice.

All these evidences support the tumor-suppressive function of macroautophagy (37). By converse, macroautophagy can be induced by cancer therapy, and in this eveniences, it has been found to support tumor cell survival, suggesting the gain of oncogenic function (38, 39). The role of macroautophagy in tumorigenesis, then, looks very complex and controversial, with sensible variation among different tumor types and/or different tumor stage (40). ATG7, located on chromosome 3p25.3, encodes an E1-like activating enzyme essential for cytoplasmic to vacuole transport (41). The encoded protein also has modulating function on p53-dependent cell cycle pathways during sustained metabolic stress phases (41). The expression of ATG7 has been recently found to correlate with resistance to anticancer drugs (42). p62 acts as an adaptor protein, through the binding of ubiquitylated protein aggregates and the deliver to the autophagosomes (32, 43, 44). A p62-dependent response triggered to counteract oxidative stress has been reported in melanoma cells exposed to ultraviolet A (UVA) (45).

The aim of this paper is to investigate any relationship among the expression of these three macroautophagy-related proteins and clinical-pathological parameters and behavior of UM.



Materials and Methods

Clinical data and histological samples of 85 patients affected by primary UM, who underwent primary enucleation at the Eye Clinic of both University of Catania and University of Naples “Federico II” during the ten years up to October 2019, were retrospectively analyzed. All cases were not eligible for non-surgical procedures, such as plaque brachytherapy or proton beam radiotherapy. The research protocol for this retrospective study was approved by our Institutional Medical Ethical Committee (according to the ethical guidelines of the Declaration of Helsinki). Paraffin-embedded tissue samples from each case were selected from the surgical pathology archive of the Sections of Anatomic Pathology, Department G.F. Ingrassia, University of Catania, and Department of Advanced Biomedical Sciences, University of Naples “Federico II”. The following exclusion criteria were used for the selection of cases: i) paraffin blocks in which there was not enough tissue to get additional slides for immunohistochemistry; ii) representative neoplastic tissue was absent; iii) necrosis was the major component of the tumor blocks; iv) the tumor underwent preoperative radiotherapy. Five or more sections were obtained from each paraffin block. Five pathologists (GB, LP, DR, SS and RC), not aware of the clinical and prognostic data of the corresponding patients, evaluated all histological specimens separately. Discrepancies in the evaluation were resolved by consensus.

The cohort of cases included 39 UMs with metastasis and 46 non metastatic UMs. We collected the following clinical data: tumor size and location, determined with standard methods, such as ophthalmoscopy and A and B scan ultrasonography, and onset of metastases, evaluated with physical examination, liver ultrasound and total body computed tomography (CT). The A-scan ultrasound is a mono-dimensional amplitude modulation scan, mainly used in ophthalmology to study routine visual disorders and/or to investigate the size and ultrasound features of intraocular masses; conversely, B-scan ultrasound refers to a two-dimensional, cross-section brightness scan, that, if combined to A-scan imaging, allows to get more details about the tumor, including exact anatomic site, borders, shape, and size, and to obtain a more detailed preoperative diagnosis.


Evaluation of Blood Vascular Microvessel Density (MVD)

MVD was evaluated by five pathologists (GB, LP, DR, SS and RC), who identified vascular hotspots on immunohistochemical sections of the UM cohort stained for anti-CD31 antibody by a light microscope at 4× and 10× magnifications, as previously described (46). MVD consisted of the amount of vessels per mm2 (conversion factor: 1 mm2 = 4 high power fields (HPFs) at 40× magnification inside vascular hotspots. Areas with ≥50 of viable tumor cells were considered usable for counting; Presence of diffuse necrotic, hemorrhagic and totally pigmented areas were considered as exclusion factors. Each CD31+ endothelial cell and/or lumen for long branched vessels were counted. Positive staining of small clusters of ≥2 endothelial cells was assessed as one single vascular structure. MVD levels were considered high if > the median value, low if < the median value.



Immunohistochemistry

Sections were treated for immunohistochemical analyses with standard methods (47), using the streptavidin/biotin-based system for immunoperoxidase; briefly, after appropriate deparaffinization and pre-treatments, sections were incubated for 30 min at 37°C with primary polyclonal rabbit anti-human antisera against Beclin-1 (working dilution 1:250; Abcam, Cambridge, MA, USA), p62 (working dilution 1:200; Abcam, Cambridge, MA, USA), ATG7 (working dilution 1:100; Abcam, San Francisco, CA, USA) and with primary monoclonal mouse anti-human antiserum against CD31 (JC70A; working dilution 1:40; DAKO, Glostrup, Denmark). The secondary biotinylated antibody was applied for 30 min at room temperature, followed by the streptavidin–biotin–peroxidase complex for a further 30 min at room temperature. The immunoreaction was visualized by incubating the sections for 4 min in a 0.1% 3,3’-diaminobenzidine (DAB) and 0.02% hydrogen peroxide solution (DAB substrate kit, Vector Laboratories, CA, USA).



Evaluation of Immunohistochemistry

p62 and Beclin-1 were immunoexpressed both in the cytoplasm and in the nucleus of neoplastic cells, while ATG-7 only showed cytoplasmic staining. Negative controls were additionally used by omitting the primary antibody. Intensity of staining (IS) was scored on a scale of 0–3 (47), as follows: absence of staining = 0, weak staining = 1, moderate staining = 2, strong staining = 3. The percentage of immunopositive cells (Extent Score, ES) was graded by five groups (47): <5% (0); 5–30% (+); 31–50% (++); 51–75% (+++), and >75% (++++). Counting was performed at 200× magnification. The intensity reactivity score (IRS) was obtained by multiplying IS and ES (47): IRS < 6 was interpreted as low expression (L-IRS), IRS > 6 as high expression (H-IRS).



Statistical Analysis

The rates of high and low levels of beclin-1, p62, ATG7 expression in melanoma of patients with and without metastasis were non parametrically compared by chi-square test. Agreement among observers was tested by Cohen K.

Univariate and multivariate analyses, based on a Cox proportional hazards regression model (time free from metastasis as outcome), were performed; gender, age, melanoma location (choroid or ciliary body), temporal or nasal location, cells type (epithelioid, spindle cells or mixed), echographic parameters (height, greatest diameter), and expression level (low and high) of beclin-1, p62, ATG7 and MVD were all included in this model. If a predictor had a P value <0.15 (cut off) in the univariate analysis, it was included in the multivariate one. Survival analysis according to beclin-1, p62, ATG7 and MVD expression levels (high and low) was performed by Kaplan-Meyer test; survival rates were compared by log-rank (Mantel-Cox) test. P values < 0.05 were considered as statistically significant.




Results


Clinico-Pathological Features of Uveal Melanomas

Eighty-five patients were part of the study (44 males; 41 females); median age was 67 years (range 29–85). Choroid was the only affected site in 64 cases, while choroid and ciliary body were simultaneously involved in 21 cases. Extrascleral extension was identified in 3 cases. Histologically, 20 cases were diagnosed as epithelioid cell, 25 as spindle cell, while 40 cases as mixed epithelioid and spindle cell UMs. According to the “TNM classification of malignant tumors”, pathological T stage was: pT1a in 15 patients, pT1b in 4 patients, pT2a in 45 patients, pT2b in 16 patients, pT2d in 1 patient, pT3a in 21 patients, pT3b in 10 patients, pT3d in 1 patient, pT4a in 8 patients, pT4b in 8 patients and pT4d in 1 patient. Liver metastases were present in 39 patients. Median follow-up period was 58 months (range 8–138).

Among the 46 non metastatic patients, 25 were males and 21 females; median age was 64 years (range 19–84). Out of 39 metastatic patients, 19 were males and 20 females; median age was 71 (range 50–85). 25/39 patients with metastases died during the follow-up time for disease progression (Figures 1, 2). No significant difference was seen in median age, location of the melanoma (choroid or choroid/ciliary body), tumor thickness, histological type, extrascleral invasion and pathological T stage between metastatic and non metastatic patients; UMs with greater median largest diameter (15.4 mm vs 12.4 mm, p = 0.009), lower median Beclin-1 expression (6 vs 8, p = 0.018), lower median p62 expression (6 vs 8, p = 0.025), lower median ATG7 expression (6 vs 9, p = 0.026) and higher median MVD levels (54 vs 26, p < 0.001) were observed in metastatic patients, who also presented lower median disease free survival (25 months vs 73 months, p < 0.001) (Figure 3).




Figure 1 | Tumor parameters, disease free time, follow-up, beclin-1, p62 and ATG7 expression and MVD in primary uveal melanoma without metastasis.






Figure 2 | Tumor parameters, disease free time, follow-up, beclin-1, p62 and ATG7 expression and MVD in primary uveal melanoma with metastasis.






Figure 3 | Median (range) of demographics, tumor parameters, disease free time, follow-up, beclin-1, p62, and ATG7 expression and MVD in primary uveal melanoma without and with systemic metastasis.





Immunohistochemical Expression of Autophagy-Related Proteins and Correlation With Clinico-Pathological Factors and MVD in Uveal Melanomas

In the overall cohort of patients included in the study (n = 85) the median Beclin-1 value was 8. Beclin-1 expression was high in 55 Iand low in 20 UMs (Figures 4A, B). Among 46 primary non metastatic UMs, only 10/46 cases (21.7%) showed L-IRS, while the other 36 UMs showed H-IRS (78.3%) (Fisher’s exact test, p = 0.007, Figure 5). In 39 primary metastatic UMs 19/39 cases (48.7%) had H-IRS, while L-IRS was found in 20/39 UMs (51.3%) (Fisher’s exact test, p = 0.007, Figure 5).




Figure 4 | High (A) and low (B) expression of Beclin-1 in uveal melanoma. (Immunoperoxidase stain; original magnifications 100×).






Figure 5 | Number of uveal melanoma (with and without metastasis) with low and high beclin-1, p62, and ATG7 expression and MVD (n/mm2).



Among the 85 patients studied, the median p62 value was 6. p62 levels were high in 61 and low in 24 cases (Figures 6A, B). Among metastasis-free patients, only 9/46 cases (19.6%) showed L-IRS, while H-IRS was observed in the remaining 37/46 cases (80.4%) (Fisher’s exact test, p = 0.089, Figure 5). 15/39 metastatic patients (38.5%) showed L-IRS, while 24/39 (61.5%) had H-IRS (Fisher’s exact test, p = 0.089, Figure 5).




Figure 6 | High (A) and low (B) expression of p62 in uveal melanoma. (Immunoperoxidase stain; original magnifications 100×).



In the whole group of UMs, the median ATG7 value was 8. ATG7 immunoexpression was high in 51 patients and low in 34 (Figures 7A, B). Out of the 46 patients without metastatic disease, ATG7 L-IRS was found only in 13/46 non metastatic UMs (28.3%), while 33/46 (71.7%) had ATG7 H-IRS (Fisher’s exact test, p = 0.026, Figure 5). 21/39 metastatic patients (53.8%) showed ATG7 L-IRS, while the remaining 18/39 (46.2%) ATG7 H-IRS (Fisher’s exact test, p = 0.026, Figure 5).




Figure 7 | High (A) and low (B) expression of ATG7 in uveal melanoma. (Immunoperoxidase stain; original magnifications 100×).



Out of 85 patients studied, the median MVD value was 34 (range 11–78). MVD levels were high in 43 and low in 42 cases. Among metastasis-free patients, MVD was low in 33/46 (71.7%), while high in the remaining 13/46 cases (28.3%) (Fisher’s exact test, p < 0.001, Figure 5). 30/39 metastatic patients (76.9%) showed high MVD, while only 9/39 (23.1%) showed low MVD (Fisher’s exact test, p < 0.001, Figure 5).

Factors related to the presence of metastasis at univariate analysis on a Cox proportional hazards regression model were: age (p=0.011), diameter (p=0.044), epithelioid cell type (p=0.017), pT stage (p=0.023), and beclin-1 level (p=0.001), p62 level (p=0.079), ATG7 (p=0.002) and MVD (p<0.001).

At multivariate analysis MVD (p=0.009), epithelioid cell type (p=0.014), diameter (0.026) and beclin-1 level (p=0.035) were significant.

No correlation was found between histological type and beclin-1 expression (Spearman’s rho p=0.289), p62 expression (Spearman’s rho p=0.568), ATG7 (Spearman’s rho p=0.127), and MVD (Spearman’s rho p=0.087).

Figure 8 shows the results of Kaplan–Meier survival analyses in patients with uveal melanomas with low and high beclin-1 expression. The mean survival time free from metastasis (SE, with 95% CI) estimated were respectively: 50.7 (9.1) (CI: 32.9 to 68.5) and 113.9 (9.9) (CI: 94.5 to 133.4). The log-rank test showed a significant difference (p=0.001) between the two groups.




Figure 8 | Kaplan–Meier survival analyses in patients with uveal melanomas with low and high Beclin-1 expression.



Figure 9 shows the results of Kaplan–Meier survival analyses in patients with uveal melanomas with low and high p62 expression. The mean survival time free from metastasis (SE, with 95% CI) estimated were respectively: 66.8 (12.3) (CI: 42.7 to 90.9) and 104.9 (9.8) (CI: 85.6 to 124.1). The log-rank test showed no significant difference (p=0.073) between the two groups.




Figure 9 | Kaplan–Meier survival analyses in patients with uveal melanomas with low and high p62 expression.



Figure 10 shows the results of Kaplan–Meier survival analyses in patients with uveal melanomas with low and high ATG7 expression. The mean survival time free from metastasis (SE, with 95% CI) estimated were respectively: 54.8 (9.7) (CI: 35.8 to 73.9) and 114.6 (10.1) (CI: 94.9 to 134.3). The log-rank test showed a significant difference (p=0.002) between the two groups.




Figure 10 | Kaplan–Meier survival analyses in patients with uveal melanomas with low and high ATG7 expression.



Figure 11 shows the results of Kaplan–Meier survival analyses in patients with uveal melanomas with low and high MVD expression. The mean survival time free from metastasis (SE, with 95% CI) estimated were respectively: 50.0 (7.4) (CI: 35.5 to 64.6) and 134.3 (10.0) (CI: 114.7 to 153.9). The log-rank test showed a significant difference (p<0.001) between the two groups.




Figure 11 | Kaplan–Meier survival analyses in patients with uveal melanomas with low and high MVD count.



The results of the correlation analysis between Beclin-1 IRS, MVD values and DFS are displayed in Figure 12.




Figure 12 | Correlation analysis between beclin-1 IRS, MVD values and DFS.






Discussion

Due to its apparent “indolence” and slow progression, UM may be considered as a tumor with ambiguous clinical course, marked by the occurrence of liver metastases in almost all cases even after 10–15 years after the first diagnosis. Several clinical and histopathological factors have been traditionally included among the ones negatively affecting the prognosis of UM: advanced age and stage at diagnosis, male gender, tumor thickness and largest diameter, ocular/cutaneous melanocytosis, localization to ciliary bodies, extrascleral invasion. By a morphological microscopic point of view, the prevalence of an epithelioid cytotype (48), high mitotic index and tumor associated angiogenesis (expressed as MVD), necrosis, are considered factors linked to a more aggressive tumor behaviour. As well, tumor infiltrating lymphocytes and/or histiocytes (49) and cytogenetic factors including monosomy 3, chromosome 8q-gain or 8p-loss, chromosome 1p-loss, chromosome 6q-loss, and high expression of insulin-like growth factor-1 receptor (IGF-1R) (50), also contribute to the definition of the class risk of each case of UM. In particular, the reduction/loss of the nuclear immunostaining for the BRCA1 associated protein-1 (BAP-1), reflecting the presence of inactivating mutations of the corresponding gene, represents a poor prognostic factor for of UM (51, 52).

We previously identified the immunohistochemical expression of proteins, such as RKIP, pRKIP, ADAM10, ABCB5, SPANX-C, and MacroH2A, as possible useful prognostic markers in UM (47, 53–56). However, despite the efforts of the scientific community and the increase of possible new biomarkers, the response to therapy of patients with advanced disease are yet dismal, so the identification of new prognostic and predictive tissue markers for UM is still an urgent need.

Autophagy looks to act as “double-edged sword” in cancers (57), either contributing to the induction of apoptosis in aberrantly proliferating or damaged cells in early tumor stages, or contributing to the survival of advanced cancer cells upon hostile events, as hypoxia and reduced availability of nutrients, or antineoplastic drugs.

Beclin-1, has a central role in the autophagic process as a major member of the macro-autophagic phase, and ranks above the most studied proteins. A great variability in the expression of this macroautophagy-related protein in human tumor tissues has been documented, sometimes with frankly divergent results. The loss/reduction of Beclin-1 expression has been shown to be closely related either to a better survival, as in endometrial, renal, gastric and colorectal cancers (29, 58–60), or to a reduced disease-free survival (DFS) and poorer prognosis in ovarian cancer patients receiving combined therapy with platinum and taxanes (61), and in a cohort of non-small cell lung cancer (NSCLC), in which the expression of the protein showed an independent positive prognostic factor (62). In squamous cell carcinomas of the uterine cervix the overexpression of Beclin-1 has been reported to inhibit metastatic progression in vitro (63), and in non-Hodgkin lymphomas (NHL), the increased expression of Beclin-1 has been found related to an increase in LC3-positive autophagic vacuoles and a better outcome of patients after chemotherapy (64). In melanocytic skin lesions, a gradual decrease of cytoplasmic expression of Beclin-1 has been found correlated with the progressive gain and increase of malignancy (65). The immunohistochemical expression of Beclin-1 has been detected, in fact, in about 100% of benign nevi and 86.4% of dysplastic nevi, decreasing to 54.3% in primary melanomas and up to 26.7% in melanoma metastases. Further studies showed instead that vemurafenib reduced miR-216b level resulting in upregulation of Beclin-1 (66), has been reported as a mechanism of drug-induced autophagy, allowing vemurafenib-resistant melanoma cells to employ autophagosomes to secret ATP to enhance cell migration and invasion (67).

The prognostic role of autophagy and Beclin-1 in UM has been investigated by Giatromanolaki et al. (68), who found either the overexpression and the reduced expression of BECN1 associated with poor prognosis.

Our results indicated a prognostic role of Beclin-1 in UM, with a lower risk of metastasis and higher disease-free survival times observed in UM cases with higher immunohistochemical expression of the protein. By converse, our population of UM with low expression of Beclin-1 was characterized by a higher metastatic risk. In our study, no statistically significative difference in the immunohistochemical expression of ATG7 and p62 proteins between metastasizing and non-metastasizing primary UM was detected. In our series of cases, the expression of these two macro-autophagy related proteins didn’t show any predictive value for metastatic risk of UM. Among the autophagy-related proteins analyzed in our study, then, only Beclin-1 resulted promising as a new possible immunohistochemical marker able to predict metastatic risk in patients with primary UM.

Some considerations have to be made, before any conclusion at this regard may be got. To date, there is still the lack of robust markers, improved staining protocols, and standardized interpretation to measure autophagy activity in archived tissue, and we must interpret our data with caution, strictly integrating them with clinical and follow-up data (22).

New specific markers identifying the core autophagy components and its upstream and downstream regulators, and the identification of specific gene “signatures” are needed for a more accurate assessment of the autophagic activity in FFPE tumor samples, at diagnostic and/or prognostics level, and to predict response to new autophagy-targeted treatment. Moreover, controversies remain regarding whether to inhibit or enhance autophagy in cancer, considering that, besides activation of endocytosis, the deregulation of autophagy-related genes has been associated also with cell death pathways and DNA repair responses (non-autophagy functions) (69, 70). Nevertheless, our finding of a strict correlation between Beclin-1 expression and the clinical outcome of UM support the idea that alteration in autophagy may be a particularly attracting targetable way to treat UM progression, as it has been proposed for skin melanoma. In cutaneous melanoma, even considering the large patient-to-patient variability of drug resistance mechanisms, non-apoptotic cell death has been considered as alternative therapeutic target when induction of apoptosis is impaired (71).

In addition, the finding of an altered expression of Beclin-1 in our study population sounds particularly attractive, if we consider that recent evidence suggests that alterations in autophagy may be a major mechanism of tumor escape from immune surveillance also by interfering with signaling pathways in tumor and immune cells (72) and autophagy-associated cell death has emerged as a key immunogenic mechanism able to potentiate tumor response to therapy in several human malignancies and in skin melanoma (29, 58–68). In particular, recent studies indicate that targeting autophagy in melanoma cells in combination with immunotherapy could gain results in promoting tumor regression, and autophagy has been shown to act a pivotal role in dendritic cell and T-lymphocyte infiltration (73, 74) in immune-competent animal models. These observations sound particularly interesting, that targeting autophagy could offer a new chance for UM patients non-responder to targeted and immunotherapeutic protocols active on most of human solid malignancies.

Further considerations emerge, in addition, from the analysis of several existing data indicating additional non-autophagic roles of beclin-1 expression in cancer. Besides inducing autophagy, this protein has been documented to be involved in parallel in growth signaling pathways AKT (protein kinase B) and ERK (kinase regulated by extracellular signals). It is therefore plausible that the increased expression of Beclin-1 inhibits these signaling pathways, limiting neoplastic growth (75).

Likewise, interesting consideration could derive from the analysis of the possible correlation between the expression of Beclin-1and uveal melanoma angiogenesis. As before outlined, increased angiogenesis, expressed as micro-vascular density (MVD) evaluated immunohistochemically, has been associated with poor prognosis (high metastasis and mortality rate) in uveal melanoma (76, 77). This finding it is not surprisingly, if we consider that UM metastasizes solely via the haematogenous route. In a previous study, we found that the chemokine receptor CXCR4, a prognostic factor in cutaneous melanoma being involved in angiogenesis and metastasis formation, is commonly expressed in uveal melanoma and correlates to the epithelioid-mixed cell type (78). In addition, Brouwer NJ and colleagues analyzed the correlation between several angiogenesis-related cytokines and the development of tumor vessels of primary UM, founding that a high MVD is associated with an increased expression of angiopoietin 2, Von Willebrand Factor, and a decreased expression of vascular endothelial growth factor B (VEGF-B) (79). It has been found that the expression of endothelial growth factors (VEGF, MMP-9) is negatively modulated by high levels of Beclin-1 (80).

Basing on this finding, the results concerning Beclin-1 expression in our study population lead us to hypothesize that a similar scenario could have important effects on tumor angiogenesis in UM. This could at least in part address the many still unanswered questions concerning the complex interplay between the regulation angiogenesis pathways and its correlation with UM biological behavior.

The mechanisms by which Beclin-1 negatively modulates tumor growth are not fully understood. A recent study outlined that Beclin-1 may interact also with members of the bcl-2 protein, acting as a tumor suppressor protein (81), and this finding could explain, at least partially, its positive prognostic role in different types of human cancers. The conflicting data in literature indicate in addition different patterns and roles of Beclin-1 expression depending on neoplastic cell types.

To date, many concerns need to be still overcome, to fully clarify the ultimate role of Beclin-1 expression in cancer progression and cancer response to therapy in UM, and a further study on larger, multi-institutional series of cases is currently in progress to definitively validate our results. Nevertheless, the results of our study indicate that a relationship between the immunohistochemical expression of Beclin-1 and the biological behavior of UM exists, and this could open up new prognostic and therapeutic strategies for this peculiar, deadly malignant tumor.
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Despite significant progress in cancer therapy over the last decades, ovarian cancer remains the most lethal gynecologic malignancy worldwide with the five-year overall survival rate less than 30% due to frequent disease recurrence and chemoresistance. CD44 is a non-kinase transmembrane receptor that has been linked to cancer metastatic progression, cancer stem cell maintenance, and chemoresistance development via multiple mechanisms across many cancers, including ovarian, and represents a promising therapeutic target for ovarian cancer treatment. Moreover, CD44-mediated signaling interacts with other well-known pro-tumorigenic pathways and oncogenes during cancer development, such as signal transducer and activator of transcription 3 (STAT3). Given that both CD44 and STAT3 are strongly implicated in the metastatic progression and chemoresistance of ovarian tumors, this review summarizes currently available evidence about functional crosstalk between CD44 and STAT3 in human malignancies with an emphasis on ovarian cancer. In addition to the role of tumor cell-intrinsic CD44 and STAT3 interaction in driving cancer progression and metastasis, we discuss how CD44 and STAT3 support the pro-tumorigenic tumor microenvironment and promote tumor angiogenesis, immunosuppression, and cancer metabolic reprogramming in favor of cancer progression. Finally, we review the current state of therapeutic CD44 targeting and propose superior treatment possibilities for ovarian cancer.
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Introduction

Ovarian cancer is a global problem and is the most common cause of death in female patients with gynecological tumors in the USA, ranking number five in female cancer deaths (1). The etiology of ovarian cancer remains elusive and the main reason for high mortality rates is the lack of effective screening strategies that results in disease diagnosis at an advanced stage (2). Standard of care for newly diagnosed ovarian cancer patients typically consists of debulking surgery and platinum-based chemotherapy. However, despite current treatment progress in recent years, the prognosis remains poor with five-year survival rates of < 30% depending on geographical location (3, 4). Advanced disease has a recurrence rate of > 80% and demonstrates significant heterogeneity of tumor cells and underlying molecular mechanisms. This leads to resistance to standard chemotherapy regimens (5–9). Given the poor prognosis, limited early screening options, and high prevalence of ovarian cancer chemoresistance, it is vital to identify predictive molecular markers of survival and therapy resistance and identify novel therapeutic targets. CD44, a cell surface protein, has been previously shown to play an important role in cancer stem cell (CSC) function and driving the progression of several tumor types, including ovarian (10–12). There is ample evidence for CD44 expression and signaling in the development of cancer therapy resistance and several publications in various tumor models demonstrate functional crosstalk between CD44 and STAT3 (signal transducer and activator of transcription 3). Here, we explore CD44 function in the context of promoting ovarian cancer therapy resistance, review relevant literature evidence linking CD44 and STAT3 cooperation in tumor progression, and discuss different therapeutic strategies to target CD44 alone or in combination with other molecular targets to improve clinical outcomes in ovarian cancer patients.



CD44 Structure and Function

CD44 (also referred to as HCAM, Hermes antigen or lymphocyte homing receptor) is a cell surface glycoprotein that mediates cellular responses to the microenvironment and is involved in a variety of intracellular processes including proliferation, cell survival, motility, and differentiation (13). CD44 was first identified and cloned in 1989 (14–16) and represents a polymorphic group of surface proteins that range from 80 to 200 kDa in size (12, 17, 18). All CD44 proteins are encoded by a single highly conserved gene that is comprised of 20 exons in mouse and 19 exons in human genome. The size heterogeneity of CD44 gene products is explained by either different post-translational modifications (N- and O-glycosylation) or by alternative splicing, which gives rise to many CD44 isoforms (19–21). The first and last five exons are always expressed and encode the smallest standard isoform (CD44s) with the central ten variable exons spliced out (Figure 1A). The variable middle nine exons can be alternatively spliced and assembled in different combinations, referred to as CD44 variant (CD44v) isoforms. Standard CD44 protein is comprised of four main domains: extracellular ligand binding, variable, transmembrane, and cytoplasmic (Figure 1B). Variable exon splicing mainly affects the structure of extracellular membrane-proximal regions of CD44 and up to ten different CD44v isoforms have been described (11–13). CD44s is present on the surface of most vertebrate cells and is typically described in the context of hematopoiesis (22).




Figure 1 | CD44 structure and downstream signaling pathways, adapted from (12). (A) Top: CD44 gene structure. CD44 full-length pre-mRNA consists of 20 (mice) or 19 (human) exons, the first and last 5 of which are constant and 9-10 exons in the middle are variable (v) exons regulated by alternative splicing. Bottom: standard (CD44s) and most widely studied cancer-associated alternatively spliced variant isoforms (CD44v3 and CD44v6). Exon coloring parallels corresponding protein domains. (B) CD44 protein structure. Four main regions of the CD44 protein are presented with exon matching colors: constant extracellular ligand binding domain, variable extracellular domain, constant transmembrane domain, and cytoplasmic domain. (C) Main CD44-mediated downstream signaling pathways. Canonical CD44 activation relies on extracellular ligand stimulation, such as HA and subsequent PI3K and MAPK pathway activation, which leads to cancer cell metabolic shift and resistance to apoptotic stimuli. Via intracellular ERM protein recruitment, the cytoplasmic tail of CD44 can either interact with VEGFR and support tumor angiogenesis or promote cytoskeletal changes and promote cancer cell invasion. Additionally, CD44 may act as a coreceptor for several receptor tyrosine kinases, such as Met, to facilitate cancer progression. ERM: ezrin, radixin, and moesin. VEGFR: Vascular endothelial growth factor receptor.



CD44 proteins orchestrate diverse molecular functions in three main ways (Figure 1C). First, CD44 receptors serve as a non-kinase transmembrane receptor that can actively or passively bind ligands, such as hyaluronic acid (HA), ostepontin (OPN), collagen, fibrin, and others, and mediate interaction with the extracellular microenvironment (ECM). HA interaction leads to CD44 conformational changes that allow adaptor molecule binding to the intracellular cytoplasmic tail, which leads to activation of various signaling pathways, such as Ras/MAPK and PI3K/Akt, and facilitates cell proliferation, adhesion, and migration. Second, both CD44s and CD44v splice variants have been shown to act as a co-receptor to receptor tyrosine kinases (RTK), such as Met or the Epidermal Growth Factor (EGF) family ErbB, as well as stabilize other RTK complexes, such as receptors for vascular endothelial growth factor (VEGFR), which under pathological conditions leads to tumor progression, metastasis, and angiogenesis. Third, CD44 mediates cytoskeletal changes through interactions with actin-binding ERM (ezrin, radixin, and moesin) proteins, which are necessary for cellular movement and inducing either proliferation- and metastasis-promoting signaling or proliferation- and metastasis-inhibitory molecular complexes, depending on extracellular signals. These findings indicate that CD44 proteins have highly conserved widespread biological functions, and under pathological conditions they may play an important role in promoting cancer progression, metastasis, and resistance to therapy (13).



CD44 in Ovarian Cancer Progression and Therapy Resistance

Activated CD44 proteins interact with several intracellular signaling networks that support the oncogenic properties of tumor cells and drive cancer progression, metastasis, and therapy resistance across various cancer models (11, 12, 19, 23). Expression of different CD44 isoforms positively correlates with poor clinical outcome in various cancers, such as breast (24–26), colon (27), lung (28), bone (29), pancreatic (30), colorectal (31), bladder (32), gastric (33), and head and neck squamous cell carcinomas (34), as well as leukemias (35) and lymphomas (36). In line with these observations, CD44 has been increasingly implicated in the pathogenesis and poor clinical outcomes of ovarian cancer patients as well (37).


CD44 Expression in Ovarian Cancer Progression and Metastasis

CD44 expression has been found in most epithelial ovarian carcinoma (EOC) tumors and higher CD44 levels correlate with more advanced disease stage (37, 38). Several publications demonstrate the association of CD44 with poor prognosis in EOC patients (37, 39–42), including a recent systematic meta-analysis of 18 studies consisting of more than 2000 ovarian cancer patients, which showed a significant correlation between CD44 expression and poor 5-year overall survival (43). This demonstrates that CD44 levels are an effective marker for diagnosis and prediction of clinical outcomes. Importantly, upregulation of CD44 in ovarian cancer has been shown to be strongly associated with the occurrence of metastasis and disease relapse (44, 45). Specifically, Gao et al. analyzed patient-matched primary, metastatic, and recurrent tumor samples from 26 ovarian cancer patients and showed higher CD44 expression in metastatic and relapsed tumor tissues compared to patient-matched primary tumors, while at the same time CD44 knockdown significantly reduced proliferation and invasion capability of ovarian cancer cells in vitro (44). Additionally, several studies reported that CD44 expression was correlated with the epithelial to mesenchymal transition (EMT) phenotype in vitro and in patient samples. EMT is necessary for cells to detach from the epithelial layer and invade secondary sites to form metastases (46, 47). This study further confirms an important role for CD44 in ovarian cancer progression.



CD44 in Ovarian Cancer Stemness and Chemoresistance

CD44 surface expression has been linked to cancer stem cells (CSCs), in ovarian and other cancer models (11, 48, 49), and most studies about the role of CD44 in ovarian cancer progression emphasize the connection between CD44 and CSC maintenance. CSCs are a regenerative tumor cell sub-population that has attained stem cell-like properties, which allows these cells to drive tumor recurrence and chemoresistance. CD44 has been implicated as one of the potential biomarkers of ovarian CSCs (48, 50, 51). CD44-positive (CD44+) ovarian tumor cell subpopulations have been shown to express stem cell markers and are able to initiate tumorigenesis and promote disease recurrence by recapitulating the original tumor (52, 53). More importantly in the context of this review, CD44+ stem-like cells have been shown to be markedly resistant to paclitaxel and platinum treatment, two standard front-line therapeutics against ovarian tumors (54). CD44+ and CD44-negative (CD44-) ovarian cancer cell fractions have been described as Type I chemoresistant and Type II chemosensitive EOC cells, respectively. Only cells expressing CD44 on the surface persist after chemotherapy treatment and are able to rebuild the tumor afterwards (55). Clinical studies of chemotherapy sensitive or resistant EOC patients show significant correlation between CD44 upregulation and chemotherapeutic drug resistance (56, 57), and numerous reports further confirm the role of CD44 in promoting chemoresistance in primary ovarian tumors, spheroids and ascites, as well as human ovarian cancer cell lines in vitro (51, 53, 54, 58). In line with these observations, drug resistant ovarian cancer cells show higher CD44 levels in vitro (44), while genetic overexpression of CD44s induces stem-like properties and chemoresistance in xenograft mouse models and ovarian cancer cell lines (44, 59). At the same time, CD44 knockdown significantly enhances paclitaxel, cisplatin, and doxorubicin sensitivity in ovarian cancer cells (44, 47, 60). Collectively, these findings indicate a pivotal role for CD44 in therapy resistance development, which is currently a major challenge in the treatment of ovarian cancer patients. Identifying the precise molecular mechanisms of CD44 in promoting stem cell-like features and drug resistance would be highly advantageous in order to discover novel treatment strategies. However, due to the large number of signaling networks modulated by CD44, it is important to define relevant CD44 molecular interaction partners that aid in the promotion of ovarian tumor resistance to front-line therapeutics in clinic. Several studies identified STAT3 as an important interaction partner for CD44 in promoting tumor properties across various cancer models, including ovarian. Therefore, here, we evaluate all existing evidence indicating functional CD44 and STAT3 cooperation in the context of tumor metastatic progression, therapy resistance and immunosuppression with the focus on ovarian cancer. We will focus on tumor-specific and intracellular cross-regulation first, after which we will review and the ample evidence for CD44 and STAT3 crosstalk within the tumor microenvironment (TME) on the levels of new blood vessel formation, cancer-associated fibroblast activation and immunoregulatory cell recruitment. Finally, we will discuss CD44 and STAT3 involvement in cancer-driven metabolism switches and summarize currently available data on CD44 therapeutic targeting alone or in combination with STAT3, highlighting promising therapeutic opportunities for the future.




CD44 and STAT3 Crosstalk in Cancer

STAT3 is a pleiotropic transcription factor that belongs to a family of STAT transcription factors and is involved in the regulation of numerous intracellular processes. Among the most well-known extracellular STAT3 activators are a large number of cytokines, chemokines and growth factors, as well as many tyrosine kinases that are upregulated in cancer. Traditional intracellular STAT3 activation involves tyrosine 705 phosphorylation by Janus kinases (e.g. JAK1, JAK2) or other tyrosine kinases as well as post translational modifications, such as acetylation, followed by nuclear translocation, where STAT3 binds to DNA and regulates the expression of target genes. Activated STAT3 is a critical contributor of cancer cell survival and proliferation, and tumor invasion, metastasis. STAT3 is also well-known to induce immunosuppression to promote tumor progression (61–63). Over the years, STAT3 has been shown to interact with several other transcription factors and signaling pathways at multiple levels to support cancer progression. One of such STAT3 interacting molecules is CD44. As with CD44, STAT3 signaling has been frequently implicated in ovarian cancer metastasis, therapy resistance, and CSC maintenance (64, 65). STAT3 transcriptional activity has been demonstrated to drive the migration and invasiveness of ovarian cancer (66–68). Specifically, activated STAT3 has been shown to induce matrix metalloproteinase 2 and 9 (MMP-2, MMP-9) expression in ovarian cancer models (68, 69), which are important factors involved in the degradation of extracellular matrix necessary for tumor invasion and metastasis (70). Moreover, STAT3 signaling promotes ovarian cancer resistance to cisplatin and paclitaxel, which can be reversed by either genetic or pharmacological STAT3 inhibition (71–74). Given that CD44 upregulation in patient samples and cell lines is also strongly correlated with an acquired resistance against the first line ovarian cancer therapeutics (53–57), we hypothesize that functional interaction between CD44 and STAT3 may be one of the driving mechanisms of ovarian cancer progression and therapy resistance, which deserves further attention. Below, we summarize currently existing evidence of functional and direct collaborations between CD44 and STAT3 signaling pathways across various cancer models.

During the last decade, several studies have shown that CD44 and STAT3 cooperate in cancer promotion. In the context of breast cancer, STAT3 signaling has been shown to be required for maintenance of self-renewal and growth of CD44+ breast CSCs (75). Additionally, siRNA-mediated STAT3 inhibition has been shown to reverse tamoxifen resistance of CD44+ breast CSCs, indicating a central role for STAT3 not only in CSC maintenance but also in therapeutic resistance development (76). Furthermore, numerous studies indicate that CD44 and STAT3 regulate each other’s expression and activity. In prostate cancer, CD44 expression significantly correlates with IL-6, a STAT3-activating cytokine, and IL-6 or STAT3 inhibition both decrease CD44 and EMT-related protein levels in cancer cell lines (77, 78). In agreement with these observations, monoclonal antibodies targeting the CD44s isoform reduce CSC percentage in cultured pancreatic cancer cells and in xenograft mouse models, along with downregulating STAT3 levels and STAT3-mediated target gene expression (79). In breast and urinary bladder cancer cell lines, CD44 knockdown inhibits cell invasion and tumorigenicity via STAT3 phosphorylation blockade, while anti-CD44 blocking antibody treatment downregulates STAT3 levels in rat atrial fibroblasts, suggesting that CD44 can regulate both STAT3 expression and activation (80–83). In turn, well known STAT3 activators IL-6 (84) and IGF-1 (85) have been shown to significantly induce CD44 promoter activity in pancreatic tumor cells (12), while in hepatocytes several putative STAT3 binding sites have been described within the CD44 promoter, demonstrating that STAT3 can directly induce CD44 expression (86). In line with these observations, STAT3 blockade via siRNA or specific inhibitors has been reported to significantly decrease CD44 expression in breast, prostate, nasopharyngeal, and gastric carcinoma models (77, 78, 80, 81, 87, 88). Collectively, these results show that CD44 and STAT3 can regulate each other’s expression and cooperate across different tumor types to drive cancer invasion, metastasis, disease recurrence, and chemoresistance. Table 1 summarizes the data from published studies in which different CD44 isoforms were shown to cooperate with STAT3 in different cancer models. (76–79, 81, 83, 86, 87, 89–92)


Table 1 | Reported cooperation between CD44 and STAT3 in different cancer models.



Additionally, several direct intracellular interactions between CD44 and STAT3 have been reported across different cancer models. In breast cancer cells, transmembrane CD44 isoforms have been shown to either physically associate directly with JAK2 and STAT3 to induce conventional STAT3 oncogenic signaling (80) or activate STAT3 in the cytoplasm to form a complex with NF-kB p65 subunit in order to initiate the transcription of human telomerase reverse transcriptase (hTERT), which further leads to EMT and breast CSC phenotype maintenance (81). Next, across various cancer models, full-length CD44 has been shown to translocate to the nucleus, physically bind to nuclear STAT3 and p300 acetyltransferase, and promote STAT3 acetylation at lysine 685, which elicits cell proliferation and stem cell-like phenotype in colon, gastric, and lung cancer cell lines (90, 93). Co-IP experiments showed that the coiled-coil domain of STAT3 and C-terminal domain of CD44 are important for CD44/STAT3 complex formation. Finally, Bourguignon and colleagues showed that HA-induced CD44 activation promoted STAT3/Nanog complex formation, which led to the upregulation of multidrug resistance marker MDR1 in breast, ovarian, and head and neck squamous cell cancers (89, 94). In line with these observations, we have previously shown that CD44 promotes multidrug resistance and MDR1 stabilization in ovarian cancer cells (95, 96), while STAT3 signaling has been shown to induce MDR1 expression in ovarian, lung and bone cancers, as well as a myeloid leukemia model (97–100). All reported CD44 and STAT3 intracellular interactions are graphically summarized in Figure 2.




Figure 2 | Graphical representation of intracellular CD44 and STAT3 interactions in various cancer models. Full-length CD44 can translocate to the nucleus via endosomal sorting and form nuclear complexes with histone acetyltransferase p300 and STAT3, which supports STAT3 phosphorylation and acetylation and subsequent pro-tumorigenic gene induction. Membrane-bound CD44 isoforms are capable of inducing canonical JAK-mediated STAT3 activation by critical tyrosine 705 phosphorylation, leading to either classical activated STAT3 dimer formation and target gene induction, or formation of nuclear NF-kB and STAT3 complex critical for cancer stem cell gene expression. Finally, HA-mediated CD44 activation has been shown to promote cytoplasmic NANOG/STAT3 complex formation involved in multiple drug resistance gene upregulation and chemoresistance.



Taken together, these findings indicate that the promotion of metastasis, stem cell-like phenotype, and chemoresistance involves intracellular cooperation between CD44 and STAT3 on a molecular level across numerous cancer models, including ovarian. Therefore, CD44 and STAT3 crosstalk deserves further investigation to identify promising novel strategies to sensitize ovarian tumors to treatment and prevent disease relapse.



CD44 and STAT3 in Ovarian Tumor Microenvironment

Cancers encompass not only masses of malignant tissue but also recruit and exploit different types of non-transformed cells. The tumor microenvironment (TME) refers to the surrounding stroma where tumor grows and complex biological interactions between malignant and non-transformed cells occur. Non-malignant cells present within the TME often demonstrate tumor-promoting functions and further facilitate disease progression, immunosuppression, and metastasis (101–103). Functional interaction between CD44 and STAT3 can also occur at different levels of the TME, discussed in detail below, and encompass tumor endothelial cells, fibroblasts, and cells of the immune system, such as myeloid-derived suppressor cells, macrophages, and regulatory T and B cells.


CD44 and STAT3 in Endothelial Cells for Tumor Angiogenesis

New blood vessel formation is required for blood supply to satisfy oxygen and nutrient demands of tumor tissues. This is achieved through a process called angiogenesis, where hypoxic conditions stimulate vascular endothelial growth factor (VEGF) secretion and start a multidimensional process regulated by cancer cells in concert with various immune cells, fibroblasts, and other TME cells that results in the growth of new blood vessels, which further supports tumor survival and induction of metastasis (104, 105). At the molecular level, both CD44 and STAT3 have been reported to support tumor angiogenesis in several tumor models. Numerous studies provide evidence of the involvement of endothelial cell-associated HA/CD44 signaling in normal angiogenesis (106–109). In the context of tumor vascularization, epithelial cells from the blood vessels of solid tumors show increased CD44 levels compared with normal tissue samples (110, 111), and CD44 inhibition blocks tumor induced angiogenesis in human melanoma and laryngeal cancer models (112). Moreover, high CD44 expression levels are significantly correlated with increased VEGF and both factors are associated with an adverse prognosis for renal cell carcinoma patients (113). Finally, endothelial CD44 has been shown to be essential for wound healing and vascularization, as well as ovarian tumor angiogenesis in vivo (114). Likewise, ample evidence suggests that STAT3 regulates many aspects of tumor angiogenesis at the transcriptional level (115). Our group and others previously demonstrated that STAT3 is an essential mediator of endothelial activation by directly inducing VEGF and HIF1a gene expression (116, 117). On a functional level, STAT3 signaling has been reported to promote angiogenesis in human pancreatic, lung, and breast cancers (118–120) and we have previously shown that STAT3 is a critical regulator of the pro-angiogenic functions of myeloid cells in mice (121). In ovarian cancers, the expression of VEGF and its receptors VEGFR1 and VEGFR2 significantly correlate with pSTAT3 levels in patient samples (122), and STAT3 and VEGF have been shown to reciprocally regulate each other’s expression and activation in EOC models (123, 124).

Furthermore, both CD44 and STAT3 have been shown to crosstalk with matrix metalloproteinases, which are important mediators of tumor angiogenesis (125). We and others have previously demonstrated that CD44 signaling upon HA or OPN treatment stimulated the synthesis of MMP-2 and MMP-9, which facilitated extracellular matrix degradation and subsequent disease progression (126–129). In cancer cell line models CD44+ cells demonstrated significantly elevated MMP-2 and MMP-9 levels compared to CD44- cells, further indicating that CD44 is involved in MMP-2 and MMP-9 expression (130). Apart from that, CD44 also plays an important role in MMP-2 and MMP-9 activation through the binding of proteolytically active MMP-2 and MMP-9 isoforms to the membrane and promoting the cleavage of latent TGF-β, which led to invasion and angiogenesis across various cancer models (131–133). Similarly, STAT3 also promotes the expression of matrix metalloproteinases MMP-2 and MMP-9, as well as basic ﬁbroblast growth factor (bFGF) genes, which are also implicated in new blood vessel formation (118, 134, 135). However, despite both STAT3 and CD44 acting as pivotal regulators of tumor angiogenesis, there is currently no direct evidence of functional crosstalk between STAT3 and CD44 during angiogenesis promotion. One potential indication of CD44 and STAT3 cooperation in new blood vessel formation is an observation made by Wang and colleagues (124). They reported that HA/CD44 signaling promoted epithelial tube and new blood vessel formation via activation of Src that in turn enhanced expression of c-Jun and c-Fos transcription factors. Our laboratory and other groups have previously established Src kinases as important upstream activators of STAT3 during oncogenesis (136–139), while c-Jun and c-Fos have been shown to form a complex with STAT3 that binds to IL6 response elements (140, 141), indicating that CD44 and STAT3 may cooperate in new blood vessel formation. The numerous observations that both CD44 and STAT3 are critically involved in the VEGF pathway and tumor angiogenesis indicate that dual targeting of both factors could be a promising therapeutic target to improve antiangiogenic treatment in ovarian cancer. Given that increased angiogenesis has been shown to be associated with cancer therapy resistance in ovarian cancer ascites (142), targeted inhibition of new blood vessel formation by ovarian tumors will aid in improving therapy outcomes.



CD44 and STAT3 in Cancer-Associated Fibroblasts

Under normal conditions, resident tissue fibroblasts support tissue integrity and homeostasis. Cancer-associated fibroblasts (CAFs) are an immensely heterogenous stromal cell subpopulation that resides in the TME and hijacks normal physiological functions of fibroblasts to drive solid tumor growth, angiogenesis, and inhibition of anti-tumor immune responses (143, 144). In ovarian cancer, CAFs are prominent components of the ovarian TME and have been shown to support cancer cell proliferation and metastasis by inducing EMT and angiogenesis, as well as immunosuppression and the cancer cell metabolism switch (145). More importantly, CAFs also promote the CSC phenotype and chemoresistance development in ovarian tumor models (145, 146) and several studies have demonstrated that CD44 and STAT3 signaling pathways are involved in CAF-mediated therapy resistance. CD44+ ovarian cancer tumors have been shown to reside near tumor stroma. Our immunohistochemical analysis of CD44 expression in EOC patients indicated CD44 involvement in a functional crosstalk between tumor and surrounding stroma (55, 147). In line with these observations, TGF-β-activated versican expression in CAFs has been shown to induce the remodeling of ECM and ovarian cancer cell invasion by upregulation and binding to CD44 in ovarian cancer cells (148). At the same time, ovarian CAFs have been shown to be a major source of IL-6 in the TME, which activates STAT3 in ovarian tumor cells leading to cell proliferation and invasion (149). CAF-mediated STAT3 activation in ovarian cancer lines also leads to development of cisplatin resistance through the increased expression of antiapoptotic proteins, indicating a prominent role for STAT3 in CAF-induced chemoresistance (150). In the context of ovarian carcinoma, there are no reports analyzing CD44 or STAT3 signaling within CAFs themselves. However, both high CD44 expression and STAT3 activation in CAFs have been reported to maintain CSC phenotype and promote cancer drug resistance in other cancer types (151–155). Additionally, TGF-β, an important mediator of normal fibroblast transition into ovarian CAFs (143, 148), upregulates CD44 and STAT3 in cultured rat atrial fibroblasts to promote atrial fibrosis (82). Therefore, it is reasonable to postulate that CD44 and STAT3 not only mediate CAF-driven ovarian tumor stemness and chemoresistance within tumor cells, but also cooperate within CAFs themselves to support their cancer-promoting phenotype, which requires further investigation.



CD44 and STAT3 in Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) represent another major component of the TME and are well known in cancer immunology research for their strong immunosuppressive activity. Like CAFs, MDSCs are a heterogenous cell population consisting of myeloid progenitors and immature macrophages, granulocytes, and dendritic cells. Under normal conditions, immature myeloid cells (IMCs) terminally differentiate into specific immune cell subsets via a process called myelopoiesis in order to protect the host from pathological conditions. However, during cancer progression and low-level chronic inflammation, IMCs fail to terminally differentiate and give rise to MDSCs that migrate to peripheral lymphoid organs and accumulate within the TME and tumor tissues to further support cancer progression. MDSCs are phenotypically classified as monocytic (M-MDSCs) or granulocytic and polymorphonuclear (G-MDSC/PMN-MDSC) MDSC populations and their upregulation and function correlate with progression, recurrence, and therapy resistance of many types of human tumors (156–158). Several reports show MDSC involvement in ovarian cancer progression. In two different publications, MDSCs have been shown to drive immunosuppression in the ID8 ovarian cancer mouse model either by directly downregulating cytotoxic CD8+ T cells or by inducing immunoregulatory CD4+CD25+ Treg cell expansion (159, 160). Apart from suppressing anti-tumor immunity, MDSCs have also been demonstrated to drive CSC gene expression, sphere formation, and metastasis of primary human ovarian cancer cells (161). Since numerous studies show that increased numbers of tumor MDSC are a significant and independent predictor of poor survival rates of ovarian cancer patients (161–165), targeted inhibition of MDSCs and underlying molecular mechanisms could be a promising treatment approach.

Both CD44 and STAT3 have been shown to support pro-tumorigenic MDSC functions. Only high CD44-expressing head and neck squamous carcinoma cells can efficiently induce MDSCs and Treg accumulation (166), while physical interaction of peripheral blood monocytes (PBMCs) with CD44 expressed on the surface of activated hepatic stellate cells leads to monocyte trans-differentiation into MDSCs (167). At the same time, STAT3 has been described as the main transcription factor that drives the expansion and function of MDSCs. Compared to naïve IMCs, MDSCs from tumor-bearing mice demonstrate increased levels of STAT3 activation (168), and JAK2/STAT3 pathway plays an essential role in MDSC expansion from hematopoietic progenitor cells. Namely, targeted STAT3 blockade or conditional hematopoietic STAT3 knockout in mice significantly reduces MDSC population and increases T-cell responses, as we and others have previously shown (169, 170). Notably, tumor-induced STAT3 activation in the M-MDSC subpopulation increases CD44 expression in human pancreatic cancer cells and promotes CSC-like properties (171), indicating that STAT3 transcriptional activity in MDSCs functionally interacts and relies on CD44 signaling to promote cancer stemness and immunosuppression. Because MDSCs promote both ovarian cancer cell stemness and accumulation of ascites in ovarian cancer via STAT3 (172), we propose that targeting STAT3 along with CD44 in ovarian tumors may be a rational strategy for blocking MDSC-driven immunosuppression and enhancing the efficacy of conventional ovarian cancer therapy.



CD44 and STAT3 in Tumor-Associated Macrophages

Tumor-associated macrophages (TAMs) are the main population of immune cells in ovarian tumor stroma, and CD44 and STAT3 both significantly contribute to tumor promoting properties of the ovarian TME (173). TAMs are either mature macrophages that are recruited to the tumor site and surrounding tissues or they can differentiate from M-MDSC already present within the TME (174, 175). TAMs can have both tumor supportive or inhibitory properties, which mainly depends on TAM polarization into either pro-inflammatory antitumor M1 or immunosuppressive, tumor-promoting M2 phenotype (176). In the TME, persistent STAT3 activation has been shown to suppress the M1 phenotype and promote anti-inflammatory M2 polarization of TAMs, which further promotes tumor growth by enhancing angiogenesis, immunosuppression, cancer cell invasion, and metastasis of several cancer models (177–179). More importantly for the scope of this review, tumor-promoting TAMs have been reported to drive ovarian cancer metastasis, stemness, and therapy resistance with the involvement of STAT3 and CD44. In EOC patients, higher M2 TAM accumulation positively correlates with shorter survival rate (180) and STAT3 activators IL-6 and LIF have been shown to drive M2 TAM phenotype switch in ovarian tumors (181). In line with these reports, ascites from EOC, but not from non-EOC patients, induce M2 macrophage polarization through STAT3 activation (182), indicating a central role for STAT3 in M2 TAM expansion in ovarian tumors. Furthermore, TAM interactions with CD44+ ovarian CSCs have been shown to promote ovarian cancer recurrence and multidrug resistance (183), and a recent study showed that not only increased STAT3 signaling within TAMs can induce CD44 expression and CSC-like phenotype in ovarian cancer cells, but high CD44-expressing ovarian CSCs are able to further promote the M2 phenotype through STAT3 activation in macrophages as well, forming a positive feed-forward loop of mutual TAM and CSC activation via CD44/STAT3 cooperation that results in ovarian cancer stemness maintenance and chemoresistance (184). Collectively, these observations support a prominent role for CD44 and STAT3 crosstalk in mediating tumor and TAM interactions within the ovarian TME.



CD44 and STAT3 in Regulatory T Cells

Regulatory T cell (Treg) accumulation and suppression of antitumor immunity have been shown in ovarian cancer mouse models, and Tregs are linked to poor prognosis for ovarian cancer patients (62, 185–188). Several studies have demonstrated significant accumulation of activated regulatory Tregs in ascites and tumor tissues from ovarian cancer patients compared with normal ovarian tissue (186, 189). These studies demonstrate that Tregs in the malignant ascites are more activated and have a higher proliferation rate compared to blood-derived cells from the same patients. A recent study showed that Treg cells isolated from ovarian tumors display a distinct cell surface phenotype with increased expression of immunosuppressive receptors, such as PD-1, 4-1BB, and ICOS (187). In addition, high expression of FoxP3, a master regulator of the Treg immunosuppressive phenotype, is associated with poor prognosis in ovarian cancer patients (190).

Despite the progress made in studying Treg activation in ovarian cancer, relatively little is known about the underlying molecular mechanisms. Several studies have implicated CD44 involvement, which is frequently expressed and activated in Tregs. CD44 expression is positively correlated with FoxP3 expression and the suppressive function of Tregs (191), while Treg-specific CD44 depletion enhances antitumor immunity (192) and CD44-knockout mice display functionally impaired Tregs (193). STAT3 has also been confirmed as a critical molecular driver for FoxP3 expression and Treg immunosuppressive phenotype in the tumor setting (194, 195). Based on these studies, CD44 and STAT3 have overlapping functions within tumor-associated regulatory T cells. Indeed, while CD44 co-stimulation promotes the expression of FoxP3 and supports Treg function via IL-2, IL-10, and TGF-β production (193), FoxP3 has been shown to act as a co-transcription factor with STAT3 in tumor-induced Tregs to promote immunosuppressive IL-10 production (196), suggesting that functional CD44 and STAT3 cooperation is one of the main molecular mechanisms that drives Treg immunosuppressive actions.



CD44 and STAT3 in Regulatory B Cells

Regulatory B cells may promote cancer progression, mainly by IL-10 mediated cytotoxic T cell inhibition. Accumulating evidence has indicated that B cells are involved in ovarian cancer progression (197–199). It has been shown that STAT3 is constitutively active in tumor-associated B cells (200). Furthermore, our group previously reported that CD5 in tumor infiltrating B cells binds to IL-6, and through gp130 induces STAT3 activation to promote cancer development (201). Our previous studies also showed that increased B cell infiltration and p-STAT3 expression in omental tissue are associated with poor survival in ovarian cancer patients (202). Finally, functional CD44/STAT3 crosstalk in human immunoregulatory B cells is further highlighted through the observation that CD44 ligation on B-cells significantly upregulates STAT3-activating IL-6 gene expression (203).

Taken together, these findings demonstrate that the ovarian TME is a complex multicomponent system that is dynamically supported by different cell types and a variety of underlying molecular mechanisms, including CD44 and STAT3 signaling pathways. The summary of reported CD44 and STAT3 interactions within the TME is visually presented in Figure 3. Collectively, these data may inspire a new wave of clinical investigation that will provide important insights into the clinical benefits of eliminating immunosuppression and preventing therapy resistance of ovarian cancer by targeting the CD44/STAT3 axis in different TME resident cell types.




Figure 3 | CD44 and STAT3 support the communication between tumor cells and the tumor microenvironment (TME) to drive cancer progression/recurrence, immunosuppression, and chemoresistance. Increased CD44 and STAT3 activity in tumor cells promotes proximal cancer-associated fibroblast differentiation, which in turn further supports tumor progression through pro-tumorigenic factor secretion forming a positive feed-forward loop. In addition, CD44 in both cancer cells and CAFs facilitate the expansion and recruitment of myeloid-derived suppressor cells (MDSCs) that either directly inhibit cytotoxic effector CD8+ T cell function or drive immunoregulatory T cell (Treg) differentiation. Both CD44 and STAT3 contribute to tumor Treg expansion through upregulating FoxP3 expression. High STAT3 activation in B cells also results in immunosuppressive phenotype. At the same time, tumor-associated macrophages (TAMs) in the TME have also been shown to repress effector T cell-mediated anti-tumor immunity through immunosuppressive cytokine production and immune checkpoint expression, which requires STAT3 transcriptional activity. Moreover, increased STAT3 signaling in tumor surrounding TAMs promotes cancer stem cell phenotype, which in turn further drives immunosuppressive macrophage phenotype. Finally, CD44 and STAT3 signaling in both tumor and endothelial cells contributes to new blood vessel formation via angiogenic factor expression.






CD44 and STAT3 in Ovarian Cancer Metabolism

Metabolism rewiring is a hallmark of cancer progression across numerous tumor models (204). Below, we discuss potential roles for CD44 and STAT3 in different aspects of metabolism switch in cancer cells that support tumor progression. Specifically, we highlight available findings on potential CD44 and STAT3 cooperation in promoting glycolysis or lipid catabolism.


CD44 and STAT3 in Glycolysis

Enhanced glycolysis, known as the Warburg effect (WE), fulfils high energy demand and provides metabolic intermediates involved in synthesis of building blocks for cancer growth, progression, and chemoresistance. WE is widely believed to predominate in many cancers, including ovarian (205, 206). CD44 is suggested to regulate glucose metabolism by switching metabolic pathway to elevated glycolysis and increasing energy production via interacting with the glycolytic enzyme PKM2 in cells either with p53 deficiency or under hypoxic conditions. Depletion of CD44 sensitizes colorectal cancer cells to chemotherapeutics potentially due to accumulated cellular reactive oxygen species (ROS) (207). Furthermore, overexpression of CD44 enhances glycolytic activity in the highly aggressive prostate small cell neuroendocrine carcinoma (SCNC) via PFKFB4 upregulation, whereas knockdown of CD44 by RNA interference increases the sensitivity of SCNC cells to carboplatin (208). In breast cancer, the dependency on glycolysis for CD44+ CSCs has been demonstrated by the enrichment of essential enzymes of glycolysis for maintaining cancer stem-like properties under hypoxic conditions (209, 210). The mechanistic study performed by Nam et al. further confirmed CD44-mediated regulation of glycolysis in breast cancer cells via LDH1 isoform upregulation by the CD44-activated c-Src/Akt/LKB1/AMPKα signaling pathway (211). The activation of HIF-1α associated signaling cascades by CD44 also contributes to enhanced glycolytic phenotype (212). Of interest, CD44+ ovarian CSCs show preference for glycolysis as well, which indicates an important role for CD44 in ovarian cancer stemness maintenance via metabolism regulation (213). Likewise, many laboratories have shown that STAT3 promotes glycolysis by upregulating HIF-1α and consequently inducing glycolytic gene (e.g. PKM2) expression across various tumors (214–216). The ability of both CD44 and STAT3 to activate HIF-1α associated pathways may suggest their concomitant impact on glucose metabolism during ovarian cancer progression.



CD44 and STAT3 in Lipid Metabolism

In addition to the effects of elevated glycolysis on cancer cells, mounting evidence has recently demonstrated the importance of lipid metabolism in promoting cancer aggressiveness, metastasis, and chemoresistance (217–219). First, facilitating exogeneous fatty acid uptake from visceral adipocytes through elevated fatty acid receptor CD36 on ovarian cancer cells contribute to tumor progression and peritoneal metastatic module formation (220). Second, ovarian cancer reprogramming towards upregulated lipogenesis supports tumor growth and metastasis in the omental and ascitic microenvironments (221). Finally, catabolism of fatty acids mainly through fatty acid β-oxidation (FAO) promotes ovarian cancer malignant transformation by overexpression of CPT1A, an isoform of CPT1, which is a rate limiting enzyme involved in FAO (222).

Intriguingly, CD44 signaling has been implicated in lipid metabolism during malignant progression. Inhibition of FASN and ACLY, the key enzymes regulating de novo lipid synthesis, significantly downregulates CD44 expression and disrupts the CD44/c-MET complex formation, which suppresses the activation of downstream Src-mediated signaling that modulates cell proliferation and invasion (223). However, despite the reliance of CD44+ CSCs on glycolysis, recently emerged evidence demonstrates CSC tendency to rely on the energy-efficient oxidative phosphorylation (OXPHOS) route as well. The CD36 overexpressing CD44+ cells possess an increased metastasis-initiating potential, which is highly dependent on the absorbed fatty acids as an energy source compared to the low CD36 non-metastatic counterparts (224). Also, CD44+ breast CSCs not only show high lipid droplet accumulation (225), but also require FAO for maintenance of self-renewal and chemoresistance through JAK/STAT3 mediated induction of CPT1B, another isoform of CPT1, as recently demonstrated by our group (226). Similarly, CD44+ CSCs derived from ovarian cancer patients show both upregulated glucose uptake and the expression of key genes associated with OXPHOS and FAO (227). The contradictory findings about the metabolism state of CD44+ CSCs may be ascribed to the existence of differential subpopulations of CD44+ cells, which display highly heterogenous gene expression profiles that determine metabolic preference and, therefore, cell fate. Understanding the metabolic characteristics associated with therapy resistance and uncovering the underpinning mechanisms, such as CD44 and STAT3 crosstalk, will provide insight into novel therapeutic interventions to overcome ovarian cancer chemoresistance.




CD44 Targeting for Cancer Therapy

Targeted therapies are intended to specifically inhibit abnormally activated pathways within cancer cells and represent a better and more precise treatment option than conventional chemotherapy. While CD44 expression is almost undetectable on normal ovarian surface epithelium (47, 228, 229), the majority of epithelial ovarian carcinomas demonstrate high CD44 levels (38–40), which is correlated with disease progression, cancer stemness and resistance to therapy (44, 48, 55). As discussed above, the multifunctional roles of CD44 in dynamic interactions between tumors and the TME, as well as in the regulation of cancer metastasis, stemness, and chemoresistance make CD44 an attractive therapeutic target to improve clinical outcomes for ovarian cancer patients by sensitizing them to chemotherapy. Below, we review different approaches to block CD44 signaling in pre-clinical studies and highlight the outcomes of different CD44 targeting clinical trials, as well as provide additional evidence for the potential benefits of dual targeting of CD44 and STAT3.


CD44 Targeting in Pre-Clinical Studies

The main types of therapeutics that are aimed to target CD44 in tumors in both preclinical and clinical trials are neutralizing monoclonal antibodies (Mabs), HA-conjugates, and peptide mimetics (12). CD44-targeting antibodies showed a significant anti-tumor effect in xenograft pancreatic and squamous cell carcinoma models, as well as in acute myeloid leukemia (AML) (79, 230, 231). Moreover, a recombinant humanized Mab, RG7356, that selectively recognizes the HA-binding region of all CD44 isoforms, demonstrated promising results in pre-clinical studies by selectively killing leukemic B cells without affecting the viability of normal B cells in a chronic lymphocytic leukemia (CML) model (232), indicating a potential for Mabs for cancer treatment in clinic. As an alternative strategy to antibodies, HA-conjugated chemotherapeutics were formulated to specifically target tumor cells for more precise action and side-effect minimization. HA-conjugated paclitaxel has been shown to selectively bind CD44+ tumor cells and block cancer cell line proliferation in vitro of numerous cancer types, including ovarian (233, 234). Finally, specific peptides that mainly target HA-CD44 interaction have been reported. Specifically, CD44-binding peptide A5G27 showed significant inhibitory effect on tumor growth and metastasis in a mouse melanoma model (235), while another CD44-targeting peptide, A6, inhibited migration, invasion, and metastatic potential of prostate, breast and ovarian cancer cells (236–238). Taken together, numerous studies demonstrate the beneficial effects of CD44 inhibition on tumor progression. This supports CD44 as a promising clinical target for the development of novel ovarian cancer therapeutics.



Combined CD44 and STAT3 Inhibition

Relevant to the scope of this review, several studies have demonstrated beneficial effects of combined CD44 and STAT3 signaling downregulation across different cancer models, including ovarian cancer. Gemini vitamin D analogue BXL0124 inhibits CD44-STAT3-mediated breast cancer invasion and metastasis by decreasing CD44 expression and STAT3 activation, as well as preventing CD44 binding to JAK2 and STAT3 in the cytoplasm (80). Likewise, Zerumbone, a monocyclic natural anti-inflammatory and antioxidant agent, suppresses EGF-induced CD44 expression through STAT3 pathway inhibition in breast cancer cell lines, while combined STAT3 and NF-kB inhibition with curcumin and epigallocatechin gallate decreases the CD44+ breast CSC population (88, 239). More importantly, in ovarian cancer cells, a natural compound from Tripterygium wilfordii, Celastrol, promotes apoptosis by decreasing CD44 expression and STAT3 phosphorylation (240). Additionally, ovarian cancer cell stemness is reduced by the FK506-binding protein like (FKBPL) peptide via inhibiting the CD44/STAT3 signaling axis (241) and the medicinal herb corilagin sensitizes human ovarian cancer cell lines to chemotherapy by glycolysis inhibition via downregulation of both CD44 and STAT3 expression (242). Finally, an orally administered small molecule STAT3 inhibitor Napabucasin, which is currently being tested in several clinical trials against various cancer models (243), have been shown to decrease both STAT3 activation and CD44 expression in biliary tract cancer cells (244). Collectively, these observations indicate that CD44 and STAT3 molecular cooperation deserves further attention and may be a promising clinical target to develop more effective therapeutics for the treatment of ovarian tumors. Given that CD44/STAT3 axis is involved in cancer progression and therapy resistance, we hypothesize that combinatorial administration of the most promising targeting agents, such as A6 blocking peptide against CD44 and Napabucasin against STAT3, can be beneficial for ovarian cancer patients in advanced disease stage and deserves further investigation.



CD44 Targeting in Clinical Trials

To date, several clinical trials have tested different CD44 targeting agents to generate a cancer-specific drug delivery system in the clinic. The outcomes of different trials analyzing CD44-targeting agents are summarized in Table 2 (245–254).


Table 2 | Clinical studies investigated the efficacy of CD44 targeting.



Thus far, clinical trials of targeted CD44 therapies have focused on either humanized or immunoconjugated Mabs, such as RG7356 and Bivatuzumab, respectively, HA-conjugated chemotherapeutics, or CD44-targeting peptide A6 also known as SPL-108. As seen in Table 2, Bivatuzumab, a CD44-specific Mab conjugated with mertansine, demonstrates severe adverse effects related to serious skin toxicity with fatal outcomes (245, 246). Humanized RG7356 antibody shows mild adverse effects and was well tolerated in advanced solid malignancy and AML trials, however solid tumor clinical response showed only 21% efficacy (249, 250). As an alternative to antibodies, a specific drug formulation covalently attached to HA has been tested. HA-bound irinotecan, a topoisomerase-1 inhibitor, utilizes the unique biologic properties of HA to specifically target CD44-expressing solid tumor tissues and initially improved median progression-free survival and clinical outcomes of colorectal and small cell lung cancer patients in two different trials (247, 248). However, another HA-irinotecan trial demonstrated statistically significant improvement in progression-free survival of metastatic colorectal cancer patients in Phase II trials but could not reproduce these results in Phase III studies (255), indicating that further trials are still needed. Finally, the aforementioned A6/SPL-108 peptide showed a promise in several ovarian cancer trials. Continuous daily consumption was well tolerated without any dose-limiting toxicity and time to clinical disease progression was significantly increased in the EOC patient population (251, 252). However, A6/SPL-108 had minimal activity in patients with persistent or recurrent disease (253), indicating a need for further optimization or, potentially, incorporating dual inhibition of CD44 and its relevant interaction partners, such as STAT3.




Conclusions and Future Directions

Ovarian cancer is one of the leading causes of death due to malignancy among women worldwide. Frequent metastasis due to advanced stage at the time of diagnosis, disease recurrence, and chemoresistance are major hurdles in the clinic and there is an urgent need to identify suitable molecular targets that drive the disease and design specific therapeutic strategies to circumvent these problems. CD44 and STAT3 cooperate at multiple levels in both malignant and the normal cells in the tumor microenvironment, leading to cancer progression and resistance to therapies. In addition, a critical role of CD44/STAT3 interaction in inducing immunosuppression has been highlighted. These findings taken together suggest that targeting CD44-STAT3 axis effectively can be an advantageous strategy for treating ovarian cancer.

While we did not discuss the recent advances of PARP inhibitors, accumulating clinical data indicate they can have excellent responses in a subset of ovarian patients with BRCA 1, BRCA2 or other homologous recombination alterations (256). However, PARP inhibitor-resistance is common (257) and PARP inhibitor-treatment leads to activation of STAT3 (258), which likely increases the expression of CD44. The possibility of targeting CD44/STAT3 axis to boost the antitumor efficacies of PARP inhibitors and overcome PARP inhibitor resistance may lead to better treatment for ovarian cancer patients.



Author Contributions

HY and LR-R conceived and supervised the manuscript writing. AM created the figures, found and summarized relevant literature findings for each chapter and wrote the final manuscript. P-CL created the tables and summarized relevant literature findings for most of the manuscript parts. QZ prepared and summarized relevant findings for CD44 and STAT3 in Ovarian Cancer Metabolism section of the manuscript under the guidance of Y-JL. CZ prepared and summarized relevant findings for CD44 and STAT3 in Regulatory T Cells and CD44 and STAT3 in Regulatory B Cells sections of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work is supported by the Markel-Friedman Accelerator Fund.



Acknowledgments

The authors thank Nicola Welch, PhD CMPP, for editorial assistance and critical review of the manuscript.



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2020. CA Cancer J Clin (2020) 70(1):7–30. doi: 10.3322/caac.21590

2. Matulonis, UA, Sood, AK, Fallowfield, L, Howitt, BE, Sehouli, J, and Karlan, BY. Ovarian cancer. Nat Rev Dis Primers (2016) 2(1):16061. doi: 10.1038/nrdp.2016.61

3. Torre, LA, Trabert, B, DeSantis, CE, Miller, KD, Samimi, G, Runowicz, CD, et al. Ovarian cancer statistics, 2018. CA Cancer J Clin (2018) 68(4):284–96. doi: 10.3322/caac.21456

4.International Agency for Research on Cancer. Global Cancer Observatory (GLOBOCAN) (2020). Available at: https://gco.iarc.fr/today/home (Accessed on 3/6/2020).

5. O'Toole, S, and O'Leary, J. “Ovarian cancer chemoresistance”. In:  M Schwab, editor. Encyclopedia of Cancer. Berlin: Springer (2011). doi: 10.1007/978-3-642-16483-5_6930

6. Pokhriyal, R, Hariprasad, R, Kumar, L, and Hariprasad, G. Chemotherapy Resistance in Advanced Ovarian Cancer Patients. Biomark Cancer (2019) 11:1179299x19860815. doi: 10.1177/1179299X19860815

7. Sapiezynski, J, Taratula, O, Rodriguez-Rodriguez, L, and Minko, T. Precision targeted therapy of ovarian cancer. J Control Release (2016) 243:250–68. doi: 10.1016/j.jconrel.2016.10.014

8. Hatina, J, Boesch, M, Sopper, S, Kripnerova, M, Wolf, D, Reimer, D, et al. Ovarian Cancer Stem Cell Heterogeneity. Adv Exp Med Biol (2019) 1139:201–21. doi: 10.1007/978-3-030-14366-4_12

9. Agarwal, R, and Kaye, SB. Ovarian cancer: strategies for overcoming resistance to chemotherapy. Nat Rev Cancer (2003) 3(7):502–16. doi: 10.1038/nrc1123

10. Yan, Y, Zuo, X, and Wei, D. Concise Review: Emerging Role of CD44 in Cancer Stem Cells: A Promising Biomarker and Therapeutic Target. Stem Cells Transl Med (2015) 4(9):1033–43. doi: 10.5966/sctm.2015-0048

11. Zöller, M. CD44: can a cancer-initiating cell profit from an abundantly expressed molecule? Nat Rev Cancer (2011) 11(4):254–67. doi: 10.1038/nrc3023

12. Chen, C, Zhao, S, Karnad, A, and Freeman, JW. The biology and role of CD44 in cancer progression: therapeutic implications. J Hematol Oncol (2018) 11(1):64. doi: 10.1186/s13045-018-0605-5

13. Ponta, H, Sherman, L, and Herrlich, PA. CD44: From adhesion molecules to signalling regulators. Nat Rev Mol Cell Biol (2003) 4(1):33–45. doi: 10.1038/nrm1004

14. Lucas, MG, Green, AM, and Telen, MJ. Characterization of the serum In(Lu)-related antigen: identification of a serum protein related to erythrocyte p80. Blood (1989) 73(2):596–600. doi: 10.1182/blood.V73.2.596.bloodjournal732596

15. Goldstein, LA, Zhou, DF, Picker, LJ, Minty, CN, Bargatze, RF, Ding, JF, et al. A human lymphocyte homing receptor, the hermes antigen, is related to cartilage proteoglycan core and link proteins. Cell (1989) 56(6):1063–72. doi: 10.1016/0092-8674(89)90639-9

16. Stamenkovic, I, Amiot, M, Pesando, JM, and Seed, B. A lymphocyte molecule implicated in lymph node homing is a member of the cartilage link protein family. Cell (1989) 56(6):1057–62. doi: 10.1016/0092-8674(89)90638-7

17. Basakran, NS. CD44 as a potential diagnostic tumor marker. Saudi Med J (2015) 36(3):273–9. doi: 10.15537/smj.2015.3.9622

18. Senbanjo, LT, and Chellaiah, MA. CD44: A Multifunctional Cell Surface Adhesion Receptor Is a Regulator of Progression and Metastasis of Cancer Cells. Front Cell Dev Biol (2017) 5:18. doi: 10.3389/fcell.2017.00018

19. Naor, D, Nedvetzki, S, Golan, I, Melnik, L, and Faitelson, Y. CD44 in cancer. Crit Rev Clin Lab Sci (2002) 39(6):527–79. doi: 10.1080/10408360290795574

20. Bennett, KL, Jackson, DG, Simon, JC, Tanczos, E, Peach, R, Modrell, B, et al. CD44 isoforms containing exon V3 are responsible for the presentation of heparin-binding growth factor. J Cell Biol (1995) 128(4):687–98. doi: 10.1083/jcb.128.4.687

21. Greenfield, B, Wang, WC, Marquardt, H, Piepkorn, M, Wolff, EA, Aruffo, A, et al. Characterization of the heparan sulfate and chondroitin sulfate assembly sites in CD44. J Biol Chem (1999) 274(4):2511–7. doi: 10.1074/jbc.274.4.2511

22. Naor, D, Wallach-Dayan, SB, Zahalka, MA, and Sionov, RV. Involvement of CD44, a molecule with a thousand faces, in cancer dissemination. Semin Cancer Biol (2008) 18(4):260–7. doi: 10.1016/j.semcancer.2008.03.015

23. Thapa, R, and Wilson, GD. The Importance of CD44 as a Stem Cell Biomarker and Therapeutic Target in Cancer. Stem Cells Int (2016) 2016:2087204. doi: 10.1155/2016/2087204

24. Hu, J, Li, G, Zhang, P, Zhuang, X, and Hu, GW. A CD44v+ subpopulation of breast cancer stem-like cells with enhanced lung metastasis capacity. Cell Death Dis (2017) 8(3):e2679–9. doi: 10.1038/cddis.2017.72

25. Brown, RL, Reinke, LM, Damerow, MS, Perez, D, Chodosh, LA, Yang, J, et al. CD44 splice isoform switching in human and mouse epithelium is essential for epithelial-mesenchymal transition and breast cancer progression. J Clin Invest (2011) 121(3):1064–74. doi: 10.1172/JCI44540

26. Yae, T, Tsuchihashi, K, Ishimoto, T, Motohara, T, Yoshikawa, M, Yoshida, GJ, et al. Alternative splicing of CD44 mRNA by ESRP1 enhances lung colonization of metastatic cancer cell. Nat Commun (2012) 3:883. doi: 10.1038/ncomms1892

27. Todaro, M, Gaggianesi, M, Catalano, V, Benfante, A, Lovino, F, Biffoni, M, et al. CD44v6 is a marker of constitutive and reprogrammed cancer stem cells driving colon cancer metastasis. Cell Stem Cell (2014) 14(3):342–56. doi: 10.1016/j.stem.2014.01.009

28. Jiang, H, Zhao, W, and Shao, W. Prognostic value of CD44 and CD44v6 expression in patients with non-small cell lung cancer: meta-analysis. Tumour Biol (2014) 35(8):7383–9. doi: 10.1007/s13277-014-2150-3

29. Mayr, L, Pirker, C, Lötsch, D, Van Schoonhoven, S, Windhager, R, Englinger, B, et al. CD44 drives aggressiveness and chemoresistance of a metastatic human osteosarcoma xenograft model. Oncotarget (2017) 8(69):114095–108. doi: 10.18632/oncotarget.23125

30. Li, Z, Chen, K, Jiang, P, Zhang, X, Li, X, and Li, Z. CD44v/CD44s expression patterns are associated with the survival of pancreatic carcinoma patients. Diagn Pathol (2014) 9:79. doi: 10.1186/1746-1596-9-79

31. Wielenga, VJ, Heider, KH, Offerhaus, GJ, Adolf, GR, van den Berg, FM, Ponta, H, et al. Expression of CD44 variant proteins in human colorectal cancer is related to tumor progression. Cancer Res (1993) 53(20):4754–6.

32. Kobayashi, K, Matsumoto, H, Matsuyama, H, Fujii, N, Inoue, R, Yamamoto, Y, et al. Clinical significance of CD44 variant 9 expression as a prognostic indicator in bladder cancer. Oncol Rep (2016) 36(5):2852–60. doi: 10.3892/or.2016.5061

33. Lau, WM, Teng, E, Chong, HS, Lopez, KA, Tay, AY, Salto-Tellez, M, et al. CD44v8-10 is a cancer-specific marker for gastric cancer stem cells. Cancer Res (2014) 74(9):2630–41. doi: 10.1158/0008-5472.CAN-13-2309

34. Wang, SJ, Wreesmann, VB, and Bourguignon, LY. Association of CD44 V3-containing isoforms with tumor cell growth, migration, matrix metalloproteinase expression, and lymph node metastasis in head and neck cancer. Head Neck (2007) 29(6):550–8. doi: 10.1002/hed.20544

35. Legras, S, Günthert, U, Stauder, R, Curt, F, Oliferenko, S, Kluin-Nelemans, HC, et al. A strong expression of CD44-6v correlates with shorter survival of patients with acute myeloid leukemia. Blood (1998) 91(9):3401–13. doi: 10.1182/blood.V91.9.3401.3401_3401_3413

36. Higashi, M, Sugaya, Y, Soeta, S, Yokota, A, Ishii, G, and Harigaya, K. CD44 expression during tumor progression of follicular lymphoma. Oncol Rep (2009) 22(5):1135–40. doi: 10.3892/or_00000546

37. Sacks, JD, and Barbolina, MV. Expression and Function of CD44 in Epithelial Ovarian Carcinoma. Biomolecules (2015) 5(4):3051–66. doi: 10.3390/biom5043051

38. Saegusa, M, Machida, D, Hashimura, M, and Okayasu, I. CD44 expression in benign, premalignant, and malignant ovarian neoplasms: relation to tumour development and progression. J Pathol (1999) 189(3):326–37. doi: 10.1002/(SICI)1096-9896(199911)189:3<326::AID-PATH425>3.0.CO;2-6

39. Kayastha, S, Freedman, AN, Piver, MS, Mukkamalla, J, Romero-Guittierez, M, and Werness, BA. Expression of the hyaluronan receptor, CD44S, in epithelial ovarian cancer is an independent predictor of survival. Clin Cancer Res (1999) 5(5):1073–6.

40. Cho, EY, Choi, Y, Chae, SW, Sohn, JH, and Ahn, GH. Immunohistochemical study of the expression of adhesion molecules in ovarian serous neoplasms. Pathol Int (2006) 56(2):62–70. doi: 10.1111/j.1440-1827.2006.01925.x

41. Uhl-Steidl, M, Müller-Holzner, E, Zeimet, AG, Adolf, GR, Daxenbichler, G, Marth, C, et al. Prognostic value of CD44 splice variant expression in ovarian cancer. Oncology (1995) 52(5):400–6. doi: 10.1159/000227497

42. Afify, AM, Ferguson, AW, Davila, RM, and Werness, BA. Expression of CD44S and CD44v5 is more common in stage III than in stage I serous ovarian carcinomas. Appl Immunohistochem Mol Morphol (2001) 9(4):309–14. doi: 10.1097/00129039-200112000-00004

43. Lin, J, and Ding, D. The prognostic role of the cancer stem cell marker CD44 in ovarian cancer: a meta-analysis. Cancer Cell Int (2017) 17:8. doi: 10.1186/s12935-016-0376-4

44. Gao, Y, Foster, R, Yang, X, Feng, Y, Shen, JK, Mankin, HJ, et al. Up-regulation of CD44 in the development of metastasis, recurrence and drug resistance of ovarian cancer. Oncotarget (2015) 6(11):9313–26. doi: 10.18632/oncotarget.3220

45. Chen, H, Hao, J, Wang, L, and Li, Y. Coexpression of invasive markers (uPA, CD44) and multiple drug-resistance proteins (MDR1, MRP2) is correlated with epithelial ovarian cancer progression. Br J Cancer (2009) 101(3):432–40. doi: 10.1038/sj.bjc.6605185

46. Biddle, A, Gammon, L, Fazil, B, and Mackenzie, IC. CD44 staining of cancer stem-like cells is influenced by down-regulation of CD44 variant isoforms and up-regulation of the standard CD44 isoform in the population of cells that have undergone epithelial-to-mesenchymal transition. PLoS One (2013) 8(2):e57314. doi: 10.1371/journal.pone.0057314

47. Zhou, J, Du, Y, Lu, Y, Luan, B, Xu, C, Yu, Y, et al. CD44 Expression Predicts Prognosis of Ovarian Cancer Patients Through Promoting Epithelial-Mesenchymal Transition (EMT) by Regulating Snail, ZEB1, and Caveolin-1. Front Oncol (2019) 9:802. doi: 10.3389/fonc.2019.00802

48. Foster, R, Buckanovich, RJ, and Rueda, BR. Ovarian cancer stem cells: working towards the root of stemness. Cancer Lett (2013) 338(1):147–57. doi: 10.1016/j.canlet.2012.10.023

49. Deng, J, Wang, L, Chen, H, Hao, J, Ni, J, Chang, L, et al. Targeting epithelial-mesenchymal transition and cancer stem cells for chemoresistant ovarian cancer. Oncotarget (2016) 7(34):55771–88. doi: 10.18632/oncotarget.9908

50. Klemba, A, Purzycka-Olewiecka, JK, Wcisło, G, Czarnecka, AM, Lewicki, S, Lesyng, B, et al. Surface markers of cancer stem-like cells of ovarian cancer and their clinical relevance. Contemp Oncol (Pozn) (2018) 22(1a):48–55. doi: 10.5114/wo.2018.73885

51. Zhang, S, Balch, C, Chan, MW, Lai, HC, Matei, D, Schilder, JM, et al. Identification and characterization of ovarian cancer-initiating cells from primary human tumors. Cancer Res (2008) 68(11):4311–20. doi: 10.1158/0008-5472.CAN-08-0364

52. Bapat, SA, Mali, AM, Koppikar, CB, and Kurrey, NK. Stem and progenitor-like cells contribute to the aggressive behavior of human epithelial ovarian cancer. Cancer Res (2005) 65(8):3025–9. doi: 10.1158/0008-5472.CAN-04-3931

53. Alvero, AB, Chen, R, Fu, HH, Montagna, M, Schwartz, PE, Rutherford, T, et al. Molecular phenotyping of human ovarian cancer stem cells unravels the mechanisms for repair and chemoresistance. Cell Cycle (2009) 8(1):158–66. doi: 10.4161/cc.8.1.7533

54. Shi, MF, Jiao, J, Lu, WG, Ye, F, Ma, D, Dong, QG, et al. Identification of cancer stem cell-like cells from human epithelial ovarian carcinoma cell line. Cell Mol Life Sci (2010) 67(22):3915–25. doi: 10.1007/s00018-010-0420-9

55. Mor, G, Yin, G, Chefetz, I, Yang, Y, and Alvero, A. Ovarian cancer stem cells and inflammation. Cancer Biol Ther (2011) 11(8):708–13. doi: 10.4161/cbt.11.8.14967

56. Hu, Z, Gao, J, Zhang, D, Liu, Q, Yan, L, Gao, L, et al. High expression of Lewis y antigen and CD44 is correlated with resistance to chemotherapy in epithelial ovarian cancers. PLoS One (2013) 8(2):e57250. doi: 10.1371/journal.pone.0057250

57. Zhu, LC, Gao, J, Hu, ZH, Schwab, CL, Zhuang, HY, Tan, MZ, et al. Membranous expressions of Lewis y and CAM-DR-related markers are independent factors of chemotherapy resistance and poor prognosis in epithelial ovarian cancer. Am J Cancer Res (2015) 5(2):830–43.

58. Meng, E, Long, B, Sullivan, P, McClellan, S, Finan, MA, Reed, E, et al. CD44+/CD24- ovarian cancer cells demonstrate cancer stem cell properties and correlate to survival. Clin Exp Metastasis (2012) 29(8):939–48. doi: 10.1007/s10585-012-9482-4

59. Bhattacharya, R, Mitra, T, Ray Chaudhuri, S, and Roy, SS. Mesenchymal splice isoform of CD44 (CD44s) promotes EMT/invasion and imparts stem-like properties to ovarian cancer cells. J Cell Biochem (2018) 119(4):3373–83. doi: 10.1002/jcb.26504

60. Cheng, W, Liu, T, Wan, X, Gao, Y, and Wang, H. MicroRNA-199a targets CD44 to suppress the tumorigenicity and multidrug resistance of ovarian cancer-initiating cells. FEBS J (2012) 279(11):2047–59. doi: 10.1111/j.1742-4658.2012.08589.x

61. Levy, DE, and Darnell, JE Jr. Stats: transcriptional control and biological impact. Nat Rev Mol Cell Biol (2002) 3(9):651–62. doi: 10.1038/nrm909

62. Yu, H, Kortylewski, M, and Pardoll, D. Crosstalk between cancer and immune cells: role of STAT3 in the tumour microenvironment. Nat Rev Immunol (2007) 7(1):41–51. doi: 10.1038/nri1995

63. Yu, H, Pardoll, D, and Jove, R. STATs in cancer inflammation and immunity: a leading role for STAT3. Nat Rev Cancer (2009) 9(11):798–809. doi: 10.1038/nrc2734

64. Wu, CJ, Sundararajan, V, Sheu, BC, Huang, RY, and Wei, LH. Activation of STAT3 and STAT5 Signaling in Epithelial Ovarian CancerProgression: Mechanism and Therapeutic Opportunity. Cancers (Basel)(2019) 12(1):24. doi: 10.3390/cancers12010024

65. Liang, R, Chen, X, Chen, L, Wan, F, Chen, K, Sun, Y, et al. STAT3 signaling in ovarian cancer: a potential therapeutic target. J Cancer (2020) 11(4):837–48. doi: 10.7150/jca.35011

66. Silver, DL, Naora, H, Liu, J, Cheng, W, and Montell, DJ. Activated signal transducer and activator of transcription (STAT) 3: localization in focal adhesions and function in ovarian cancer cell motility. Cancer Res (2004) 64(10):3550–8. doi: 10.1158/0008-5472.CAN-03-3959

67. Saini, U, Naidu, S, ElNaggar, AC, Bid, HK, Wallbillich, JJ, Bixel, K, et al. Elevated STAT3 expression in ovarian cancer ascites promotes invasion and metastasis: a potential therapeutic target. Oncogene (2017) 36(2):168–81. doi: 10.1038/onc.2016.197

68. Jia, ZH, Jia, Y, Guo, FJ, Chen, J, Zhang, XW, and Cui, MH. Phosphorylation of STAT3 at Tyr705 regulates MMP-9 production in epithelial ovarian cancer. PLoS One (2017) 12(8):e0183622. doi: 10.1371/journal.pone.0183622

69. Seo, JM, Park, S, and Kim, JH. Leukotriene B4 receptor-2 promotes invasiveness and metastasis of ovarian cancer cells through signal transducer and activator of transcription 3 (STAT3)-dependent up-regulation of matrix metalloproteinase 2. J Biol Chem (2012) 287(17):13840–9. doi: 10.1074/jbc.M111.317131

70. Kessenbrock, K, Plaks, V, and Werb, Z. Matrix metalloproteinases: regulators of the tumor microenvironment. Cell (2010) 141(1):52–67. doi: 10.1016/j.cell.2010.03.015

71. Ji, T, Gong, D, Han, Z, Wei, X, Yan, Y, Ye, F, et al. Abrogation of constitutive Stat3 activity circumvents cisplatin resistant ovarian cancer. Cancer Lett (2013) 341(2):231–9. doi: 10.1016/j.canlet.2013.08.022

72. Duan, Z, Foster, R, Bell, DA, Mahoney, J, Wolak, K, Vaidya, A, et al. Signal transducers and activators of transcription 3 pathway activation in drug-resistant ovarian cancer. Clin Cancer Res (2006) 12(17):5055–63. doi: 10.1158/1078-0432.CCR-06-0861

73. Yue, P, Zhang, X, Paladino, D, Sengupta, B, Ahmad, S, Holloway, RW, et al. Hyperactive EGF receptor, Jaks and Stat3 signaling promote enhanced colony-forming ability, motility and migration of cisplatin-resistant ovarian cancer cells. Oncogene (2012) 31(18):2309–22. doi: 10.1038/onc.2011.409

74. Han, Z, Feng, J, Hong, Z, Chen, L, Li, W, Liao, S, et al. Silencing of the STAT3 signaling pathway reverses the inherent and induced chemoresistance of human ovarian cancer cells. Biochem Biophys Res Commun (2013) 435(2):188–94. doi: 10.1016/j.bbrc.2013.04.087

75. Marotta, LL, et al. The JAK2/STAT3 signaling pathway is required for growth of CD44+CD24− stem cell-like breast cancer cells in human tumors. J Clin Invest (2011) 121(7):2723–35. doi: 10.1172/JCI44745

76. Wang, X, Wang, G, Zhao, Y, Liu, X, Ding, Q, Shi, J, et al. STAT3 mediates resistance of CD44(+)CD24(-/low) breast cancer stem cells to tamoxifen in vitro. J BioMed Res (2012) 26(5):325–35. doi: 10.7555/JBR.26.20110050

77. Wu, CT, Huang, YC, Chen, WC, and Chen, MF. Effect of Tumor Burden on Tumor Aggressiveness and Immune Modulationin Prostate Cancer: Association with IL-6 Signaling. Cancers(Basel) (2019) 11(7):992. doi: 10.3390/cancers11070992

78. Lin, CH, Chiang, MC, and Chen, YJ. STAT3 mediates resistance to anoikis and promotes invasiveness of nasopharyngeal cancer cells. Int J Mol Med (2017) 40(5):1549–56. doi: 10.3892/ijmm.2017.3151

79. Li, L, Hao, X, Qin, J, Tang, W, He, F, Smith, A, et al. Antibody against CD44s inhibits pancreatic tumor initiation and postradiation recurrence in mice. Gastroenterology (2014) 146(4):1108–18. doi: 10.1053/j.gastro.2013.12.035

80. So, JY, Smolarek, AK, Salerno, DM, Maehr, H, Uskokovic, M, Liu, F, et al. Targeting CD44-STAT3 signaling by Gemini vitamin D analog leads to inhibition of invasion in basal-like breast cancer. PLoS One (2013) 8(1):e54020. doi: 10.1371/journal.pone.0054020

81. Chung, SS, Aroh, C, and Vadgama, JV. Constitutive activation of STAT3 signaling regulates hTERT and promotes stem cell-like traits in human breast cancer cells. PLoS One (2013) 8(12):e83971. doi: 10.1371/journal.pone.0083971

82. Chang, SH, Yeh, YH, Lee, JL, Hsu, YJ, Kuo, CT, and Chen, WJ. Transforming growth factor-β-mediated CD44/STAT3 signaling contributes to the development of atrial fibrosis and fibrillation. Basic Res Cardiol (2017) 112(5):58. doi: 10.1007/s00395-017-0647-9

83. Anand, V, Khandelwal, M, Appunni, S, Gupta, N, Seth, A, Singh, P, et al. CD44 splice variant (CD44v3) promotes progression of urothelial carcinoma of bladder through Akt/ERK/STAT3 pathways: novel therapeutic approach. J Cancer Res Clin Oncol (2019) 145(11):2649–61. doi: 10.1007/s00432-019-03024-9

84. Heinrich, PC, Behrmann, I, Haan, S, Hermanns, HM, Müller-Newen, G, and Schaper, F. Principles of interleukin (IL)-6-type cytokine signalling and its regulation. Biochem J (2003) 374(Pt 1):1–20. doi: 10.1042/bj20030407

85. Zong, CS, Chan, J, Levy, DE, Horvath, C, Sadowski, HB, and Wang, LH. Mechanism of STAT3 activation by insulin-like growth factor I receptor. J Biol Chem (2000) 275(20):15099–105. doi: 10.1074/jbc.M000089200

86. Dhar, D, Antonucci, L, Nakagawa, H, Kim, JY, Glitzner, E, Caruso, S, et al. Liver Cancer Initiation Requires p53 Inhibition by CD44-Enhanced Growth Factor Signaling. Cancer Cell (2018) 33(6):1061–77.e6. doi: 10.1016/j.ccell.2018.05.003

87. Xu, YY, Guo, M, Yang, LQ, Zhou, F, Yu, C, Wang, A, et al. Regulation of CD44v6 expression in gastric carcinoma by the IL-6/STAT3 signaling pathway and its clinical significance. Oncotarget (2017) 8(28):45848–61. doi: 10.18632/oncotarget.17435

88. Kim, S, Kil, WH, Lee, J, Oh, SJ, Han, J, Jeon, M, et al. Zerumbone suppresses EGF-induced CD44 expression through the inhibition of STAT3 in breast cancer cells. Oncol Rep (2014) 32(6):2666–72. doi: 10.3892/or.2014.3514

89. Bourguignon, LY, Peyrollier, K, Xia, W, and Gilad, E. Hyaluronan-CD44 interaction activates stem cell marker Nanog, Stat-3-mediated MDR1 gene expression, and ankyrin-regulated multidrug efflux in breast and ovarian tumor cells. J Biol Chem (2008) 283(25):17635–51. doi: 10.1074/jbc.M800109200

90. Su, YJ, Lai, HM, Chang, YW, Chen, GY, and Lee, JL. Direct reprogramming of stem cell properties in colon cancer cells by CD44. EMBO J (2011) 30(15):3186–99. doi: 10.1038/emboj.2011.211

91. Qin, J, Yang, B, Xu, BQ, Smithc, A, Xu, L, Yuan, JL, et al. Concurrent CD44s and STAT3 expression in human clear cell renal cellular carcinoma and its impact on survival. Int J Clin Exp Pathol (2014) 7(6):3235–44.

92. Pereira, C, Ferreira, D, Mendes, N, Granja, PL, Almeida, GM, and Oliveira, C. Expression of CD44v6-Containing Isoforms Influences CisplatinResponse in Gastric Cancer Cells. Cancers (Basel) (2020) 12(4):858. doi: 10.3390/cancers12040858

93. Lee, JL, Wang, MJ, and Chen, JY. Acetylation and activation of STAT3 mediated by nuclear translocation of CD44. J Cell Biol (2009) 185(6):949–57. doi: 10.1083/jcb.200812060

94. Bourguignon, LY, Earle, C, Wong, G, Spevak, CC, and Krueger, K. Stem cell marker (Nanog) and Stat-3 signaling promote MicroRNA-21 expression and chemoresistance in hyaluronan/CD44-activated head and neck squamous cell carcinoma cells. Oncogene (2012) 31(2):149–60. doi: 10.1038/onc.2011.222

95. Ravindranath, AK, Kaur, S, Wernyj, RP, Kumaran, MN, Miletti-Gonzalez, KE, Chan, R, et al. CD44 promotes multi-drug resistance by protecting P-glycoprotein from FBXO21-mediated ubiquitination. Oncotarget (2015) 6(28):26308–21. doi: 10.18632/oncotarget.4763

96. Miletti-González, KE, Chen, S, Muthukumaran, N, Saglimbeni, GN, Wu, X, Yang, J, et al. The CD44 receptor interacts with P-glycoprotein to promote cell migration and invasion in cancer. Cancer Res (2005) 65(15):6660–7. doi: 10.1158/0008-5472.CAN-04-3478

97. Zhang, X, Liu, P, Zhang, B, Wang, A, and Yang, M. Role of STAT3 decoy oligodeoxynucleotides on cell invasion and chemosensitivity in human epithelial ovarian cancer cells. Cancer Genet Cytogenet (2010) 197(1):46–53. doi: 10.1016/j.cancergencyto.2009.10.004

98. Fang, Z, Chen, W, Yuan, Z, Liu, X, and Jiang, H. LncRNA-MALAT1 contributes to the cisplatin-resistance of lung cancer by upregulating MRP1 and MDR1 via STAT3 activation. BioMed Pharmacother (2018) 101:536–42. doi: 10.1016/j.biopha.2018.02.130

99. Wang, Z, Wang, C, Zuo, D, Zhang, T, Yin, F, Zhou, Z, et al. Attenuation of STAT3 Phosphorylation Promotes Apoptosis and Chemosensitivity in Human Osteosarcoma Induced by Raddeanin A. Int J Biol Sci (2019) 15(3):668–79. doi: 10.7150/ijbs.30168

100. Zhang, X, Xiao, W, Wang, L, Tian, Z, and Zhang, J. Deactivation of signal transducer and activator of transcription 3 reverses chemotherapeutics resistance of leukemia cells via down-regulating P-gp. PLoS One (2011) 6(6):e20965. doi: 10.1371/journal.pone.0020965

101. Alderton, GK. The tumour microenvironment drives metastasis. Nat Rev Cancer (2016) 16(4):199–9. doi: 10.1038/nrc.2016.31

102. Baghban, R, Roshangar, L, Jahanban-Esfahlan, R, Seidi, K, Ebrahimi-Kalan, A, Jaymand, M, et al. Tumor microenvironment complexity and therapeutic implications at a glance. Cell Commun Signal (2020) 18(1):59. doi: 10.1186/s12964-020-0530-4

103. Joyce, JA. Therapeutic targeting of the tumor microenvironment. Cancer Cell (2005) 7(6):513–20. doi: 10.1016/j.ccr.2005.05.024

104. De Palma, M, Biziato, D, and Petrova, TV. Microenvironmental regulation of tumour angiogenesis. Nat Rev Cancer (2017) 17(8):457–74. doi: 10.1038/nrc.2017.51

105. Potente, M, Gerhardt, H, and Carmeliet, P. Basic and therapeutic aspects of angiogenesis. Cell (2011) 146(6):873–87. doi: 10.1016/j.cell.2011.08.039

106. Trochon, V, Mabilat, C, Bertrand, P, Legrand, Y, Smadja-Joffe, F, Soria, C, et al. Evidence of involvement of CD44 in endothelial cell proliferation, migration and angiogenesis in vitro. Int J Cancer (1996) 66(5):664–8. doi: 10.1002/(SICI)1097-0215(19960529)66:5<664::AID-IJC14>3.0.CO;2-4

107. Savani, RC, Cao, G, Pooler, PM, Zaman, A, Zhou, Z, and DeLisser, HM. Differential involvement of the hyaluronan (HA) receptors CD44 and receptor for HA-mediated motility in endothelial cell function and angiogenesis. J Biol Chem (2001) 276(39):36770–8. doi: 10.1074/jbc.M102273200

108. Murphy, JF, Lennon, F, Steele, C, Kelleher, D, Fitzgerald, D, and Long, AC. Engagement of CD44 modulates cyclooxygenase induction, VEGF generation, and proliferation in human vascular endothelial cells. FASEB J (2005) 19(3):446–8. doi: 10.1096/fj.03-1376fje

109. Rahmanian, M, and Heldin, P. Testicular hyaluronidase induces tubular structures of endothelial cells grown in three-dimensional collagen gel through a CD44-mediated mechanism. Int J Cancer (2002) 97(5):601–7. doi: 10.1002/ijc.10087

110. Griffioen, AW, Coenen, MJ, Damen, CA, Hellwig, SM, van Weering, DH, Vooys, W, et al. CD44 is involved in tumor angiogenesis; an activation antigen on human endothelial cells. Blood (1997) 90(3):1150–9. doi: 10.1182/blood.V90.3.1150.1150_1150_1159

111. Ohizumi, I, Harada, N, Taniguchi, K, Tsutsumi, Y, Nakagawa, S, Kaiho, S, et al. Association of CD44 with OTS-8 in tumor vascular endothelial cells. Biochim Biophys Acta (2000) 1497(2):197–203. doi: 10.1016/S0167-4889(00)00063-X

112. Forster-Horváth, C, Mészáros, L, Rásó, E, Döme, B, Ladányi, A, Morini, M, et al. Expression of CD44v3 protein in human endothelial cells in vitro and in tumoral microvessels in vivo. Microvasc Res (2004) 68(2):110–8. doi: 10.1016/j.mvr.2004.05.001

113. Yildiz, E, Gokce, G, Kilicarslan, H, Ayan, S, Goze, OF, and Gultekin, EY. Prognostic value of the expression of Ki-67, CD44 and vascular endothelial growth factor, and microvessel invasion, in renal cell carcinoma. BJU Int (2004) 93(7):1087–93. doi: 10.1111/j.1464-410X.2004.04786.x

114. Cao, G, Savani, RC, Fehrenbach, M, Lyons, C, Zhang, L, Coukos, G, et al. Involvement of endothelial CD44 during in vivo angiogenesis. Am J Pathol (2006) 169(1):325–36. doi: 10.2353/ajpath.2006.060206

115. Chen, Z, and Han, ZC. STAT3: a critical transcription activator in angiogenesis. Med Res Rev (2008) 28(2):185–200. doi: 10.1002/med.20101

116. Niu, G, Wright, KL, Huang, M, Song, L, Haura, E, Turkson, J, et al. Constitutive Stat3 activity up-regulates VEGF expression and tumor angiogenesis. Oncogene (2002) 21(13):2000–8. doi: 10.1038/sj.onc.1205260

117. Xu, Q, Briggs, J, Park, S, Niu, G, Kortylewski, M, Zhang, S, et al. Targeting Stat3 blocks both HIF-1 and VEGF expression induced by multiple oncogenic growth signaling pathways. Oncogene (2005) 24(36):5552–60. doi: 10.1038/sj.onc.1208719

118. Zhao, M, Gao, FH, Wang, JY, Liu, F, Yuan, HH, Zhang, WY, et al. JAK2/STAT3 signaling pathway activation mediates tumor angiogenesis by upregulation of VEGF and bFGF in non-small-cell lung cancer. Lung Cancer (2011) 73(3):366–74. doi: 10.1016/j.lungcan.2011.01.002

119. Wei, D, Le, X, Zheng, L, Wang, L, Frey, JA, Gao, AC, et al. Stat3 activation regulates the expression of vascular endothelial growth factor and human pancreatic cancer angiogenesis and metastasis. Oncogene (2003) 22(3):319–29. doi: 10.1038/sj.onc.1206122

120. Chen, Y, Liu, Y, Wang, Y, Li, W, Wang, X, Liu, X, et al. Quantification of STAT3 and VEGF expression for molecular diagnosis of lymph node metastasis in breast cancer. Med (Baltimore) (2017) 96(45):e8488. doi: 10.1097/MD.0000000000008488

121. Kujawski, M, Kortylewski, M, Lee, H, Herrmann, A, Kay, H, and Yu, H. Stat3 mediates myeloid cell-dependent tumor angiogenesis in mice. J Clin Invest (2008) 118(10):3367–77. doi: 10.1172/JCI35213

122. Chen, H, Ye, D, Xie, X, Chen, B, and Lu, W. VEGF, VEGFRs expressions and activated STATs in ovarian epithelial carcinoma. Gynecol Oncol (2004) 94(3):630–5. doi: 10.1016/j.ygyno.2004.05.056

123. Lu, W, Chen, H, Yel, F, Wang, F, and Xie, X. VEGF induces phosphorylation of STAT3 through binding VEGFR2 in ovarian carcinoma cells in vitro. Eur J Gynaecol Oncol (2006) 27(4):363–9.

124. Wang, YZ, Cao, ML, Liu, YL, He, YQ, Yang, CX, and Gao, F. CD44 mediates oligosaccharides of hyaluronan-induced proliferation, tube formation and signal transduction in endothelial cells. Exp Biol Med (Maywood) (2011) 236(1):84–90. doi: 10.1258/ebm.2010.010206

125. Rundhaug, JE. Matrix metalloproteinases and angiogenesis. J Cell Mol Med (2005) 9(2):267–85. doi: 10.1111/j.1582-4934.2005.tb00355.x

126. Mi, Z, Bhattacharya, SD, Kim, VM, Guo, H, Talbot, LJ, and Kuo, PC. Osteopontin promotes CCL5-mesenchymal stromal cell-mediated breast cancer metastasis. Carcinogenesis (2011) 32(4):477–87. doi: 10.1093/carcin/bgr009

127. Zhang, R, Pan, X, Huang, Z, Weber, GF, and Zhang, G. Osteopontin enhances the expression and activity of MMP-2 via the SDF-1/CXCR4 axis in hepatocellular carcinoma cell lines. PLoS One (2011) 6(8):e23831. doi: 10.1371/journal.pone.0023831

128. Miletti-González, KE, Murphy, K, Kumaran, MN, Ravindranath, AK, Wernyj, RP, Kaur, S, et al. Identification of function for CD44 intracytoplasmic domain (CD44-ICD): modulation of matrix metalloproteinase 9 (MMP-9) transcription via novel promoter response element. J Biol Chem (2012) 287(23):18995–9007. doi: 10.1074/jbc.M111.318774

129. Ma, L, and Chang, P. CD44v6 engages in colorectal cancer progression. Cell Death Dis (2019) 10(1):30. doi: 10.1038/s41419-018-1265-7

130. Wang, L, Duan, W, Kang, L, Mao, J, Yu, X, Fan, S, et al. Smoothened activates breast cancer stem-like cell and promotes tumorigenesis and metastasis of breast cancer. BioMed Pharmacother (2014) 68(8):1099–104. doi: 10.1016/j.biopha.2014.09.012

131. Yu, Q, and Stamenkovic, I. Localization of matrix metalloproteinase 9 to the cell surface provides a mechanism for CD44-mediated tumor invasion. Genes Dev (1999) 13(1):35–48. doi: 10.1101/gad.13.1.35

132. Yu, Q, and Stamenkovic, I. Cell surface-localized matrix metalloproteinase-9 proteolyticallyactivates TGF-beta and promotes tumor invasion and angiogenesis. GenesDev (2000)14(2):163–76. doi: 10.1101/gad.14.2.163

133. Desai, B, Rogers, MJ, and Chellaiah, MA. Mechanisms of osteopontin and CD44 as metastatic principles in prostate cancer cells. Mol Cancer (2007) 6:18. doi: 10.1186/1476-4598-6-18

134. Xie, TX, Wei, D, Liu, M, Gao, AC, Ali-Osman, F, Sawaya, R, et al. Stat3 activation regulates the expression of matrix metalloproteinase-2 and tumor invasion and metastasis. Oncogene (2004) 23(20):3550–60. doi: 10.1038/sj.onc.1207383

135. Dechow, TN, Pedranzini, L, Leitch, A, Leslie, K, Gerald, WL, Linkov, I, et al. Requirement of matrix metalloproteinase-9 for the transformation of human mammary epithelial cells by Stat3-C. Proc Natl Acad Sci U S A (2004) 101(29):10602–7. doi: 10.1073/pnas.0404100101

136. Niu, G, Wright, KL, Ma, Y, Wright, GM, Huang, M, Irby, R, et al. Role of Stat3 in regulating p53 expression and function. Mol Cell Biol (2005) 25(17):7432–40. doi: 10.1128/MCB.25.17.7432-7440.2005

137. Turkson, J, Bowman, T, Garcia, R, Caldenhoven, E, De Groot, RP, and Jove, R. Stat3 activation by Src induces specific gene regulation and is required for cell transformation. Mol Cell Biol (1998) 18(5):2545–52. doi: 10.1128/MCB.18.5.2545

138. Garcia, R, Bowman, TL, Niu, G, Yu, H, Minton, S, Muro-Cacho, CA, et al. Constitutive activation of Stat3 by the Src and JAK tyrosine kinases participates in growth regulation of human breast carcinoma cells. Oncogene (2001) 20(20):2499–513. doi: 10.1038/sj.onc.1204349

139. Bromberg, JF, Horvath, CM, Besser, D, Lathem, WW, and Darnell, JE Jr. Stat3 activation is required for cellular transformation by v-src. Mol Cell Biol (1998) 18(5):2553–8. doi: 10.1128/MCB.18.5.2553

140. Yu, CL, Meyer, DJ, Campbell, GS, Larner, AC, Carter-Su, C, Schwartz, J, et al. Enhanced DNA-binding activity of a Stat3-related protein in cells transformed by the Src oncoprotein. Science (1995) 269(5220):81–3. doi: 10.1126/science.7541555

141. Schuringa, JJ, Timmer, H, Luttickhuizen, D, Vellenga, E, and Kruijer, W. c-Jun and c-Fos cooperate with STAT3 in IL-6-induced transactivation of the IL-6 respone element (IRE). Cytokine (2001) 14(2):78–87. doi: 10.1006/cyto.2001.0856

142. Trachana, SP, Pilalis, E, Gavalas, NG, Tzannis, K, Papadodima, O, Liontos, M, et al. The Development of an Angiogenic Protein “Signature” in Ovarian Cancer Ascites as a Tool for Biologic and Prognostic Profiling. PLoS One (2016) 11(6):e0156403. doi: 10.1371/journal.pone.0156403

143. Kalluri, R. The biology and function of fibroblasts in cancer. Nat Rev Cancer (2016) 16(9):582–98. doi: 10.1038/nrc.2016.73

144. Monteran, L, and Erez, N. The Dark Side of Fibroblasts: Cancer-Associated Fibroblasts as Mediators of Immunosuppression in the Tumor Microenvironment. Front Immunol (2019) 10:1835. doi: 10.3389/fimmu.2019.01835

145. Dasari, S, Fang, Y, and Mitra, AK. Cancer Associated Fibroblasts: Naughty Neighbors That Drive OvarianCancer Progression. Cancers (Basel) (2018)10(11):406. doi: 10.3390/cancers10110406

146. Wang, W, Kryczek, I, Dostál, L, Lin, H, Tan, L, Zhao, L, et al. Effector T Cells Abrogate Stroma-Mediated Chemoresistance in Ovarian Cancer. Cell (2016) 165(5):1092–105. doi: 10.1016/j.cell.2016.04.009

147. Rodríguez-Rodríguez, L, Sancho-Torres, I, Mesonero, C, Gibbon, DG, Shih, WJ, and Zotalis, G. The CD44 receptor is a molecular predictor of survival in ovarian cancer. Med Oncol (2003) 20(3):255–63. doi: 10.1385/MO:20:3:255

148. Yeung, TL, Leung, CS, Wong, KK, Samimi, G, Thompson, MS, Liu, J, et al. TGF-β modulates ovarian cancer invasion by upregulating CAF-derived versican in the tumor microenvironment. Cancer Res (2013) 73(16):5016–28. doi: 10.1158/0008-5472.CAN-13-0023

149. Wang, L, Zhang, F, Cui, JY, Chen, L, Chen, YT, and Liu, BW. CAFs enhance paclitaxel resistance by inducing EMT through the IL−6/JAK2/STAT3 pathway. Oncol Rep (2018) 39(5):2081–90. doi: 10.3892/or.2018.6311

150. Yan, H, Guo, BY, and Zhang, S. Cancer-associated fibroblasts attenuate Cisplatin-induced apoptosis in ovarian cancer cells by promoting STAT3 signaling. Biochem Biophys Res Commun (2016) 470(4):947–54. doi: 10.1016/j.bbrc.2016.01.131

151. Kinugasa, Y, Matsui, T, and Takakura, N. CD44 expressed on cancer-associated fibroblasts is a functional molecule supporting the stemness and drug resistance of malignant cancer cells in the tumor microenvironment. Stem Cells (2014) 32(1):145–56. doi: 10.1002/stem.1556

152. Liu, Y, Yu, C, Wu, Y, Sun, X, Su, Q, You, C, et al. CD44(+) fibroblasts increases breast cancer cell survival and drug resistance via IGF2BP3-CD44-IGF2 signalling. J Cell Mol Med (2017) 21(9):1979–88. doi: 10.1111/jcmm.13118

153. Yang, X, Lin, Y, Shi, Y, Li, B, Liu, W, Yin, W, et al. FAP Promotes Immunosuppression by Cancer-Associated Fibroblasts in the Tumor Microenvironment via STAT3-CCL2 Signaling. Cancer Res (2016) 76(14):4124–35. doi: 10.1158/0008-5472.CAN-15-2973

154. Wang, Y, Jing, Y, Ding, L, Zhang, X, Song, Y, Chen, S, et al. Epiregulin reprograms cancer-associated fibroblasts and facilitates oral squamous cell carcinoma invasion via JAK2-STAT3 pathway. J Exp Clin Cancer Res (2019) 38(1):274. doi: 10.1186/s13046-019-1277-x

155. Hendrayani, SF, Al-Khalaf, HH, and Aboussekhra, A. The cytokine IL-6 reactivates breast stromal fibroblasts through transcription factor STAT3-dependent up-regulation of the RNA-binding protein AUF1. J Biol Chem (2014) 289(45):30962–76. doi: 10.1074/jbc.M114.594044

156. Gabrilovich, DI, and Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat Rev Immunol (2009) 9(3):162–74. doi: 10.1038/nri2506

157. Kumar, V, Patel, S, Tcyganov, E, and Gabrilovich, DI. The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenvironment. Trends Immunol (2016) 37(3):208–20. doi: 10.1016/j.it.2016.01.004

158. Fleming, V, Hu, X, Weber, R, Nagibin, V, Groth, C, Altevogt, P, et al. Targeting Myeloid-Derived Suppressor Cells to Bypass Tumor-Induced Immunosuppression. Front Immunol (2018) 9:398. doi: 10.3389/fimmu.2018.00398

159. Baert, T, Vankerckhoven, A, Riva, M, Van Hoylandt, A, Thirion, G, Holger, G, et al. Myeloid Derived Suppressor Cells: Key Drivers of Immunosuppression in Ovarian Cancer. Front Immunol (2019) 10:1273. doi: 10.3389/fimmu.2019.01273

160. Cui, TX, Kryczek, I, Zhao, L, Zhao, E, Kuick, R, Roh, MH, et al. Myeloid-derived suppressor cells enhance stemness of cancer cells by inducing microRNA101 and suppressing the corepressor CtBP2. Immunity (2013) 39(3):611–21. doi: 10.1016/j.immuni.2013.08.025

161. Okła, K, Czerwonka, A, Wawruszak, A, Bobiński, M, Bilska, R, Tarkowski, R, et al. Clinical Relevance and Immunosuppressive Pattern of Circulating and Infiltrating Subsets of Myeloid-Derived Suppressor Cells (MDSCs) in Epithelial Ovarian Cancer. Front Immunol (2019) 10:691. doi: 10.3389/fimmu.2019.00691

162. Liu, L, Wang, X, Li, X, Wu, X, Tang, M, and Wang, X. Upregulation of IGF1 by tumor-associated macrophages promotes the proliferation and migration of epithelial ovarian cancer cells. Oncol Rep (2018) 39(2):818–26. doi: 10.3892/or.2017.6148

163. Horikawa, N, Abiko, K, Matsumura, N, Hamanishi, J, Baba, T, Yamaguchi, K, et al. Expression of Vascular Endothelial Growth Factor in Ovarian Cancer Inhibits Tumor Immunity through the Accumulation of Myeloid-Derived Suppressor Cells. Clin Cancer Res (2017) 23(2):587–99. doi: 10.1158/1078-0432.CCR-16-0387

164. Huang, B, Lei, Z, Zhao, J, Gong, W, Liu, J, Chen, Z, et al. CCL2/CCR2 pathway mediates recruitment of myeloid suppressor cells to cancers. Cancer Lett (2007) 252(1):86–92. doi: 10.1016/j.canlet.2006.12.012

165. Sica, A, Saccani, A, Bottazzi, B, Bernasconi, S, Allavena, P, Gaetano, A, et al. Defective expression of the monocyte chemotactic protein-1 receptor CCR2 in macrophages associated with human ovarian carcinoma. J Immunol (2000) 164(2):733–8. doi: 10.4049/jimmunol.164.2.733

166. Chikamatsu, K, Takahashi, G, Sakakura, K, Ferrone, S, and Masuyama, K. Immunoregulatory properties of CD44+ cancer stem-like cells in squamous cell carcinoma of the head and neck. Head Neck (2011) 33(2):208–15. doi: 10.1002/hed.21420

167. Höchst, B, Schildberg, FA, Sauerborn, P, Gäbel, YA, Gevensleben, H, Goltz, D, et al. Activated human hepatic stellate cells induce myeloid derived suppressor cells from peripheral blood monocytes in a CD44-dependent fashion. J Hepatol (2013) 59(3):528–35. doi: 10.1016/j.jhep.2013.04.033

168. Nefedova, Y, Nagaraj, S, Rosenbauer, A, Muro-Cacho, C, Sebti, SM, and Gabrilovich, DI. Regulation of dendritic cell differentiation and antitumor immune response in cancer by pharmacologic-selective inhibition of the janus-activated kinase 2/signal transducers and activators of transcription 3 pathway. Cancer Res (2005) 65(20):9525–35. doi: 10.1158/0008-5472.CAN-05-0529

169. Nefedova, Y, Huang, M, Kusmartsev, S, Bhattacharya, R, Cheng, P, Salup, R, et al. Hyperactivation of STAT3 is involved in abnormal differentiation of dendritic cells in cancer. J Immunol (2004) 172(1):464–74. doi: 10.4049/jimmunol.172.1.464

170. Kortylewski, M, Kujawski, M, Wang, T, Wei, S, Zhang, S, Pilon-Thomas, S, et al. Inhibiting Stat3 signaling in the hematopoietic system elicits multicomponent antitumor immunity. Nat Med (2005) 11(12):1314–21. doi: 10.1038/nm1325

171. Panni, RZ, Sanford, DE, Belt, BA, Mitchem, JB, Worley, LA, Goetz, BD, et al. Tumor-induced STAT3 activation in monocytic myeloid-derived suppressor cells enhances stemness and mesenchymal properties in human pancreatic cancer. Cancer Immunol Immunother (2014) 63(5):513–28. doi: 10.1007/s00262-014-1527-x

172. Wu, L, Deng, Z, Peng, Y, Han, L, Liu, J, Wang, L, et al. Ascites-derived IL-6 and IL-10 synergistically expand CD14(+)HLA-DR(-/low) myeloid-derived suppressor cells in ovarian cancer patients. Oncotarget (2017) 8(44):76843–56. doi: 10.18632/oncotarget.20164

173. Nowak, M, and Klink, M. The Role of Tumor-Associated Macrophages in the Progression andChemoresistance of Ovarian Cancer. Cells (2020)9(5):1299. doi: 10.3390/cells9051299

174. Pollard, JW. Tumour-educated macrophages promote tumour progression and metastasis. Nat Rev Cancer (2004) 4(1):71–8. doi: 10.1038/nrc1256

175. Condeelis, J, and Pollard, JW. Macrophages: obligate partners for tumor cell migration, invasion, and metastasis. Cell (2006) 124(2):263–6. doi: 10.1016/j.cell.2006.01.007

176. Zhou, J, Tang, Z, Gao, S, Li, C, Feng, Y, and Zhou, X. Tumor-Associated Macrophages: Recent Insights and Therapies. Front Oncol (2020) 10:188. doi: 10.3389/fonc.2020.00188

177. Mu, X, Shi, W, Xu, Y, Xu, C, Zhao, T, Geng, B, et al. Tumor-derived lactate induces M2 macrophage polarization via the activation of the ERK/STAT3 signaling pathway in breast cancer. Cell Cycle (2018) 17(4):428–38. doi: 10.1080/15384101.2018.1444305

178. Yin, Z, Ma, T, Lin, Y, Lu, X, Zhang, C, Chen, S, et al. IL-6/STAT3 pathway intermediates M1/M2 macrophage polarization during the development of hepatocellular carcinoma. J Cell Biochem (2018) 119(11):9419–32. doi: 10.1002/jcb.27259

179. Hussain, SF, Kong, LY, Jordan, J, Conrad, C, Madden, T, Fokt, I, et al. A novel small molecule inhibitor of signal transducers and activators of transcription 3 reverses immune tolerance in malignant glioma patients. Cancer Res (2007) 67(20):9630–6. doi: 10.1158/0008-5472.CAN-07-1243

180. Zhang, M, He, Y, Sun, X, Li, Q, Wang, W, Zhao, A, et al. A high M1/M2 ratio of tumor-associated macrophages is associated with extended survival in ovarian cancer patients. J Ovarian Res (2014) 7:19. doi: 10.1186/1757-2215-7-19

181. Jeannin, P, Duluc, D, and Delneste, Y. IL-6 and leukemia-inhibitory factor are involved in the generation of tumor-associated macrophage: regulation by IFN-γ. Immunotherapy (2011) 3(4 Suppl):23–6. doi: 10.2217/imt.11.30

182. Takaishi, K, Komohara, Y, Tashiro, H, Ohtake, H, Nakagawa, T, Katabuchi, H, et al. Involvement of M2-polarized macrophages in the ascites from advanced epithelial ovarian carcinoma in tumor progression via Stat3 activation. Cancer Sci (2010) 101(10):2128–36. doi: 10.1111/j.1349-7006.2010.01652.x

183. Yin, M, Li, X, Tan, S, Zhou, HJ, Ji, W, Bellone, S, et al. Tumor-associated macrophages drive spheroid formation during early transcoelomic metastasis of ovarian cancer. J Clin Invest (2016) 126(11):4157–73. doi: 10.1172/JCI87252

184. Ning, Y, Cui, Y, Li, X, Cao, X, Chen, A, Xu, C, et al. Co-culture of ovarian cancer stem-like cells with macrophages induced SKOV3 cells stemness via IL-8/STAT3 signaling. BioMed Pharmacother (2018) 103:262–71. doi: 10.1016/j.biopha.2018.04.022

185. Zou, W. Regulatory T cells, tumour immunity and immunotherapy. Nat Rev Immunol (2006) 6(4):295–307. doi: 10.1038/nri1806

186. Curiel, TJ, Coukos, G, Zou, L, Alvarez, X, Cheng, P, Mottram, P, et al. Specific recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced survival. Nat Med (2004) 10(9):942–9. doi: 10.1038/nm1093

187. Toker, A, Nguyen, LT, Stone, SC, Yang, SYC, Katz, SR, Shaw, PA, et al. Regulatory T Cells in Ovarian Cancer Are Characterized by a Highly Activated Phenotype Distinct from that in Melanoma. Clin Cancer Res (2018) 24(22):5685–96. doi: 10.1158/1078-0432.CCR-18-0554

188. Ou, Y, Cannon, MJ, and Nakagawa, M. Regulatory T Cells in Gynecologic Cancer. MOJ Immunol (2018) 6(2):34–42. doi: 10.15406/moji.2018.06.00189

189. Landskron, J, Helland, Ø, Torgersen, KM, Aandahl, EM, Gjertsen, BT, Bjørge, L, et al. Activated regulatory and memory T-cells accumulate in malignant ascites from ovarian carcinoma patients. Cancer Immunol Immunother (2015) 64(3):337–47. doi: 10.1007/s00262-014-1636-6

190. Wolf, D, Wolf, AM, Rumpold, H, Fiegl, H, Zeimet, AG, Muller-Holzner, E, et al. The expression of the regulatory T cell-specific forkhead box transcription factor FoxP3 is associated with poor prognosis in ovarian cancer. Clin Cancer Res (2005) 11(23):8326–31. doi: 10.1158/1078-0432.CCR-05-1244

191. Liu, T, Soong, L, Liu, G, König, R, and Chopra, AK. CD44 expression positively correlates with Foxp3 expression and suppressive function of CD4+ Treg cells. Biol Direct (2009) 4:40. doi: 10.1186/1745-6150-4-40

192. Till, BG, and Press, OW. Depletion of Tregs for adoptive T-cell therapy using CD44 and CD137 as selection markers. Immunotherapy (2012) 4(5):483–5. doi: 10.2217/imt.12.33

193. Bollyky, PL, Falk, BA, Long, SA, Preisinger, A, Braun, KR, Wu, RP, et al. CD44 costimulation promotes FoxP3+ regulatory T cell persistence and function via production of IL-2, IL-10, and TGF-beta. J Immunol (2009) 183(4):2232–41. doi: 10.4049/jimmunol.0900191

194. Pallandre, JR, Brillard, E, Créhange, G, Radlovic, A, Remy-Martin, JP, Saas, P, et al. Role of STAT3 in CD4+CD25+FOXP3+ regulatory lymphocyte generation: implications in graft-versus-host disease and antitumor immunity. J Immunol (2007) 179(11):7593–604. doi: 10.4049/jimmunol.179.11.7593

195. Chaudhry, A, Rudra, D, Treuting, P, Samstein, RM, Liang, Y, Kas, A, et al. CD4+ regulatory T cells control TH17 responses in a Stat3-dependent manner. Science (2009) 326(5955):986–91. doi: 10.1126/science.1172702

196. Hossain, DM, Panda, AK, Manna, A, Mohanty, S, Bhattacharjee, P, Bhattacharyya, S, et al. FoxP3 acts as a cotranscription factor with STAT3 in tumor-induced regulatory T cells. Immunity (2013) 39(6):1057–69. doi: 10.1016/j.immuni.2013.11.005

197. Gupta, P, Chen, C, Chaluvally-Raghavan, P, and Pradeep, S. B Cells as an Immune-Regulatory Signature in OvarianCancer. Cancers (Basel) (2019) 11(7):894. doi: 10.3390/cancers11070894

198. Dong, HP, Elstrand, MB, Holth, A, Silins, I, Berner, A, Trope, CG, et al. NK- and B-cell infiltration correlates with worse outcome in metastatic ovarian carcinoma. Am J Clin Pathol (2006) 125(3):451–8. doi: 10.1309/15B66DQMFYYM78CJ

199. Wei, X, Jin, Y, Tian, Y, Zhang, H, Wu, J, Lu, W, et al. Regulatory B cells contribute to the impaired antitumor immunity in ovarian cancer patients. Tumour Biol (2016) 37(5):6581–8. doi: 10.1007/s13277-015-4538-0

200. Yang, C, Lee, H, Pal, S, Jove, V, Deng, J, Zhang, W, et al. B cells promote tumor progression via STAT3 regulated-angiogenesis. PLoS One (2013) 8(5):e64159. doi: 10.1371/journal.pone.0064159

201. Zhang, C, Xin, H, Zhang, W, Yazaki, PJ, Zhang, Z, Le, K, et al. CD5 Binds to Interleukin-6 and Induces a Feed-Forward Loop with the Transcription Factor STAT3 in B Cells to Promote Cancer. Immunity (2016) 44(4):913–23. doi: 10.1016/j.immuni.2016.04.003

202. Yang, C, Lee, H, Jove, V, Deng, J, Zhang, W, Liu, X, et al. Prognostic significance of B-cells and pSTAT3 in patients with ovarian cancer. PLoS One (2013) 8(1):e54029. doi: 10.1371/journal.pone.0054029

203. Högerkorp, CM, Bilke, S, Breslin, T, Ingvarsson, S, and Borrebaeck, CA. CD44-stimulated human B cells express transcripts specifically involved in immunomodulation and inflammation as analyzed by DNA microarrays. Blood (2003) 101(6):2307–13. doi: 10.1182/blood-2002-06-1837

204. Pavlova, NN, and Thompson, CB. The Emerging Hallmarks of Cancer Metabolism. Cell Metab (2016) 23(1):27–47. doi: 10.1016/j.cmet.2015.12.006

205. Koppenol, WH, Bounds, PL, and Dang, CV. Otto Warburg’s contributions to current concepts of cancer metabolism. Nat Rev Cancer (2011) 11(5):325–37. doi: 10.1038/nrc3038

206. Chakraborty, PK, Mustafi, SB, Xiong, X, Dwivedi, SKD, Nesin, V, Saha, S, et al. MICU1 drives glycolysis and chemoresistance in ovarian cancer. Nat Commun (2017) 8:14634. doi: 10.1038/ncomms14634

207. Tamada, M, Nagano, O, Tateyama, S, Ohmura, M, Yae, T, Ishimoto, T, et al. Modulation of glucose metabolism by CD44 contributes to antioxidant status and drug resistance in cancer cells. Cancer Res (2012) 72(6):1438–48. doi: 10.1158/0008-5472.CAN-11-3024

208. Li, W, Cohen, A, Sun, Y, Squires, J, Braas, D, Graeber, TG, et al. The Role of CD44 in Glucose Metabolism in Prostatic Small Cell Neuroendocrine Carcinoma. Mol Cancer Res (2016) 14(4):344–53. doi: 10.1158/1541-7786.MCR-15-0466

209. Ciavardelli, D, Rossi, C, Barcaroli, D, Volpe, S, Consalvo, A, Zucchelli, M, et al. Breast cancer stem cells rely on fermentative glycolysis and are sensitive to 2-deoxyglucose treatment. Cell Death Dis (2014) 5(7):e1336. doi: 10.1038/cddis.2014.285

210. Peng, F, Wang, JH, Fan, WJ, Meng, YT, Li, MM, Li, TT, et al. Glycolysis gatekeeper PDK1 reprograms breast cancer stem cells under hypoxia. Oncogene (2018) 37(8):1062–74. doi: 10.1038/onc.2017.368

211. Nam, K, Oh, S, and Shin, I. Ablation of CD44 induces glycolysis-to-oxidative phosphorylation transition via modulation of the c-Src-Akt-LKB1-AMPKα pathway. Biochem J (2016) 473(19):3013–30. doi: 10.1042/BCJ20160613

212. Ryu, D, Ryoo, IG, and Kwak, MK. Overexpression of CD44 Standard Isoform Upregulates HIF-1α Signaling in Hypoxic Breast Cancer Cells. Biomol Ther (Seoul) (2018) 26(5):487–93. doi: 10.4062/biomolther.2018.116

213. Alvero, AB, Montagna, MK, Sumi, NJ, Joo, WD, Graham, E, and Mor, G. Multiple blocks in the engagement of oxidative phosphorylation in putative ovarian cancer stem cells: implication for maintenance therapy with glycolysis inhibitors. Oncotarget (2014) 5(18):8703–15. doi: 10.18632/oncotarget.2367

214. Demaria, M, Giorgi, C, Lebiedzinska, M, Esposito, G, D'Angeli, L, Bartoli, A, et al. A STAT3-mediated metabolic switch is involved in tumour transformation and STAT3 addiction. Aging (Albany NY) (2010) 2(11):823–42. doi: 10.18632/aging.100232

215. Demaria, M, and Poli, V. PKM2, STAT3 and HIF-1α: The Warburg’s vicious circle. Jakstat (2012) 1(3):194–6. doi: 10.4161/jkst.20662

216. Sola-Penna, M, Paixão, LP, Branco, JR, Ochioni, AC, Albanese, JM, Mundim, DM, et al. Serotonin activates glycolysis and mitochondria biogenesis in human breast cancer cells through activation of the Jak1/STAT3/ERK1/2 and adenylate cyclase/PKA, respectively. Br J Cancer (2020) 122(2):194–208. doi: 10.1038/s41416-019-0640-1

217. Santos, CR, and Schulze, A. Lipid metabolism in cancer. FEBS J (2012) 279(15):2610–23. doi: 10.1111/j.1742-4658.2012.08644.x

218. Röhrig, F, and Schulze, A. The multifaceted roles of fatty acid synthesis in cancer. Nat Rev Cancer (2016) 16(11):732–49. doi: 10.1038/nrc.2016.89

219. Munir, R, Lisec, J, Swinnen, JV, and Zaidi, N. Lipid metabolism in cancer cells under metabolic stress. Br J Cancer (2019) 120(12):1090–8. doi: 10.1038/s41416-019-0451-4

220. Ladanyi, A, Mukherjee, A, Kenny, HA, Johnson, A, Mitra, AK, Sundaresan, S, et al. Adipocyte-induced CD36 expression drives ovarian cancer progression and metastasis. Oncogene (2018) 37(17):2285–301. doi: 10.1038/s41388-017-0093-z

221. Chen, RR, Yung, MMH, Xuan, Y, Zhan, S, Leung, LL, Liang, RR, et al. Targeting of lipid metabolism with a metabolic inhibitor cocktaileradicates peritoneal metastases in ovarian cancer cells. CommunBiol (2019) 2:281. doi: 10.1038/s42003-019-0508-1

222. Shao, H, Mohamed, EM, Xu, GG, Waters, M, Jing, K, Ma, Y, et al. Carnitine palmitoyltransferase 1A functions to repress FoxO transcription factors to allow cell cycle progression in ovarian cancer. Oncotarget (2016) 7(4):3832–46. doi: 10.18632/oncotarget.6757

223. Zaytseva, YY, Rychahou, PG, Gulhati, P, Elliott, VA, Mustain, WC, O'Connor, K, et al. Inhibition of fatty acid synthase attenuates CD44-associated signaling and reduces metastasis in colorectal cancer. Cancer Res (2012) 72(6):1504–17. doi: 10.1158/0008-5472.CAN-11-4057

224. Pascual, G, Avgustinova, A, Mejetta, S, Martín, M, Castellanos, A, Pascual, G, et al. Targeting metastasis-initiating cells through the fatty acid receptor CD36. Nature (2017) 541(7635):41–5. doi: 10.1038/nature20791

225. Hershey, BJ, Vazzana, R, Joppi, DL, and Havas, KM. Lipid Droplets Define a Sub-Population of Breast Cancer StemCells. J Clin Med (2019)9(1):87. doi: 10.3390/jcm9010087

226. Wang, T, Fahrmann, JF, Lee, H, Li, YJ, Tripathi, SC, Yue, C, et al. JAK/STAT3-Regulated Fatty Acid β-Oxidation Is Critical for Breast Cancer Stem Cell Self-Renewal and Chemoresistance. Cell Metab (2018) 27(1):136–50.e5. doi: 10.1016/j.cmet.2017.11.001

227. Pastò, A, Bellio, C, Pilotto, G, Ciminale, V, Silic-Benussi, M, Guzzo, G, et al. Cancer stem cells from epithelial ovarian cancer patients privilege oxidative phosphorylation, and resist glucose deprivation. Oncotarget (2014) 5(12):4305–19. doi: 10.18632/oncotarget.2010

228. Sillanpää, S, Anttila, MA, Voutilainen, K, Tammi, RH, Tammi, MI, Saarikoski, SV, et al. CD44 expression indicates favorable prognosis in epithelial ovarian cancer. Clin Cancer Res (2003) 9(14):5318–24.

229. Cannistra, SA, Abu-Jawdeh, G, Niloff, G, Strobel, T, Swanson, L, Andersen, J, et al. CD44 variant expression is a common feature of epithelial ovarian cancer: lack of association with standard prognostic factors. J Clin Oncol (1995) 13(8):1912–21. doi: 10.1200/JCO.1995.13.8.1912

230. Heider, KH, Sproll, M, Susani, S, Patzelt, E, Beaumier, P, Ostermann, E, et al. Characterization of a high-affinity monoclonal antibody specific for CD44v6 as candidate for immunotherapy of squamous cell carcinomas. Cancer Immunol Immunother (1996) 43(4):245–53. doi: 10.1007/s002620050329

231. Jin, L, Hope, KJ, Zhai, Q, Smadja-Joffe, F, and Dick, JE. Targeting of CD44 eradicates human acute myeloid leukemic stem cells. Nat Med (2006) 12(10):1167–74. doi: 10.1038/nm1483

232. Zhang, S, Wu, CC, Fecteau, JF, Cui, B, Chen, L, Zhang, L, et al. Targeting chronic lymphocytic leukemia cells with a humanized monoclonal antibody specific for CD44. Proc Natl Acad Sci U S A (2013) 110(15):6127–32. doi: 10.1073/pnas.1221841110

233. Luo, Y, and Prestwich, GD. Synthesis and selective cytotoxicity of a hyaluronic acid-antitumor bioconjugate. Bioconjug Chem (1999) 10(5):755–63. doi: 10.1021/bc9900338

234. Journo-Gershfeld, G, Kapp, D, Shamay, Y, Kopeček, J, and David, A. Hyaluronan oligomers-HPMA copolymer conjugates for targeting paclitaxel to CD44-overexpressing ovarian carcinoma. Pharm Res (2012) 29(4):1121–33. doi: 10.1007/s11095-012-0672-1

235. Hibino, S, Shibuya, M, Engbring, JA, Mochizuki, M, Nomizu, M, and Kleinman, HK. Identification of an active site on the laminin alpha5 chain globular domain that binds to CD44 and inhibits malignancy. Cancer Res (2004) 64(14):4810–6. doi: 10.1158/0008-5472.CAN-04-0129

236. Boyd, DD, Kim, SJ, Wang, H, Jones, TR, and Gallick, GE. A urokinase-derived peptide (A6) increases survival of mice bearing orthotopically grown prostate cancer and reduces lymph node metastasis. Am J Pathol (2003) 162(2):619–26. doi: 10.1016/S0002-9440(10)63855-2

237. Piotrowicz, RS, Damaj, BB, Hachicha, M, Incardona, F, Howell, SB, and Finlayson, M. A6 peptide activates CD44 adhesive activity, induces FAK and MEK phosphorylation, and inhibits the migration and metastasis of CD44-expressing cells. Mol Cancer Ther (2011) 10(11):2072–82. doi: 10.1158/1535-7163.MCT-11-0351

238. Finlayson, M. Modulation of CD44 Activity by A6-Peptide. Front Immunol (2015) 6:135. doi: 10.3389/fimmu.2015.00135

239. Chung, SS, and Vadgama, JV. Curcumin and epigallocatechin gallate inhibit the cancer stem cell phenotype via down-regulation of STAT3-NFκB signaling. Anticancer Res (2015) 35(1):39–46.

240. Li, X, Wang, H, Ding, J, Nie, S, Wang, L, Zhang, L, et al. Celastrol strongly inhibits proliferation, migration and cancer stem cell properties through suppression of Pin1 in ovarian cancer cells. Eur J Pharmacol (2019) 842:146–56. doi: 10.1016/j.ejphar.2018.10.043

241. Annett, S, Moore, G, Short, A, Marshall, A, McCrudden, C, Yakkundi, A, et al. FKBPL-based peptide, ALM201, targets angiogenesis and cancer stem cells in ovarian cancer. Br J Cancer (2020) 122(3):361–71. doi: 10.1038/s41416-019-0649-5

242. Jia, L, Zhou, J, Zhao, H, Jin, H, Lv, M, Zhao, N, et al. Corilagin sensitizes epithelial ovarian cancer to chemotherapy by inhibiting Snail−glycolysis pathways. Oncol Rep (2017) 38(4):2464–70. doi: 10.3892/or.2017.5886

243. Sonbol, MB, Ahn, DH, and Bekaii-Saab, T. Therapeutic Targeting Strategies of Cancer Stem Cells inGastrointestinal Malignancies. Biomedicines (2019)7(1):17. doi: 10.3390/biomedicines7010017

244. Beyreis, M, Gaisberger, M, Jakab, M, Neureiter, D, Helm, K, Ritter, M, et al. The Cancer Stem Cell Inhibitor Napabucasin (BBI608) Shows GeneralCytotoxicity in Biliary Tract Cancer Cells and Reduces Cancer Stem CellCharacteristics. Cancers (Basel) (2019)11(3):276. doi: 10.3390/cancers11030276

245. Tijink, BM, Buter, J, de Bree, R, Giaccone, G, Lang, MS, Staab, A, et al. A phase I dose escalation study with anti-CD44v6 bivatuzumab mertansine in patients with incurable squamous cell carcinoma of the head and neck or esophagus. Clin Cancer Res (2006) 12(20 Pt 1):6064–72. doi: 10.1158/1078-0432.CCR-06-0910

246. Riechelmann, H, Sauter, A, Golze, W, Hanft, G, Schroen, C, Hoermann, K, et al. Phase I trial with the CD44v6-targeting immunoconjugate bivatuzumab mertansine in head and neck squamous cell carcinoma. Oral Oncol (2008) 44(9):823–9. doi: 10.1016/j.oraloncology.2007.10.009

247. Gibbs, P, Clingan, PR, Ganju, V, Strickland, AH, Wong, SS, Tebbutt, NC, et al. Hyaluronan-Irinotecan improves progression-free survival in 5-fluorouracil refractory patients with metastatic colorectal cancer: a randomized phase II trial. Cancer Chemother Pharmacol (2011) 67(1):153–63. doi: 10.1007/s00280-010-1303-3

248. Alamgeer, M, Neil Watkins, D, Banakh, I, Kumar, B, Gough, DJ, Markman, B, et al. A phase IIa study of HA-irinotecan, formulation of hyaluronic acid and irinotecan targeting CD44 in extensive-stage small cell lung cancer. Invest New Drugs (2018) 36(2):288–98. doi: 10.1007/s10637-017-0555-8

249. Menke-van der Houven van Oordt, CW, Gomez-Roca, C, van Herpen, C, Coveler, AL, Mahalingam, D, Verheul, HM, et al. First-in-human phase I clinical trial of RG7356, an anti-CD44 humanized antibody, in patients with advanced, CD44-expressing solid tumors. Oncotarget (2016) 7(48):80046–58. doi: 10.18632/oncotarget.11098

250. Vey, N, Delaunay, J, Martinelli, G, Fiedler, W, Raffoux, E, Prebet, T, et al. Phase I clinical study of RG7356, an anti-CD44 humanized antibody, in patients with acute myeloid leukemia. Oncotarget (2016) 7(22):32532–42. doi: 10.18632/oncotarget.8687

251. Berkenblit, A, Matulonis, UA, Kroener, JF, Dezube, BJ, Lam, GN, Cuasay, LC, et al. A6, a urokinase plasminogen activator (uPA)-derived peptide in patients with advanced gynecologic cancer: a phase I trial. Gynecol Oncol (2005) 99(1):50–7. doi: 10.1016/j.ygyno.2005.05.023

252. Ghamande, SA, Silverman, MH, Huh, W, Behbakht, K, Ball, G, Cuasay, L, et al. A phase 2, randomized, double-blind, placebo-controlled trial of clinical activity and safety of subcutaneous A6 in women with asymptomatic CA125 progression after first-line chemotherapy of epithelial ovarian cancer. Gynecol Oncol (2008) 111(1):89–94. doi: 10.1016/j.ygyno.2009.03.012

253. Gold, MA, Brady, WE, Lankes, HA, Rose, PG, Kelley, JL, De Geest, K, et al. A phase II study of a urokinase-derived peptide (A6) in the treatment of persistent or recurrent epithelial ovarian, fallopian tube, or primary peritoneal carcinoma: a Gynecologic Oncology Group study. Gynecol Oncol (2012) 125(3):635–9. doi: 10.1016/j.ygyno.2012.03.023

254. Girda, E, Meritens, ABD, Finlayson, M, Leiser, A, Nelson, D, Silverman, MH, et al. An open-label phase 1 trial of the safety and efficacy of daily subcutaneous SPL-108 injections when used in combination with paclitaxel in patients with platinum-resistant, CD44+, advanced ovarian epithelial cancer. J Clin Oncol (2018) 36(15_suppl):TPS5608–TPS5608. doi: 10.1200/JCO.2018.36.15_suppl.TPS5608

255.Alchemia Announces Phase III Trial Results for HA-Irinotecan in Metastatic Colorectal Cancer (2014). Available at: https://www.globenewswire.com/news-release/2014/10/26/1103272/0/en/Alchemia-Announces-Phase-III-Trial-Results-for-HA-Irinotecan-in-Metastatic-Colorectal-Cancer.html.

256. Pilie, PG, Tang, C, Mills, GB, and Yap, TA. State-of-the-art strategies for targeting the DNA damage response in cancer. Nat Rev Clin Oncol (2019) 16(2):81–104. doi: 10.1038/s41571-018-0114-z

257. Noordermeer, SM, and van Attikum, H. PARP Inhibitor Resistance: A Tug-of-War in BRCA-Mutated Cells. Trends Cell Biol (2019) 29(10):820–34. doi: 10.1016/j.tcb.2019.07.008

258. Ding, L, Chen, X, Xu, X, Qian, Y, Liang, G, Yao, F, et al. PARP1 Suppresses the Transcription of PD-L1 by Poly(ADP-Ribosyl)ating STAT3. Cancer Immunol Res (2019) 7(1):136–49. doi: 10.1158/2326-6066.CIR-18-0071



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer AS declared a shared affiliation, with no collaboration, with the authors to the handling editor at the time of review.

Copyright © 2020 Martincuks, Li, Zhao, Zhang, Li, Yu and Rodriguez-Rodriguez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 07 December 2020
doi: 10.3389/fcell.2020.594528





[image: image]

The Suppression of miR-199a-3p by Promoter Methylation Contributes to Papillary Thyroid Carcinoma Aggressiveness by Targeting RAP2a and DNMT3a

Feng Wu1,2, Xiao Lin3, Su-Kang Shan2, Fuxingzi Li2, Feng Xu2, Jia-Yu Zhong2, Bei Guo2, Ming-Hui Zheng2, Yi Wang2, Zhao-Hui Mo4 and Ling-Qing Yuan2*

1Department of Pathology, The Second Xiangya Hospital, Central South University, Changsha, China

2Department of Metabolism and Endocrinology, National Clinical Research Center for Metabolic Diseases, The Second Xiangya Hospital, Central South University, Changsha, China

3Department of Radiology, The Second Xiangya Hospital, Central South University, Changsha, China

4Department of Endocrinology, The Third Xiangya Hospital, Central South University, Changsha, China

Edited by:
Antonella Zannetti, Italian National Research Council, Italy

Reviewed by:
Miriam Galvonas Jasiulionis, Federal University of São Paulo, Brazil
Federico Pio Fabrizio, IRCCS Casa Sollievo della Sofferenza Ospedale di San Pio da Pietrelcina, Italy

*Correspondence: Ling-Qing Yuan, allenylq@csu.edu.cn; allenylq@hotmail.com

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Cell and Developmental Biology

Received: 13 August 2020
Accepted: 21 October 2020
Published: 07 December 2020

Citation: Wu F, Lin X, Shan S-K, Li F, Xu F, Zhong J-Y, Guo B, Zheng M-H, Wang Y, Mo Z-H and Yuan L-Q (2020) The Suppression of miR-199a-3p by Promoter Methylation Contributes to Papillary Thyroid Carcinoma Aggressiveness by Targeting RAP2a and DNMT3a. Front. Cell Dev. Biol. 8:594528. doi: 10.3389/fcell.2020.594528

Background: It was previously demonstrated that miR-199a-3p plays an important role in tumor progression; especially, its down-regulation in papillary thyroid cancer (PTC) is associated with cancer cell invasion and proliferation. In the present report, we investigated the mechanism involved in the down-regulation of miR-199a-3p in PTC and how miR-199a-3p regulates PTC invasion both in vivo and in vitro.

Methods: qRT-PCR and Western blot assays were used to determine the expression of the investigated genes. Bisulfite sequencing PCR was used to investigate miR-199a-3p methylation. The functions of miR-199a-3p were investigated by a series of in vitro and in vivo experiments.

Results: Our results showed hypermethylation of the miR-199a-3p promoter, which resulted in decreased miR-199a-3p expression both in PTC cell lines and PTC tissues. DNA-methyltransferase 3a (DNMT3a), a target gene of miR-199a-3p, was increased both in PTC cell lines and PTC tissues, while 5-aza-2′-deoxycytidine (methyltransferase-specific inhibitor) or knock-down using DNMT3a Small-Interfering RNA could restore the expression of miR-199a-3p, and the over-expression of miR-199a-3p could decrease the expression of DNMT3a; this suggests that miR-199a-3p/DNMT3a constructs a regulatory circuit in regulating miR-199a-3p/DNMT3a expression. Moreover, gain- and loss-of-function studies revealed that miR-199a-3p is involved in cancer cell migration, invasion, and growth. Meanwhile, we found that RAP2a was also a direct target of miR-199a-3p, which might mediate the tumor-growth-inhibiting effect of miR-199a-3p. To further confirm the tumor-suppressive properties of miR-199a-3p, stable overexpression of miR-199a-3p in a PTC cell line (BCPAP cells) was xenografted to athymic BALB/c nude mice, resulting in delayed tumor growth in vivo. In clinical PTC samples, the expression of RAP2a and DNMT3a was increased significantly, and the expression of RAP2a was inversely correlated with that of miR-199a-3p.

Conclusion: Our studies demonstrate that an epigenetic change in the promoter region of miR-199a contributes to the aggressive behavior of PTC via the miR-199a-3p/DNMT3a regulatory circuit and directly targets RAP2a.

Keywords: papillary thyroid cancer, microRNA, DNA methylation, DNMT, Rap2a


INTRODUCTION

DNA methylation, which involves the translocation of a methyl group to the number 5 carbon of the cytosine ring in a CpG dinucleotide, plays a crucial role in regulating gene expression in cancer development (Raynal et al., 2012). In cancer cells, transcriptional modulation of tumor suppressor genes (TSGs) or oncogenes by DNA methylation of promoter-associated CpG islands is a hallmark of carcinogenesis (Fernandez et al., 2012). DNA methylation is mediated by several DNA-methyltransferases (DNMT), including DNMT1, DNMT3a, and DNMT3b (Jeltsch and Jurkowska, 2016). DNMT3a and DNMT3b play a role in de novo methylation, while DNMT1 is critical for the maintenance of methylation (Liao et al., 2015). Abnormal DNMT expression will result in the alteration of gene expression.

Thyroid cancer is the most common endocrine malignancy, and its incidence has increased over the past few decades (Jemal et al., 2008). The most prevalent histological subtype of thyroid cancer is papillary thyroid carcinoma, which accounts for over 80% of all thyroid cancer cases (Aschebrook-Kilfoy et al., 2013). Most PTC patients can be treated successfully by surgical resection with radioactive iodine and thyroid hormone administration. However, approximately 10–20% of patients present with recurrences and distant metastases (Randle et al., 2017). The mechanisms that regulate tumor initiation and progression have not been fully elucidated. It has been reported that miR-199a-3p plays tumor suppressor functions in the carcinogenesis of PTC (Liu et al., 2017), and miR-199a-3p was generally hypermethylated in malignant testicular tumors (Cheung et al., 2011; Gu et al., 2013; Chen et al., 2014) and ovarian cancer (Deng et al., 2017), which correlated with its down-regulation. However, the mechanism by which miR-199a is down-regulated in PTC and functions as a TSG has not been fully elucidated. Therefore, we hypothesize that aberrant DNA methylation in miR-199a is a factor in the development of PTC.

In this study, we document the general hypermethylation of miR-199a in PTC, which correlates with its down-regulation. The lower expression of miR-199a-3p resulted in an increase in PTC cell invasion and migration, while the increased expression of DNMT3a may explain the hypermethylation of miR-199a in PTC tissues and cells. Moreover, we identified DNMT3a and RAP2a as target genes of miR-199a-3p. Furthermore, 5-aza-2′-deoxycytidine (a methyltransferase-specific inhibitor) or knock-down using DNMT3a Small-Interfering RNA (siRNA) could restore the expression of miR-199a-3p, and the overexpression of miR-199a-3p could decrease the expression of DNMT3a, which suggested that the miR-199a-3p/DNMT3a construct was part of a regulatory circuit controlling miR-199a-3p/DNMT3a expression. RAP2a is a novel target of p53 and is induced upon DNA damage in a p53-dependent manner (Wu et al., 2015). RAP2a is significantly up-regulated in many types of tumors; the ectopic expression of RAP2a plays a key role in enhancing the migration and invasion ability of cancer cells (Prabakaran et al., 2011; Lee et al., 2015; Wu et al., 2015). We found that RAP2a expression was aberrantly up-regulated in PTC and inversely correlated with miR-199a-3p expression. The depletion of RAP2a suppressed cancer invasion and migration. In clinical PTC samples, the expression of RAP2a and DNMT3a was significantly increased, and the expression of RAP2a was inversely correlated with that of miR-199a-3p compared with the control. Our data imply that an epigenetic change in the promoter region of miR-199a contributes to the aggressive behavior of PTC via a regulatory circuit involving miR-199a-3p/DNMT3a and targets RAP2a directly.



MATERIALS AND METHODS


Ethics Statement

All animal and human studies were carried out under the approval and supervision of the ethics committee of the Second Xiangya Hospital, Central South University. The human study and human samples conformed to the principles outlined in the Declaration of Helsinki. Written informed consent was obtained from all participants in our experiments.



Patients and PTC Tissue Samples

A total of 60 pairs of thyroid tissues from PTC patients with lymph node metastasis and donors were obtained from the Department of Breast and Thyroid, the Second Xiangya Hospital of Central South University. The clinical characteristics of all patients and donors are shown in the Supplementary Table 1. The donors were diagnosed with benign thyroid nodule, and the PTC was diagnosed according to the WHO classification evaluated by two pathologists, and representative tumor areas and normal thyroid tissue were selected.



Cell Culture

Two human papillary thyroid carcinoma cell lines, BCPAP and KTC-1, were obtained from the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RPMI 1640 medium (Gibco BRL; Grand Island, United States) supplemented with 10% fetal bovine serum (FBS; Gibco BRL; Grand Island, United States), 1% penicillin/streptomycin (PS; Gibco BRL; Grand Island, United States), 1% non-essential amino acids (NEAA; Invitrogen 11140050), 1% Glutamax (Invitrogen 35050061), and 1% sodium pyruvate solution (Invitrogen 11360070). The human normal thyroid cell line (Nthy-ori-3-1; CellBio, Shanghai, China) was cultured in high-glucose DMEM (Sigma; St Louis, MO, United States) containing 10% FBS and 1% PS. Cells were maintained at 37°C with 5% CO2 in a humidified environment.



Isolation of DNA From Archived Tissues and Cultured Cells

Total genomic DNA was isolated from papillary thyroid carcinoma tissue samples, normal thyroid tissue samples, BCPAP cells, KTC-1 cells, and Nthy-ori-3-1 cells, by using a QIAamp DNA mini kit (Qiagen, Germany). DNA was digested and purified using an EpiTect Bisulfite kit (Qiagen, Germany). All procedures were performed according to the manufacturer’s instructions.



Methylation Analysis Using Bisulfite Genomic Sequencing PCR

Bisulfite sequencing PCR (BSP) was conducted as described previously (Lin et al., 2018). Bisulfite-treated human miR-199a containing 13 CpG sites on chromosome 1 and 33 CpG sites on chromosome 19 was amplified with the primers 199a-1-upF1 (5′-GGATATGAGATTTAAAAAAGGAG-3′) and 199a-1-upR3 (5′-CAAACAAACAAACAAACAAAAAC-3′), the primers 199a-19-upF1 (GTGTTTTTTTTTTTATTTAG) and 199a-19-upR2 (RAAAACTTCCAACCAACAAA). The amplified PCR products were purified and subcloned into the pGEM-T Easy vector (Promega, Madison, WI, United States). In total, 10 clones of experimental samples were sequenced. The percentage of methylated CpG dinucleotides was calculated to evaluate the methylation level of miR-199a-3p.



Small-Interfering RNA and miRNA Transfection

Transfections with siRNA and miRNA were performed as previously described (Peng et al., 2017). BCPAP and KTC-1 cells were seeded into a six-well plate. For the transient transfection of miR-199a-3p mimics, mimic controls, miR-199a-3p inhibitors, inhibitor controls, RAP2a siRNA oligonucleotides or scrambled siRNA controls (Gene Pharma; Shanghai, China), a combination of oligonucleotides (20 nM) and 10 μl Lipofectamine 2000 (Invitrogen; Carlsbad, CA, United States) were mixed following the manufacturer’s instructions. After 6 h of co-culture, the cells were placed in complete medium for 24 to 48 h before further assay.



Transwell Migration and Invasion Assays

Transwell migration and invasion assays were performed as described previously (Xu et al., 2020). Briefly, before cell seeding, the upper Transwell chambers (8 μm pore size; Corning Inc., Union City, CA, United States) were either coated with a Matrigel matrix or left uncoated (BD Biosciences, San Diego, CA, United States). Then, 5 × 104 transfected BCPAP or KTC-1 cells suspended in 200 μl of serum-free RMPI 1640 were added to the top of each well insert. A medium with 20% FBS was placed in the bottom wells. The cells were then allowed to migrate for 48 h at 37°C. Invasive cells, those that migrated to the lower surface of the membrane and bottom of the plate, were fixed with 10% methanol for 15 min and then stained with 1% crystal violet for 10 min. The stained cells were counted under a light microscope (Olympus, Japan). To minimize bias, at least five fields were counted under 100× magnification, and the various counts were averaged.



Colony Formation Assay

BCPAP or KTC-1 cells were transfected with miR-199a-3p mimics, mimic controls, siRAP2a, or negative control siRNA and then grown in six-well plates for 24 h. For each group, 1,000 cells were seeded in triplicate into six-well plates for 7 days, during which period the medium was not changed. Cells were then fixed with 10% methanol, stained with 1% crystal violet for 5 min and washed three times with PBS.



Plasmid Constructs and Luciferase Reporter Assay

To analyze the function of miR-199a-3p, we cloned segments of the RAP2a and DNMT3a 3′-UTR, including the predicted miR-199a-3p binding sites, into the PmeI and XbaI restriction sites of the luciferase reporter vector pmirGLO (Promega, Madison, Wisconsin), producing a wild-type RAP2a 3′-UTR (WT-RAP2a-3′-UTR) and DNMT3a 3′-UTR (WT-DNMT3a-3′-UTR). RAP2a and DNMT3a mutants of the miR-199a-3p seed regions were produced using the QuikChange Site-Directed Mutagenesis kit (Stratagene, United States) to obtain a mutant RAP2a 3′-UTR (MUT-RAP2a-3′-UTR) and a mutant DNMT3a 3′-UTR (MUT-DNMT3a-3′-UTR).

BCPAP cells were co-transfected with a luciferase reporter carrying WT-RAP2a-3′-UTR, MUT-RAP2a-3′-UTR, WT-DNMT3a-3′-UTR, or MUT-DNMT3a-3′-UTR, together with miR-199a-3p mimic or mimic control. 48 h after transfection, luciferase activities were detected using the luciferase assay system (Promega Corp. United States). The sequences of the PCR and mutagenic primers are shown in the Supplementary Table 2.



Quantitative Real-Time RT-PCR

Total RNA was extracted from cultured cells, patient sera, or human thyroid tissues by using TRIzol reagent (Invitrogen). For human thyroid tissues, the tissue was first cut into small fragments with tissue scissors, and then the TRIzol reagent was added. For the detection of mRNA, cDNA was synthesized from 1 μg of total RNA using an All-in-OneTM first-strand cDNA synthesis kit (Genecopoeia; Guangzhou, China). Then, a 25-μl reverse-transcription reaction was carried out for 10 min at 65°C, 60 min at 37°C, 5 min at 85°C, and a final hold at 4°C. Quantitative PCR (qPCR) analysis was performed with All-in-OneTM qPCR Mix (Genecopoeia; Guangzhou, China) in a LightCycler® 96 System (Roche, Indianapolis, IN, United States). For qPCR analysis, 20-μl reactions were incubated in a 96-well optical plate at 95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 62°C for 20 s, and 72°C for 15 s. Data were normalized to β-actin values. The following PCR primers used in this study were purchased from Genecopoeia: DNMT1, DNMT3a, DNMT3b, rap2a, β-actin, miR-199a-3p, miR-199a-5p, and U6 small nuclear RNA. The relative standard curve method was used to determine relative mRNA and miRNA expression. Results were expressed as fold changes relative to the corresponding controls. The qPCRs were performed in triplicate; results are presented as the mean ± SD of samples.



Western Blot Analysis

Western blotting was carried out as described previously (Lin et al., 2019; Wu et al., 2019). Briefly, the proteins from each cell layer extract were quantified using the BCA Protein kit (Beyotime Biotechnology, Shanghai, China). Protein extracts were separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, United States). Membranes were blocked with 5% non-fat milk in Tris–buffered saline for 1 h at room temperature. The membranes were incubated with primary antibodies, including anti-RAP2a (1:2,000; catalog no. NBP2-24574; Novusbio), DNMT3a (1:500; catalog no. 2160; Cell Signaling Technology), and anti-β-actin (1:3,000; catalog no. AP53385; Abgent) at 4°C overnight, followed by incubation with HRP-conjugated goat anti-rabbit (1:5,000; catalog no. sc-2004; Santa Cruz Biotechnology; RRID:AB_631746) or HRP-conjugated goat anti-mouse (1:5,000; sc-2005; Santa Cruz Biotechnology; RRID:AB_631746) secondary antibodies at 37°C for 1 h. The immunoreactive bands were visualized by using the ECL Plus Western Blot Detection kit (Amersham Biosciences United Kingdom), and densitometric quantification of band intensity from three independent experiments was carried out with the Image-Pro Plus 6.0 software. The relative expression level of the target protein was normalized to the intensity of the β-actin band.



Establishment of Stable Cell Lines and Animal Experiments

To establish the stable cell lines BCPAP-NC and BCPAP-199a-3p, BCPAP cells were infected with LV16-NC or LV16-miR-199a-3p (Gene Pharma; Shanghai, China). Selection was initiated 24 h post-transfection in the BCPAP cell line with 0.25 mg/ml puromycin. Cell suspensions of 1 × 106 cells in 100 μl of PBS were used for the subcutaneous injection of 4-week-old male athymic BALB/c nude mice. Each group contained five mice. 8 weeks later, D-luciferin was administered to each mouse by intraperitoneal injection at a dose of 150 mg/kg, and the mice were anesthetized for 5 min in a chamber with 3% isoflurane. The mice were then imaged by using a Xenogen IVIS Lumina II imaging system.



Immunohistochemical Staining

Immunohistochemical staining for rap2a was performed as previously described (Wang et al., 2017). Rap2a expression was assayed on papillary thyroid cancer (PTC) tissues (n = 5) and on histologically normal thyroids (n = 5). Slides were counterstained with hematoxylin, and images were taken with a light microscope (Olympus).



Statistical Analysis

Experimental results are presented as means ± SD, and analysis was performed with Statistical Product and Service Solutions (SPSS; Chicago, IL, United States) software (version 19.0). Comparisons of values between more than two groups were evaluated by analysis of variance (one-way ANOVA). The correlations between miR-199a-3p expression and RAP2a level were analyzed by Spearman’s rank correlation. A level of p < 0.05 was considered statistically significant. All experiments were repeated at least three times, and representative experiments are shown in the figures.



RESULTS


The miR-199a Promoter Is Hypermethylated in PTC, and miR-199a-3p Is Significantly Down-Regulated in PTC Compared With Normal Thyroid Tissue and Cells

To determine whether the levels of miR-199a-3p are down-regulated in clinical PTC samples, we used quantitative RT-PCR (qRT-PCR) to analyze RNAs from 15 paired normal thyroid tissues and PTC tissues. We found significantly lower expression of miR-199a-3p in PTC tissues compared with normal thyroid tissues (Figure 1A). These results suggested that miR-199a-3p might be a TSG. Then, we investigated the mechanism involved in miR-199a-3p down-regulation in PTC. The increased methylation of promoters is one mechanism of transcriptional silencing. We then performed bisulfite sequencing on PTC tissues and normal thyroid tissues. Our results showed that the promoter of the miR-199a-3p locus in PTC tissues was highly methylated, whereas it was hypomethylated in normal thyroid tissues (Figure 1B). DNA methylation is regulated by DNMTs, including DNMT1, DNMT3a, and DNMT3b. To investigate this regulatory mechanism involving different methylation states of the miR-199a promoter, we analyzed the expression of DNMTs in PTC and normal thyroid tissue. We found an obvious increase in the expression of DNMT3a by IHC in PTC tissues in comparison with normal thyroid tissues (Figures 1C,D). However, neither DNMT1 nor DNMT3b expression was significantly different between PTC tissues and normal thyroid tissues (Supplementary Figures 1A,B). Therefore, we performed bisulfite sequencing on two PTC cell lines, BCPAP and KTC-1, and the normal thyroid follicular cell line Nthy-ori-3-1. The promoter of the miR-199a locus in both cancer lines was highly methylated, whereas it was hypomethylated in the non-cancerous thyroid cell line (Figure 1E). To further confirm that aberrant methylation of miR-199a is related to miR-199a-3p expression, we measured its expression by qRT-PCR. In comparison with Nthy-ori-3-1, the expression of miR-199a-3p was significantly down-regulated in PTC cell lines (Figure 1F). We also observed a significant up-regulation of DNMT3a in BCPAP cells and KTC-1 cells when compared with normal Nthy-ori-3-1 thyroid follicular cells (Figures 1G,H). To explore whether DNMT3a plays a central role in regulating the expression of miR-199a-3p, we transfected DNMT3a siRNA into BCPAP cells to knock down the expression of DNMT3a. The inhibitory efficiency of siDNMT3a was verified by Western blotting (Figure 1I) and qRT-PCR (Figure 1J). The transfection of BCPAP cells with siDNMT3a remarkably decreased the methylation level of BCPAP cells (Figure 1K). Then, we found that knocking down the expression of DNMT3a significantly down-regulated the expression of miR-199a-3p (Figure 1L). Moreover, the treatment of BCPAP cells with 5-aza-2′-deoxycytidine (methyltransferase-specific inhibitor) remarkably decreased the methylation level of BCPAP cells (Figure 1M) and increased the expression level of miR-199a-3p (Figure 1N). These results indicate that increasing the expression of DNMT3a leads to the hypermethylation of miR-199a-3p, which results in the decreased expression of miR-199a-3p in PTC tissues and cell lines.
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FIGURE 1. The miR-199a promoter is hypermethylated in papillary thyroid cancer (PTC), and miR-199a-3p is significantly down-regulated in PTC compared with normal thyroid tissue and cells. (A) qRT-PCR showing the expression of miR-199a-3p in non-cancerous thyroid tissues and PTC tissues. n = 15. (B) A schematic illustration of the location of CpG islands upstream of miR-199a-3p DNA isolated from non-cancerous thyroid tissues or PTC tissues. (C) The expression of DNMT3a was assayed by immunohistochemistry staining. (D) A proportion of the positive cells in (C) were analyzed. (E) A schematic illustration of the location of CpG islands upstream of miR-199a-3p DNA isolated from Nthy-ori-3-1, BCPAP, or KTC-1 cell lines. (F) qRT-PCR showing the expression of miR-199a-3p in Nthy-ori-3-1, BCPAP, or KTC-1 cell lines. (G,H) The expression of DNMT3a was assayed by qRT-PCR and Western blot analysis in Nthy-ori-3-1, BCPAP, or KTC-1 cell lines. (I) Western blot analysis showed that DNMT3a was knocked down successfully by DNMT3a siRNA. (J) qRT-PCR showing that the expression of DNMT3a was knocked down successfully by DNMT3a siRNA. (K) A schematic illustration of the location of CpG islands upstream of miR-199a-3p DNA isolated from KTC-1 cells treated with or without siDNMT3a. (L) qRT-PCR showing the expression of miR-199a-3p in KTC cells with DNMT3a knocked down. (M) A schematic illustration of the location of CpG islands upstream of miR-199a-3p DNA isolated from KTC-1 cells treated with or without 5-aza (10 μmol/L). (N) qRT-PCR showing the expression of miR-199a-3p in KTC cells treated with or without 5-aza. Data are presented as mean ± S.D. from triplicate experiments. *<0.05. Bars = 200 μm.




Expression of miR-199a-3p Suppresses Cancer Migration, Invasion, and Cell Growth in vitro

To study the function of miR-199a-3p in PTC, we overexpressed miR-199a-3p in BCPAP cells with miR-199a-3p mimics and inhibit miR-199a-3p in BCPAP cells with miR-199a-3p inhibitors (Figure 2A). We found that miR-199a-3p mimics markedly attenuated BCPAP cell proliferation compared with the control group through a CCK-8 proliferation assay (Figure 2B) and a colony formation assay (Figures 2C,D). We also found that miR-199a-3p mimics inhibited invasion (Figures 2E,F) and migration (Figures 2G,H), while miR-199a-3p inhibitors stimulated invasion (Figures 2E,F) and migration (Figures 2G,H) in BCPAP cells compared with the control group. These observations suggest that miR-199a-3p can suppress the proliferation, migration, and invasion of PTC cells in vitro.
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FIGURE 2. Expression of miR-199a-3p suppresses cancer cell migration, invasion and growth in vitro. (A) BCPAP cells were transfected with miR-199a-3p mimics, mimic controls, miR-199a-3p inhibitors or inhibitor controls, and subjected to qRT-PCR analysis of miR-199a-3p. (B) BCPAP cells were transfected with miR-199a-3p mimics, mimic controls, miR-199a-3p inhibitors or inhibitor controls, and subjected to a cell viability assay. (C) BCPAP cells were transfected with either miR-199a-3p mimics or mimic controls for 24 h, and 1,000 cells were seeded into six-well plates for 7 days to assay colony formation ability. (D) The colonies were counted, and the results were presented as mean ± S.D. from three individual experiments. (E) miR-199a-3p mimics inhibited, while miR-199a-3p inhibitors increased invasion ability of BCPAP. (F) The number of invasive cells was counted, and the results were presented as mean ± S.D. from three individual experiments. (G) miR-199a-3p mimics inhibited, while miR-199a-3p inhibitors increased the migration ability of BCPAP. (H) The number of migrated cells was counted, and the results were presented as mean ± S.D. from three individual experiments. *p < 0.05. Bars = 200 μm.




DNMT3a and RAP2a Are Direct Targets of miR-199a-3p

To explore the downstream mechanism of miR-199a-3p in PTC cells, the computational algorithm TargetScan was used to search for potential miR-199a-3p target genes. Interestingly, the results showed that miR-199a-3p was predicted to have a potential miRNA binding site in the 3′-UTR of RAP2a mRNA and DNMT3a mRNA (Figures 3A,B). To confirm that RAP2a and DNMT3a are direct targets of miR-199a-3p, we conducted a reporter assay using the luciferase reporter plasmid containing the wild type (WT) and mutated (MT) RAP2a 3′-UTR with the miR-199a-3p binding site. Transfection with miR-199a-3p mimics inhibited the luciferase activity of the WT RAP2a 3′-UTR, but the inhibitory ability of mutant RAP2a 3′-UTR vectors was compromised (Figure 3C). We also conducted a reporter assay using the luciferase reporter plasmid containing the WT and MT DNMT3a 3′-UTR with the miR-199a-3p binding site. Transfection with miR-199a-3p mimics inhibited the luciferase activity of the WT DNMT3a 3′-UTR, but the inhibitory ability was compromised for mutant DNMT3a 3′-UTR vectors (Figure 3D). We transfected miR-199a-3p mimics into BCPAP cells and found that miR-199a-3p mimics reduced RAP2a and DNMT3a protein levels (Figure 3E), while the miR-199a-3p inhibitor increased its protein levels. These results suggest that miR-199a-3p directly recognizes the 3′-UTR of RAP2a and DNMT3a, and thereby inhibits their translation.
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FIGURE 3. RAP2a and DNMT3a are the direct targets of miR-199a-3p. (A) Schematic of the putative miR-199a-3p target site in the human RAP2a 3′-UTR. (B) Schematic of the putative miR-199a-3p target site in the human DNMT3a 3′-UTR. (C) KTC-1 cells were co-transfected with the luciferase reporter carrying the WT-RAP2a-3′-UTR or MUT- RAP2a -3′-UTR, and miR-199a-3p or control miR mimics. Firefly luciferase values obtained 48 h after transfection and normalized to Renilla luciferase are presented. (D) BCPAP cells were co-transfected with the luciferase reporter carrying WT-DNMT3a-3′-UTR or MUT- DNMT3a-3′-UTR, and miR-199a-3p or control miR mimics. Firefly luciferase values obtained 48 h after transfection and normalized to Renilla luciferase are presented. (E) RAP2a and DNMT3a protein levels obtained by Western blot analysis (30 μg of protein was used for each Western blot performed) were tested 2 days after BCPAP cells were transfected with miR-199a-3p mimics, mimic controls, miR-199a-3p inhibitors, or inhibitor controls. *p < 0.05.




RAP2a Promotes Cancer Cell Migration, Invasion, and Growth

To further confirm that RAP2a plays a central role in regulating cancer progression, we transfected siRAP2a into BCPAP cells to knock down the expression of RAP2a. Of the three independent small interfering RAP2a sequences we designed, Western blot analysis showed that only the third siRAP2a could successfully knock down the expression of RAP2a (Figure 4A). Therefore, we chose the third siRAP2a for further study. We found that siRAP2a transfection inhibited the in vitro migration potential of BCPAP cells compared with the control group (Figures 4B,C). Moreover, siRAP2a transfection inhibited the invasive potential of BCPAP cells compared with the control group in vitro (Figures 4D,E). We also noticed that siRAP2a transfection markedly attenuated BCPAP cell proliferation compared with the control group through a colony formation assay (Figures 4F,G). Furthermore, we examined RAP2a protein expression levels (Figure 4H) and the relationship between RAP2a expression and miR-199a-3p expression levels (Figure 4I) by analyzing PTC tissue specimens, as well as normal thyroid tissues. The strong positive expression of RAP2a was identified in PTC tissues, but only weak staining was observed in normal thyroid tissues (Figure 4H). In contrast, miR-199a-3p was identified as highly expressed in normal thyroid tissues, and much lower expression was detected in PTC tissues (Figure 4I). When the samples were grouped according to RAP2a intensity, in these 60 patients’ specimens, we found that the Spearman’s rank correlation test showed a negative correlation between the RAP2a level and miR-199a-3p (Figure 4J). These results indicated that miR-199a-3p has tumor suppressor functions, and that RAP2a might be a tumor-promoting gene in PTC.
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FIGURE 4. Rap2a promotes cancer cell migration, invasion, and growth. (A) The inhibitory efficiency of siRNAs targeting RAP2a was verified by western blotting. (B) Migration of BCPAP cells was tested by using the Transwell migration assay. (C) Quantitative analysis of the migrated cells in (B). n = 3 per group. (D) The invasiveness of BCPAP cells was tested by using the Transwell invasion assay. (E) Quantitative analysis of the invasive cells in (D). n = 3 per group. (F) BCPAP cells were transfected with either negative control or siRAP2a for 24 h, and 1,000 cells were seeded into six-well plates for 7 days to assay colony-formation ability. (G) The colonies were counted, and the results are presented as mean ± S.D. from three individual experiments. (H) The expression of RAP2a in non-cancerous thyroid tissues and PTC tissues was assayed by immunohistochemistry staining. (I) qRT-PCR showing the expression of miR-199a-3p in non-cancerous thyroid tissues and PTC tissues. n = 60. (J) Scatter plots of miR-199a-3p expression against the RAP2a level. *p < 0.05. Bars = 200 μm.




MiR-199a-3p Suppresses Cancer Development in a Mouse Xenograft Model

To further confirm the tumor suppressive properties of miR-199a-3p, we used a xenograft animal model to study its function in vivo. We induced the constitutive expression of miR-199a-3p and luciferase in cancer cells with lentivirus. Cells expressing miR-199a-3p were selected by puromycin. These cells (BCPAP-LV-miR-199a-3p) demonstrated a greater than 200-fold increase in miR-199a-3p expression (Figure 5A) when compared with vector-infected control cells (BCPAP-LV-NC). Then, equal numbers of BCPAP-LV-miR-199a-3p and BCPAP-LV-NC cells were subcutaneously injected into the left flank of athymic nude mice (n = 10 for each group). Mice were sacrificed 56 days after implantation; the size of the tumor was then examined using the Xenogen IVIS imaging system. High luciferase activity was observed in the left flanks of mice that received cells transfected with the control virus, whereas significant reductions in luciferase activity (Figure 5B) and average tumor size (Figure 5C) were observed in the LV-miR-199a-3p group. The tumors were resected and processed for immunohistochemical staining; the results revealed that treatment with the LV-miR-199a-3p construct resulted in the decreased expression of RAP2a and DNMT3a in tumor tissues (Figure 5D). These results indicate that miR-199a-3p suppresses the proliferation of BCPAP cells through the targeting of RAP2a and DNMT3a in vivo.
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FIGURE 5. MiR-199a-3p suppresses cancer development in a mouse xenograft model. (A) BCPAP cells were infected with LV-NC or LV-miR-199a-3p and subjected to qRT-PCR analysis of miR-199a-3p. (B) Representative images from IVIS imaging. (C) Tumor volume assessment by digital caliper every 4 days shows that tumor growth in the LV-miR-199a-3p group is much slower than that in the control group. (D) The expression of RAP2a and DNMT3a was assayed by immunohistochemistry staining of mouse xenograft tissues. (E) A proposed model of the miR-199a-3p/DNMT3a/RAP2a regulatory circuit involved in the proliferation, migration, and invasion of PTC. *p < 0.05. Bars = 200 μm.




DISCUSSION

In the present study, we describe the significant down-regulation of miR-199a-3p in PTC, both in primary PTC tissue and cell lines, and its action as a TSG during carcinogenesis. Most interestingly, we found that DNMT3a and RAP2a were target genes of miR-199a-3p, and that the methylation level of miR-199a-3p was regulated by DNMT3a, which implicated the miR-199a-3p/DNMT3a construct in a regulatory circuit controlling miR-199a-3p/DNMT3a expression. Meanwhile, RAP2a plays a key role in PTC cell migration, invasion, and growth. In clinical samples, RAP2a and DNMT3a were significantly overexpressed in PTC, and the expression of RAP2a was inversely correlated with the expression of miR-199a-3p. Our in vivo experiment further confirmed that miR-199a-3p suppresses cancer development in a mouse xenograft model. Therefore, our results revealed that an epigenetic change in the promoter region of miR-199a contributes to the aggressive behavior of PTC via the miR-199a-3p/DNMT3a regulatory circuit and direct targeting of RAP2a (Figure 5E).

Epigenetic modification, including DNA methylation, histone modification, acetylation and ncRNAs, is a mechanism for the regulation of gene expression (Baylin and Ohm, 2006). Recently, miR-199a was reported to be linked to some aggressive tumor types, such as gastric cancer (Ueda et al., 2010), bladder cancer (Ichimi et al., 2009), uveal melanoma (Yin et al., 2010), ovarian cancer (Iorio et al., 2007; Chen et al., 2008; Nam et al., 2008), and malignant testicular tumors (Cheung et al., 2011). MiR-199a-3p has also been reported as a tumor suppresser gene in PTC (Liu et al., 2017); however, the underlying mechanisms remain unclear. The antiproliferative and anti-invasive properties of miR-199a-3p demonstrated in this study further support the tumor suppressive role of this miRNA.

Interestingly, previous findings suggested that hypermethylation-dependent silencing of miR-199a-3p directly regulates the expression of DDR1 in ovarian cancer (Deng et al., 2017). Moreover, the enhancement of miR-199a methylation results in the down-regulation of miR-199a-3p, and miR-199a-3p inhibits aurora kinase A and attenuates xenograft tumor growth in prostate cancer (Qu et al., 2014). Loci of miR-199a were identified on two different chromosomes, Chr 1 and Chr 19. A CpG-rich region was identified upstream of the transcription start site of the miR-199a gene at both loci. Both miR-199a-3p and miR-199a-5p are derived from the same precursor RNA, but only miR-199a-3p was identified as being down-regulated in papillary thyroid carcinoma and correlated with its metastasis. The reason why only one miRNA is correlated with PTC malignancy is not clear, but it is possibly due to the differential stability of the mature miRNA molecules. Therefore, epigenetic mechanisms may act to regulate miR-199a expression in PTC. In this study, we used qRT-PCR to assay miR-199a-3p expression levels in PTC tissues and non-cancerous thyroid tissues. We found that miR-199a-3p was significantly down-regulated in PTC tissues when compared with non-cancerous thyroid tissues. We also showed that miR-199a-3p is hypermethylated in PTC tissues compared with non-cancerous thyroid tissues. Then, we used immunohistochemistry to assay the expression levels of the DNA-methyltransferases DNMT1, DNMT3a, and DNMT3b, which lead to hypermethylation, in PTC tissues and non-cancerous thyroid tissues. We found that DNMT3a, but not DNMT1 or DNMT3b, was significantly up-regulated in PTC tissues compared with non-cancerous thyroid tissues. Therefore, we further doubt that DNA hypermethylation leads to the down-regulation of miR-199a-3p expression. Next, we found that miR-199a is hypermethylated in PTC cell lines, accompanied by the increased expression of DNMT3a. Knocking down DNMT3a significantly decreased the methylation level of miR-199a; moreover, treatment of the PTC cell line with 5-aza remarkably decreased the methylation level of miR-199a. Thus, we confirmed that DNMT3a results in DNA hypermethylation, leading to the down-regulated expression of miR-199a-3p.

Subsequently, we found that decreasing the expression of miR-199a-3p caused high ectopic expression of RAP2a and DNMT3a in PTC. Bioinformatics analysis revealed a potential target site at the 3′-UTR of RAP2a and DNMT3a mRNA, which was targeted by miR-199a-3p. DNMT3a, as a crucial regulator of methylation, mediates the epigenetic silencing of TSGs and contributes to cancer progression (Chen and Chan, 2014). Previous evidence showed that DNMT3a was a target of miR-199a-3p in testicular cancer (Chen et al., 2014). Our previous study also reported that DNMT3a was a direct target of miR-204, and DNMT3a was responsible for the hypermethylation of miR-204 in the process of HA-VSMC calcification (Lin et al., 2018). In the current study, we confirmed that DNMT3a showed up-regulation in PTC tissues in comparison with normal thyroid tissues and that miR-199a-3p mimics could reduce the expression level of DNMT3a in PTC cell lines. While the suppression of miR-199a-3p significantly up-regulated DNMT3a expression levels in PTC cells, these observations suggest an epigenetic regulatory role for miR-199a-3p in PTC. Because of promoter hypermethylation, a reduction in miR-199a-3p expression induces the up-regulation of DNMT3a, which in turn enhances hypermethylation. Thus, a positive feedback loop may play a critical role in maintaining hypermethylation status and the silencing of miR-199a-3p in PTC. Moreover, we identified RAP2a as another target of miR-199a-3p. RAP2a belongs to the Ras-related small GTP-binding protein superfamily, which has been reported to affect tissue invasiveness and metastasis in many human cancers (Prabakaran et al., 2011; Wu et al., 2015). Although limited studies have suggested that RAP2a can stimulate cell growth in androgen-dependent LNCaP human prostate cancer cells (Bigler et al., 2007), and that the high expression of RAP2a has a potential relationship with advanced primary tumor status and advanced TNM stage in nasopharyngeal cancer (Lee et al., 2015), another RAP protein, RAP1, which has a structural similarity to the closely related RAP2, has been found in various human cancers and cell lines, such as pancreatic cancer (Zhang et al., 2006), prostate cancer (Bailey et al., 2009), colon cancer (Tsygankova et al., 2010), and squamous cell carcinoma of the head and neck (Chen et al., 2013). Another study found that RAP2a inhibits glioma cell migration and invasion by down-regulating p-AKT (Wang et al., 2014). To explain these diverse findings, we knocked down RAP2a in PTC cells and found that the silencing of RAP2a inhibits proliferation, migration, and invasion in these cells. Moreover, RAP2a was identified as highly expressed in PTC tissues, and much lower expression was detected in non-cancerous thyroid tissues. Furthermore, we found a negative correlation between RAP2a levels and miR-199a-3p in patient specimens. These results suggest that RAP2a might be a tumor-promoting gene in PTC, but more basic functional studies are needed to clarify the regulatory role of RAP2a in PTC progression in vivo.

We also used a nude mouse xenograft model to confirm that miR-199a-3p could suppress PTC cell proliferation and tumor volume in vivo. Immunohistochemistry staining showed that the expression of RAP2a and DMNT3a was decreased in a xenograft model with miR-199a-3p overexpression, which suggests that both RAP2a and DMNT3a were targets of miR-199a-3p, and RAP2a and DMNT3a participate in the tumor suppression effect of miR-199a-3p.

In conclusion, our data revealed that the low expression of miR-199a-3p is associated with DNA methylation of its promoter in thyroid cancer. MiR-199a-3p could target DNMT3a and RAP2a, and the miR-199a-3p/DNMT3a regulatory circuit caused the accelerated methylation of miR-199a-3p, the down-regulation of miR-199a-3p, and the up-regulation of RAP2a. Therefore, more investigations are needed to explore the potential role of miR-199a-3p and RAP2a as novel therapeutic targets of PTC.
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Reports indicate that most metastatic ovarian cancer (MOC) originates from gastrointestinal cancer (GIC). Notably, GICs metastasize to the ovary frequently via 3 main routes including hematogenous spread, lymphogenous spread, and transcoelomic spread. Nonetheless, the mechanism of the progression remains unknown, and only a handful of literature exists on the molecular alteration implicated in MOC from GIC. This work collected existing evidence and literature on the vital molecules of the metastatic pathway and systematically analyzed them geared toward exploring the mechanism of the metastatic pathway of MOC. Further, this review described dominating molecular alteration in the metastatic process from cancer cells detaching away from lesions to arrive at the ovary, including factors for regulating signaling pathways in epithelial-interstitial transformation, invading, and surviving in the circulatory system or abdominal cavity. We interrogated the basis of the ovary as a distant metastatic site. This article provides new insights into the metastatic pathway and generates novel therapeutic targets for effective treatment and satisfactory outcomes in GIC patients.
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Introduction

Ovarian carcinoma is one of the most prevalent cancers among the female population, and the second leading lethal cause of gynecologic malignancies  (1). Metastatic ovarian cancer (MOC) accounts for up to 2.3% to 23.7% of all malignant ovarian cancers that are usually transferred from different organs (2, 3). A recent statistic study in Japan discovered that MOC frequently originates from the gastrointestinal (GI) tract (71%), followed by the appendix (8%), breast (6%), and pancreas (4%) (4). MOC is unique compared to other gynecologic malignancies with non-obvious symptoms when it is in the early stages (an abdominal mass and/or fullness is the common symptom) and no special findings detected via imaging analysis (5). MOC from GIC develops rapidly and often affects young women with obvious symptoms developing in the later stage. Meanwhile, it is relatively chemoresistant (6). Because of better prognosis, many researchers recommend surgery and hyperthermic intraperitoneal chemotherapy (HIPEC) as therapeutic interventions; however, the median survival period ranges only from 19 to 27 months. Recurrence and distant metastasis still exist after the detection (7). As such, it is necessary to investigate the mechanism of MOC from GIC for improving the survival rate and quality of life among the patients.

Researchers have fronted various speculations on how GIC metastasizes to the ovary, notably, transcoelomic spread is the most classic because of the coincidence with peritoneal metastasis. Scholars further reveal that the cancer cells first penetrate the serosa layer, fall off into the abdominal cavity or ascites, and eventually implant into the ovarian envelope by peristalsis of intestine and gravity. Nevertheless, this hypothesis remains unconvincing to the clinicians since the infiltration depth of the GIC did not reach the serous layer. Besides, MOC were located in the ovarian stroma rather than on the surface of the ovary, and the capsule was intact in part of MOC patients from GIC. Notably, accumulating evidence recommend hematogenous spread and lymphogenous spread. For instance, Yamanishi Y et al. revealed that hematogenous spread is the prominent pathway in MOC from colorectal cancer (CRC) due to 67% of MOC patients from CRC with vascular invasion (8). However, other scholars insisted that it frequently disseminates via lymphogenous pathway with the existence of mucosal and submucosal lymphatic plexus. Additionally, GIC infiltrates retroperitoneal lymph nodes, which trigger lymphatic obstruction, then lymphatic reflux in the ovaries (9). The combination of these metastatic routes appears to occur in various situations, particularly in advanced GIC (8).

While acknowledging the progress made in the mechanism of metastasis, information on the MOC remains scant. The mechanism of tumor cells detaching from the primary site into the circulation, surviving in the circulatory system or abdominal cavity, and invading and growing in the ovary have always been elusive to the clinicians and the research of the tumor. Therefore, a better understanding of the metastatic process vitally contributes to effectively treating MOC from GIC. Here, we review existing studies to explore the potential metastatic pathway and molecular alterations of MOC from GIC.



Cell Detachment

Different metastatic pathways have the same initiate—cell detachment. First, GIC cells detach from primary cancer and then invade into the surrounding tumor-associated stroma. While the mechanisms of detachment remain unclear, this process is widely thought to occur due to altered cell adhesion. In recent years, integrins, as transmembrane glycoproteins, have attracted increasing attention due to their roles in mediating adhesion between the actin cytoskeleton and specific extracellular matrix ligands (10). Integrin α2β1 has been reported to be implicated in the GIC metastasis process (11). Wu et al. reported higher expression of integrin α2β1 in patients with metastasis after detecting the expression of integrin α2β1 both in the GIC patients with or without metastasis. Further, they knocked down the integrin β1 in HCT 116 cells and found that the ability of migration and invasion of these cells was lower compared to the wild type HCT 116 cells both in vitro and in vivo. This confirms that integrin α2β1 is vital in CIG metastasis and designed that integrin α2β1 might be an innovative strategy for GIC therapy (11). Additionally, matrix metalloproteinases (MMPs) including meprin α and meprin β abundantly located in intestinal enterocytes are key in cell detachment. Meprin α was earliest discovered in the CRC cell line Caco-2 (12). It promotes the epidermal growth factor receptor/mitogen-activated protein kinase (EGFR/MAPK) signaling pathway by dividing into epidermal growth factor (EGF) and transforming growth factor α (TGFα). As a result, it induces the proliferation and migration of Caco-2 cells (13). Notably, the epithelial adhesion protein E-cadherin is a substrate of meprin β. Downregulated meprin β induces separating E-cadherin and cancer cells detaching from cancer  (14). Recent studies have demonstrated that upregulated expression of MMP-2, MMP-7, MMP-9, and MT1-MMP trigger GIC metastasizing to distant organs (15–17). As such, regardless of the route the tumor cells enter the stroma, there is a significant opportunity for subsequent metastasis.



Metastatic Route


Hematogenous Spread

Other researchers agree that the hematogenous spread is the primary mechanism of GIC metastasis to the ovary (18–20). Further evidence reveals that (a) the ovary is rich in blood vessels with frequent cancer embolus and (b) MOC from GI are usually detected in young women. Yibin Cai et al. analyzed 154 patients with MOC from GIC and concluded 43.5 years as the median age of onset, and the patients were premenopausal. Patients younger than 50 years old had independent risk factors (21); (c) 87.4% MOC with a primary tumor of the GI tract had bilateral involvement of the ovaries (22).

In hematogenous metastases, GIC cells invade into the blood vessel. On one hand, a few molecules promote GIC cells to cross the microvessels. A recent study showed that E-cadherin effects via Wnt signaling, Rho GTPases, and epidermal growth factor receptor (EGFR) in the process (23). On the other hand, MOC was promoted by growing new cancer blood vessels from the existing vascular network, thereby expanding the contact area of the cancer blood vessel system, and forming vessels that are inadequate in both morphology and function. Recent studies indicated that the lumen of tumor blood vessels is partly composed of cancer cells (24). However, the new cancer blood vessel is tortuous and easy to leak, and it can continuously restructure their morphology (25). In hypoxia, c-Myc represses miR-15-16, which induces angiogenesis and distant metastasis of solid tumors by downregulating fibroblast growth factor 2 (FGF2) in the Wnt pathway (26). Notably, MALAT1 belongs to long non-coding RNAs (lncRNAs), which play critical roles in the hematogenous spread of GIC (27). Based on Li et al., MALAT1 induces angiogenesis by increasing the expression of β-catenin and E-cadherin as well as through the ERK/MMP and FAK/paxillin signaling pathways (28). Also, MALAT1 altering angiogenesis was associated with miR-126, which is an intron of the EGFL7 gene. MALAT1 cooperates with miR-126, altering the acetylation level of H3 histone in the EGFL7 promoter region to boost the EGFL7 expression level and hence promote the hematogenous spread of GIC (29, 30). Wang et al. established that the lncRNA UCA1 increases the degradation of GRK2 via Cbl-c-mediated ubiquitination following the activation of the ERK-MMP9 pathway, which might be involved in vascularization (31). YUUKI IIDA et al. revealed the expression of PS-PLA1 is associated with GIC hematogenous spread. The potential way might be that PS-PLA1 stimulates the PTX-sensitive and Ki16425-sensitive cell surface receptors (32). Importantly, vascular endothelial growth factor (VEGF) enhances angiogenesis. VEGF-A, VEGF-B, and placental growth factor (PIGF) stimulate blood vessel growth by binding to VEGFR-1. A research reviewed 91 GIC tissue including non-metastasis, lymphogenous spread, and hematogenous spread to explore the role of VEGF-B in metastasis. The results showed that VEGF-B exist both in endothelial and tumor cells regardless of the metastatic status. Over-expression of VEGF-B was implicated in hematogenous spread (p=0.006) (33). Morever, VEGF was dramatically associated with the progression and hematogenous metastasis of GIC (34).



Lymphogenous Spread

Notably, lymphogenous spread is another prominent pathway for GIC (35, 36). One study showed that MOC is related to retroperitoneal lymph node relapses. They reviewed 105 CRC patients with PM who underwent CRS plus intraperitoneal chemotherapy and found retroperitoneal lymph node relapses in 19 patients including 18 with OM and 1 without OM (p=0.001). Only 1% of CRC patients after surgery had retroperitoneal lymph node recurrence, but it accounts for 29% of CRC patients with OM in this study. OM is the only predictive factor for retroperitoneal relapse (p=0.0012) (37).

Of note, the nature of lymphatic vessels is easier for metastasis compared to blood vessels. The inter-endothelial junction is not tight with no basement membrane around the lymphatic vessels (38). Furthermore, lymphatic vessels provide more appropriate flow velocity and shear stress for survival of GIC than the bloodstream. Another explanation is the anatomy. Lymphogenous spread exists at the early stages of GIC due to the rich lymphatic plexus (38). The urogenital lymph vessel tract generates the receptaculum chyli via the lumbar trunks. The receptaculum chyli joins intestinal trunks, to which the gastric, hepatic, pancreaticolienal, and mesenteric (superior mesenteric and mesocolic) nodes are connected via celiac lymph nodes. With the short distance between the receptaculum chyli and the gastric nodes, it is effortless for the metastasis of GC cells to the urogenital lymph vessel trunks, which provide the ovaries (8). Moreover, GIC cells probably obstruct lymphatic vessels then the countercurrent of the cancer cell flow into the ovaries occurs.

Due to the absence of appropriate molecular markers, the exact mechanism of lymphogenous spread remains unknown (39). In recent studies on lymphogenous spread, VEGF-C and VEGF-D are widely used because of their abundance in intratumoral lymphatic vessels. Additionally, VEGF-C and VEGF-D belong to the VEGF family and stimulate the growth and migration of lymphatic vessels via VEGFR-3, which expresses in lymphatic endothelial cells (40). Theoretically, VEGF-C and VEGF-D are likely to promote metastasis in 3 mechanisms, i.e. (1), enlarging the surface area where cancer cells contact the lymphatic endothelium (2); facilitating vascular permeability; and/or (3) changing the adhesive properties or cytokine/chemokine expression of the lymphatic endothelium. Moreover, the factors mentioned above change the cancer interstitial fluid pressure, which determines cancer cell seeding. Noteworthy, lymphogenous spread is enhanced by attracting CCR7-positive tumor cells to secondary lymphoid tissue chemokine (SLC)-expressing lymphatic endothelium (41). One hypothesis suggested that cancer cells limited to grow in certain space cause mechanical stress to compress the newly formed lymphatic channels inside the cancer, whereas, at the periphery, lymphatics are wider due to excess VEGF-C. Enlarged lymphatics probably gather interstitial fluid and metastatic cancer cells, which “ooze” from the cancer surface to promote lymphatic metastasis. Functional lymphatics within cancers is less or absent, and thus it does not merely result in interstitial hypertension, but hinders the delivery of therapeutic agents (42). It is also likely that lncRNA, C21orF96 lead to lymphogenous spread of GIC. Yang et al. found that C21orF96 was upregulated in positive lymph node tissues and GIC compared to normal tissues. C21orF96 elevated lymphangiogenesis of GIC by increasing the formation of tubulars, intersecting nodes, and the length of the tubes in human umbilical vein endothelial cells (HUVECs) (43).

Of note, podoplanin is a novel molecule in cancer research. It is a small mucin-type transmembrane glycoprotein highly expressed in mouse colon adenocarcinoma. Raica M et al. revealed that overexpression of podoplanin in cancer cells was prone to invade and metastasize because podoplanin is implicated in poor clinical outcome of patients (44). According to Leah N. Cueni et al., podoplanin does not promote the growth of cancer but readily facilitates the movement of cancer cells to other sites. They claimed that the expression of podoplanin is mediated by the molecules that existed in the tumor stroma, including endothelin-1, villin-1, and tenascin-C. Interestingly, podoplanin-positive cancer cell also overexpresses endothelin-1 (ET-1), a promoter of lymphangiogenesis, which supposedly functions by combining ENDRB that expresses on endothelial cells. The serum levels of ET-1 significantly rose in patients with lymphogenous metastasis compared to patients without lymphogenous involvement (45).



Transcoelomic Spread

Transcoelomic spread is considered as a passive process. There is a natural flow in peritoneal fluid to lubricate the abdominal cavity, and as a result, cancer cells can arrive at other organs (46). Transcoelomic spread is closely correlated with the formation of malignant ascites and can be confirmed by detecting cancer cells in ascites (47). When invading the serosal layer or tissue, the GIC cells can be easily scattered into the peritoneal cavity and transported via ascites or peritoneal fluid before seeding intraperitoneally. As such, the occurrence of transcoelomic spread is dependent on the gravity and the location of organs. Besides, GIC cells in ascites or peritoneal fluids flow to the ovary readily due to gravity (48). A famous example is the Krukenberg tumor. German pathologist Friedrich Ernst Krukenberg first discovered the Krukenberg tumor in 1896 while the true metastatic nature of the Krukenberg tumor was exposed in 1902. Krukenberg tumor exhibits various characteristics, including involving stroma, existing mucin-producing neoplastic signet ring cells, and proliferating ovarian stromal sarcomatoid. Most KT tumors metastasize from GIC (49). Because omentum and ovarian epithelium belong to the same lineage with similar biological behavior and response to treatment in CRC patients with MOC or peritoneal metastasis (PM), scholars suggest that MOC should be recognized as part of the PM spread (46). In research on the outcome of PM patients with and without ovarian metastasis, the overall survival time of GIC patients with MOC was not different from that of patients without MOC when they accepted CRS-HIPEC (50). They suggested that MOC might be the performance of peritoneal spread from GIC because of the similar biological behavior and the high coincidence of PM with MOC, which makes sense because the peritoneum and ovaries are often recognized as a continuum particularly in the context of primary cancer of these organs (51).




Survival in the Metastasis

When GIC cells invade the circulatory system or abdominal cavity, cancer cells disseminate widely via the flow of fluid. However, they encounter various obstacles before arriving at the ovary, including matrix detachment, hemodynamic shear forces, and immune systems, regardless of the metastasis pathway (52). Matrix detachment means GIC cells cannot attach themselves to ECM components, which is crucial for cell survival. As a result, it will trigger GIC cells undergoing anoikis, a form of programmed cell death (53). Douma et al. found that TrkB, a neurotrophic tyrosine kinase receptor, can suppress the anoikis of rat intestinal epithelial cells (54). TrkB promotes aggregation of cells, survival, and proliferation in suspension. When these large cellular aggregates are injected into mice, they form fast-growing tumors that metastasize to other organs. They suggested TrkB suppresses anoikis by activating the phosphatidylinositol-3-OH kinase/protein kinase B pathway. Integrins and apoptosis modulators also resist anoikis (55). Based on Jie Huang et al., Claudin-1 increases the level of membrane β-catenin, which regulates cell-cell adhesion by re-activating Akt and Src signal pathways in GIC (56). Also, hypoxia-induced ANGPTL4A in GC cells resist anoikis by activating ANGPTL4A-dependent FAK/Src/PI3K-Akt/ERK pathway and subsequently increasing PM in scirrhous GC cells (57). GIC cells and platelets form large emboli to prevent anikis. Their association, regulated by tissue factor and/or L- and P-selectins in the GIC cells, induces EMT in cancer cells (58). The combination of platelets and GIC cells help GIC cells prevent the injury of hemodynamic shear forces and the detection of immune cells in the vessels (59).

Another way cancer cells fight against the immune system is recruiting regulatory T cells (Treg), which suppress autoreactive T cells. An investigation reviewed that a large number of Treg cells in the ascitic fluid and tumor-specific T-cell could not kill cancer cells due to the existence of Treg cells (60). Elsewhere, pro-tumor T-cell suppressor cytokine phenotype of monocytes and macrophages, which do not trigger anti-tumor activity, exist in ascites and peritoneal compartments (61).



Basis of Ovarian Metastasis

As documented, younger female GIC patients at the ovulatory phase (<40) are more likely to have MOC compared to older female patients (62). Investigators suggested that the ovulatory cycle of the ovary provides a suitable microenvironment for GIC cells to survive and invade (63). With the accumulation of steroid hormones, the epithelium of the ovary is disrupted when an oocyte is released to repair the surface of the ovary after ovulation. The process is similar to wound healing, which needs to generate new blood vessels (46). Additional articles have reported that all the isoforms of VEGF–A exist in the ovary, while both VEGFR-1 and -2 are expressed abundantly in ovarian capillaries (64). Notably, angiopoietin-2 was detected to be expressed in the ovary (65). In addition, the expression of angiogenic peptides was influenced by various parameters, including oxygen saturation, aging, and endocrine. The gonadotropic hormones, including luteinizing hormone (LH) and follicle-stimulating hormone (FSH), were detected in the ovary. LH and FSH regulate the angiogenesis in the ovary by increasing the level of VEGF in a dose-dependent manner (66). Furthermore, LeCouter J et al. found the endocrine gland–derived VEGF, and the first tissue-specific angiogenic molecule in an ovarian tissue (67). In addition to angiogenesis in the ovary, other factors stimulate GIC cells to grow, seed, invade, and survive. Cyclooxygenases (COX) could transfer to eicosanoids, which have been confirmed to improve the transformation and proliferation of GIC cells. Also, COX is associated with the presence of VEGF, which has been discussed above. COX-1 expression was highly observed in both normal or cancerous ovarian tissue, and there were lots of VEGF in the same regions. These findings indicate that COX-1 might potentially promote neovascularization and cell proliferation (68). Other growth factors, including epidermal growth factor (EGF), hepatocyte growth factor (HGF), and TGF, also regulate GIC cells metastasizing to the ovary (69). In summary, the angiogenesis caused by ovulatory cycle, the existence of COX-1, and abundance of growth factors provide a suitable microenvironment for implantation of GIC cells.



Conclusion

In recent years, molecular alteration has been investigated to explore the importance of stromal cells and the microenvironment of GIC metastasis. Nevertheless, several fundamental questions concerning the mechanisms of GC metastasis remain unanswered. In this review, we described a metastatic process from cancer cells detached away to arrive at the ovary and established how the ovary provides a suitable situation for cancer cell survival. Based on the existing studies on the mechanism of MOC from GIC, integrins, microRNAs, and MMP are dominant factors in cell detachment. Besides, 3 possible pathways of metastasis have been suggested, including hematogenous spread, lymphogenous spread, and transcoelomic spread. Scholars widely agree that GIC metastasizes to the ovary not just via an isolated pathway but by the combination of these metastatic pathways. Additionally, TrkB and Treg cells help the survival of cancer in the cell circulatory system or abdominal cavity. The ovulatory cycle of the ovary provides a suitable microenvironment for GIC cells to survive and invade. Therefore, the mechanism of MOC from GIC merits comprehensive investigation, and these potential targets might be a novel approach in curing MOC from GIC.
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Studies have reported the vital role of nerves in tumorigenesis and cancer progression. Nerves infiltrate the tumor microenvironment thereby enhancing cancer growth and metastasis. Perineural invasion, a process by which cancer cells invade the surrounding nerves, provides an alternative route for metastasis and generation of tumor-related pain. Moreover, central and sympathetic nervous system dysfunctions and psychological stress-induced hormone network disorders may influence the malignant progression of cancer through multiple mechanisms. This reciprocal interaction between nerves and cancer cells provides novel insights into the cellular and molecular bases of tumorigenesis. In addition, they point to the potential utility of anti-neurogenic therapies. This review describes the evolving cross-talk between nerves and cancer cells, thus uncovers potential therapeutic targets for cancer.
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INTRODUCTION

Globally, cancer is among the leading causes of mortality. Solid tumors are known to sculpt their microenvironment (e.g., molding angiogenesis pathways and forming pre-metastatic niches) in a bid to maximize their growth and metastatic potential (Magnon et al., 2013; Peinado et al., 2017). With regard to neurogenesis and angiogenesis processes, the process of cancer progression exhibits similarities with embryonic development, tissue repair, and regeneration (Boilly et al., 2017; Mauffrey et al., 2019). Neurons and nerve fibers have recently been identified as vital components of the tumor microenvironment that favor the initiation and progression of a variety of solid tumors (Stopczynski et al., 2014; March et al., 2020; Voronina et al., 2020). Accumulating evidence indicates that the nervous system participates in all stages of cancer, even in those that precede cancer development, such as pancreatic intraepithelial neoplasia (PanIN) or prostate intraepithelial neoplasia (PIN) (Magnon et al., 2013; Cole et al., 2015; Magnon, 2015; Saloman et al., 2016b; Kuol et al., 2018; Faulkner et al., 2019).

The nervous system regulates the functions of most organs. The peripheral nervous system (PNS), largely derived from the neural crest, connects the central nervous system (CNS) and the organs/limbs. The PNS consists of the motor and autonomic efferent fibers and sensory afferent fibers. The PNS and CNS mediate adaptive-reactive alterations in chronic diseases such as cancer. These alterations are referred to as “neuroplasticity” (Demir et al., 2015). “Neural plasticity” refers to the morphological and/or functional alterations of nerves, including changes in nerve fiber or trunk morphology, density, fiber qualities, and Schwann cell alterations (Demir et al., 2015). Studies have reported that the autonomic nervous system (ANS), composed of the sympathetic and parasympathetic divisions, plays important roles in tumorigenesis and cancer progression (Zhao et al., 2014; Rutledge et al., 2017). For example, gastric lesser curvature has higher vagal innervation, larger ganglia, and a higher incidence of gastric cancer when compared to the greater curvature (Zhao et al., 2014). Patients with spinal cord injuries have lower incidences of prostate cancer (PCa) due to functional denervation of the prostate gland indicating nerve dependence in PCa (Rutledge et al., 2017). The nervous system also indirectly influences cancer progression by regulating hormone secretion, such as epinephrine [E] and cortisol, through the hypothalamic-pituitary-adrenal (HPA) axis. The involvement of sensory neurons in tumorigenesis and cancer progression has also been reported (Saloman et al., 2016a). Besides modulating cancer proliferation and metastasis, the nervous system also regulates different aspects of cancer such as inflammation and angiogenesis (Stopczynski et al., 2014). In turn, immune cells or stromal cells can also be involved in nerve dependence in cancer.

Generally, cancer neurobiology has important implications in cancer pathogenesis and therapy. In this review, we elucidate on the crosstalk between nerves and cancer cells as well as the role of stress in cancer. Therefore, we present potential avenues for exploiting the emerging roles of the aforementioned processes in cancer prognosis and treatment.



NERVE EMERGENCE IN THE TUMOR MICROENVIRONMENT

Apart from blood and lymphatic vessels, evidence indicates that neurogenesis (increased number of neurons) and axonogenesis (tumor-induced neural sprouting toward the tumor microenvironment) also play a vital role in tumorigenesis and cancer progression. Studies have reported that neurogenesis and axonogenesis are present in pre-neoplastic lesions and probably contribute to the initiation of cancer as an early event of the pre-malignant phase (Ayala et al., 2008; Mauffrey et al., 2019; Figure 1).
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FIGURE 1. Proposed mechanisms involved in the emergence of nerves in the tumor microenvironment. Regarding neurogenesis (i.e., increased number of neurons), the neural progenitor cells (NPCs) leave the subventricular zone (SVZ) and egress into circulation through the disrupted blood-brain barrier during cancer development. After reaching and infiltrating the primary tumor or metastatic tissues, these NPCs differentiate into new adrenergic neurons, which regulate tumor growth and metastasis. For axonogenesis (i.e., tumor-induced neural sprouting toward the tumor microenvironment), cancer cells and some stromal cells can enhance neuronal outgrowth and initiate tumor innervation through multiple mechanisms. Sympathetic nerves release NE while parasympathetic nerves release ACh in the tumor microenvironment, and are, therefore, involved in modulating immune responses. Moreover, stress regulates immune responses through two major neural pathways; the HPA axis and the sympathetic nervous system. Schwann cells can act as leading cells that actively dissociate, recruit, and guide cancer cells to neurites through heterocellular contact, thereby, leading to PNI. VZ, ventricular zones.



Stem Cell Neurogenesis

Neurogenesis involves the proliferation and differentiation of neural stem cells (NSCs) (Lois and Alvarez-Buylla, 1994). It generates neural progenitor cells (NPCs) with high migration abilities, followed by erminal differentiation of the NPCs into mature neural cells (Lois and Alvarez-Buylla, 1994). Neurogenesis majorly occurs during embryonic and early postnatal brain development (Lois and Alvarez-Buylla, 1994). It has been identified in several human brain areas after birth, with the generated neurons often migrating long distances (up to several centimeters) from the ventricular zones (VZ)/sub-ventricular zone (SVZ) before reaching their final destination (García-González et al., 2017). NSCs and NPCs persist throughout life in SVZ of the lateral ventricles and the subgranule zone of the dentate gyrus in the hippocampus (Venkatesh and Monje, 2017). Studies have reported that NSCs and NPCs can generate new neurons and glia throughout life (Lois and Alvarez-Buylla, 1994).

A retrospective case-controlled and age-matched study found that the number of neurons was higher in prostatic ganglia in patients with PCa than in controls (Ayala et al., 2008). This result supports the existence of neurogenesis in PCa (Ayala et al., 2008). A possible hypothesis for the origin of cancer-related neo-neurons could be that; stem cells give rise to cells that differentiate into neurons (Mauffrey et al., 2019). Mechanisms that drive neurogenesis in tumors can be compared to those that underlie neural degeneration-regeneration (Mauffrey et al., 2019). Neural progenitors proliferate in the CNS after brain injury or during tissue regeneration to generate newborn neurons which migrate to injured sites to ensure a functional wound-healing response. The Na-K-Cl cotransporter 1 (NKCC1) has been shown to regulate cell volume (Mejia-Gervacio et al., 2011). It also helps maintain the migratory speed of neuroblasts along the rostral migratory stream (Mejia-Gervacio et al., 2011). Recent studies have suggested that NPCs [doublecortin (DCX) +] are transported from the CNS (SVZ) into circulation after blood-brain barrier (BBB) disruption during cancer development (Mauffrey et al., 2019). DCX is a microtubule-associated protein that is principally expressed in immature migrating neurons (Brown et al., 2003). It is one of the most important markers of migrating neuroblasts (Brown et al., 2003). After reaching and infiltrating primary tumors or metastatic tissues, these NPCs can further differentiate into new adrenergic neurons that are involved in PCa growth and metastasis (Mauffrey et al., 2019).

However, the upstream signaling pathways that contribute to the occurrence of neurogenesis in cancer have not been elucidated (García-González et al., 2017). Besides, questions on how neural progenitors penetrate the BBB, and thus migrate from the SVZ and what regulates different stages of neural progenitor differentiation in tumors have not been answered. The BBB comprises a complex array of tight junctions formed by endothelial cells, pericytes, astroglia, and perivascular mast cells (Rozniecki et al., 2010). Acute stress activates perivascular brain mast cells through the release of corticotropin-releasing-hormone which then disrupt the BBB (Rozniecki et al., 2010). Postnatal SVZ neurogenesis is modulated by multiple neurotransmitters (small molecules released by synapse or synapse-like structures) such as serotonin, acetylcholine (ACh), and dopamine (Venkatesh and Monje, 2017). The migratory process of NPCs in response to brain damage is regulated by multiple mechanisms in the tumor microenvironment, including: cellular pathway activation (e.g., DCX and PI3K/Akt); receptor-mediated interactions and adhesion molecules (e.g., chemokines); and cellular junction as well as extracellular matrix (ECM)-related proteins [e.g., matrix metalloproteinases (MMPs)] (Zarco et al., 2019). For example, postnatal neuroblasts express serotonin receptor 3A (5HT3A) and serotonergic modulation plays a role in postnatal migratory streams that originate from the SVZ (García-González et al., 2017). Notably, serotonin and the serotonin receptor are dysregulated during metastasis and angiogenesis in several cancers (Alpini et al., 2008; Sarrouilhe and Mesnil, 2019). Cholangiocarcinoma patients show high levels of serotonin due to elevated expression of tryptophan hydroxylase 1 (the rate-limiting enzyme in the biosynthesis of serotonin), and the suppressed expression of monoamine oxidase A (an enzyme accounting for degradation of serotonin) (Alpini et al., 2008). Future studies should aim at investigating the underlying mechanisms of stem cell neurogenesis in cancer patients, and whether the mechanism of neurogenesis is the same across different cancers.



Axonogenesis

Internal organs and glands are regulated by PNS, especially ANS. For instance, the stomach is predominantly innervated by the parasympathetic nervous system while the pancreas is regulated by both sympathetic and parasympathetic nerves. Most solid tumors (except the brain and spinal cord tumors) are innervated by nerve fibers that arise from the PNS, which form part of the tumor microenvironment. It is postulated that alterations in neurotrophic factor signaling before tumorigenesis can impact the progression from precancerous lesions to cancer by influencing tumor precursor cells and/or tissue innervation (Ayala et al., 2008). In a study involving genetically engineered pancreatic ductal adenocarcinoma (PDAC) mice models, alterations in neurotrophic factor expression and their receptors (Ngf, Gfrα2, and Nrtn) in the pancreas were shown to occur during the premalignant phase (Stopczynski et al., 2014). Moreover, PanIN lesions were caused by hyper-innervation in neurotrophic factor-rich microenvironments (Stopczynski et al., 2014). It is worth noting that axonogenesis in cancer may overlap with axonogenesis that occurs during embryonic development, where neurotrophic growth factors released from organs drive axonogenesis.

Nerve fibers that innervate normal tissues can be chemoattracted to tumor environments and outgrow as a result of neurotrophic factors that are released by the cancer cells. Cancer cells can promote neuronal outgrowth and initiate their own innervation through paracrine secretion, a phenomenon referred to as the neurotrophic effect (Figure 2). Neurotrophins composed of nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and NT-4/5 have been shown to drive axonogenesis by stimulating tyrosine kinase receptors expressed in nerve terminals. To exert biological effects, neurotrophic factors bind the tyrosine receptor kinase (TRK) family [also called neurotrophic tyrosine kinase receptors (NTRKs)], including TRKA, TRKB, and TRKC and the p75 neurotrophin receptor (p75NTR) (Chao, 2003; Arévalo and Wu, 2006; Lagadec et al., 2009). The two families are categorized as cell membrane receptors where the TRK family represents a specific high-affinity receptor whereas p75NTR is considered the low-affinity nerve growth receptor (NGFR) (Arévalo and Wu, 2006).
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FIGURE 2. The cross-talk between cancer cells and neurons in the tumor microenvironment. The reciprocal autocrine and paracrine signaling between the cancer cells and neurons plays a pivotal role in neurogenesis, axonogenesis and perineural invasion. Autocrine signaling (round arrows) of cancer cells also promotes tumor growth and dissemination by activating multiple signaling pathways. The outcome of the interactions between neurons and cancer cells are shown as boxes. ACh, acetylcholine; β2-AR, β2-adrenergic receptors; BDNF, brain-derived neurotrophic factor; GDNF, glial cell line-derived neurotrophic factor; GFRα, glial cell line-derived family receptor alpha; L1-CAM, L1 cell adhesion molecule; NCAM, neural cell adhesion molecule; NGF, neurotrophins composing of nerve growth factor; NT-3, neurotrophin-3; NE, norepinephrine; TRK, tyrosine receptor kinase.


The roles of NGF and its receptors (TRKA and p75NTR) in cancer are well established (Laurent et al., 2004; Voronina et al., 2020). Breast cancer cells can stimulate neuronal growth using multiple neurotrophins such as NGF which can be released by Ca2+-mediated exocytosis of NGF-containing vesicles (Laurent et al., 2004; Voronina et al., 2020). NGF can also be secreted by tumor-associated immune cells and fibroblasts. Similarly, neuronal differentiation and axonogenesis can be induced by the proNGF (the precursor of NGF), which was shown to be secreted by PCa cells in vitro (Pundavela et al., 2014). In ovarian cancer, there is a feedforward loop through which adrenergic signaling can induce BDNF secretion from tumor cells via a β-adrenergic receptor 3 (ADRβ3)/cAMP/Epac/JNK-dependent manner. The BDNF/TRKB signaling axis further upregulates tumoral innervation (Allen et al., 2018). Immunohistochemical analysis revealed significantly elevated expression levels of BDNF and TRKB in hepatocellular carcinoma (HCC) (Guo et al., 2011).

Additionally, axon guidance molecules such as netrins, secreted by cancer cells act in synergy with neurotrophic growth factors to enhance axonogenesis (Biankin et al., 2012; Madeo et al., 2018). During the early pancreatic cancer stages, some axon guidance genes, especially those encoding for proteins of the SLIT/ROBO signaling pathway, exhibited recurrent mutations and copy-number variations (Biankin et al., 2012). Dysregulated axon guidance genes were also identified in murine models of early pancreatic carcinogenesis, suggesting that they are involved in its pathogenesis (Biankin et al., 2012). Similarly, evidence from other cancers including lung, breast, kidney, and cervical cancer has also implicated aberrant SLIT/ROBO signaling in carcinogenesis. Cancer cells secrete an exosome that packages the axonal guidance molecule, EphrinB1, which was shown to induce axonogenesis in vitro and tumor innervation in vivo (Madeo et al., 2018). Therefore, the crosstalk between cancer cells and nerve cells largely contributes to axonogenesis. However, more studies are required to characterize other mediators.



THE EFFECTS OF NERVES ON TUMORS

The nervous system has been reported to be a regulator of cancer development and progression in multiple tissues (Magnon et al., 2013; Cole et al., 2015; Magnon, 2015; Saloman et al., 2016b; Kuol et al., 2018; Faulkner et al., 2019). In addition to being direct stimulators of cancer cells, nerves also exert a broad and extended impact on the tumor microenvironment by establishing interactions with other cells such as stromal, endothelial, and immune cells in the tumor microenvironment (Zahalka et al., 2017).


Nerves Regulate the Local Inflammation and Immune Response

The perineural inflammatory response is attributed to various inflammatory mediators that are locally released by afferent neurons (Stopczynski et al., 2014; Saloman et al., 2016a). Chronic inflammation increases the risk of malignancy and cancer progression (Stopczynski et al., 2014). Even a few sensitized pancreatic afferents can induce neurogenic inflammation in early pre-tumor stages, thereby contributing to, or accelerating the progression from PanIN to PDAC (Stopczynski et al., 2014). Neonatal capsaicin treatment can be used to ablate the sensory neuron that innervates the pancreas (Saloman et al., 2016a). This procedure can prevent neurogenic inflammation and prolong the survival of PDAC mice in a dose-dependent manner (Saloman et al., 2016a).

Neural regulation of immune responses has been identified as an emerging field in cancer biology (Dantzer, 2018). Vagal immunomodulatory effects, also known as the cholinergic anti-inflammatory pathway, have been linked to the action of acetylcholine, which is the predominant neurotransmitter of the parasympathetic system. Vagotomy elevates the risk of, or mortality from gastric, colorectal, and lung cancer (Åhsberg et al., 2009). This elevation has been attributed to the inhibition of anti-inflammation (Åhsberg et al., 2009). The nicotinic acetylcholine receptor-α7 (α7nAChR) is widely expressed in various immune cells, such as lymphocytes, suggesting that the vagus nerve may be involved in regulating immune responses in the tumor microenvironment (Antonica et al., 1994). Sectioning the right vagus was shown to reduce the number of lymphocytes released from the thymus into venous circulation (Antonica et al., 1994). The vagus nerve can also upregulate the expression of Tff2, which encodes a secreted anti-inflammatory peptide in memory T cells, thereby, suppressing the expansion of myeloid-derived suppressor cells in the spleen as well as cancer development (Dubeykovskaya et al., 2016). Nicotine, a selective cholinergic agonist, inhibits the transcriptional activity of nuclear factor-κB and the production of proinflammatory mediators in human peripheral monocytes using α7nAChR (Yoshikawa et al., 2006).

In contrast, the sympathetic nervous system (SNS) modulates β-adrenergic receptors (β-AR) signaling of immune cells in tumors through the circulating epinephrine/NE or local NE secretion by SNS nerve fibers (Nissen et al., 2018). Innate immune cells express ADRα1, ADRα2, and ADRβ2 while adaptive immune cells mainly express ADRβ2 (Dantzer, 2018). Studies have reported that the activity of innate immune cells is modulated by activation of ARs (Huan et al., 2017). The SNS activates ADRα1 to enhance the activity of Kupffer cells (i.e., macrophages in the liver) in regulating inflammatory responses, thereby accelerating HCC occurrence (Huan et al., 2017). Through ADRβ2, epinephrine induces macrophage polarization toward the M2 type that accelerates breast cancer progression (Qin et al., 2015). AR signaling can also inhibit the maturation, migration, and antigen presentation of dendritic cells (DC) (Ueshima et al., 2013). Glucocorticoids enhance the expression of ADRβ2 in natural killer (NK) cells and suppress the number and cytotoxic activity of NK and NKT cells, thereby inhibiting tumor immunosurveillance (Inbar et al., 2011; De Lorenzo et al., 2015). With regards to adaptive immunity, activation of the β-AR signaling pathway significantly suppresses CD8+ T cells, including their production, proliferation, and cytolytic killing capacity of IFN-γ. It also activates regulatory T cells (Tregs) (Nissen et al., 2018). Activation of the β2-AR signaling pathway in lymphocytes modulates the responsiveness of retention-promoting chemokine receptors CCR7 and CXCR4, thereby blocking the egress of lymphocytes from lymph nodes (Nakai et al., 2014). On the contrary, a recent study demonstrated that the ablation of SNS contributes to the immature myeloid-derived suppressor cells (MDSCs) accumulation, which facilitates the expansion of Tregs and suppresses tumor immunity (Nevin et al., 2020). In all, targeting the communication between neurons and leukocytes may be a potential approach for alleviating immunosuppression in the tumor microenvironment.



Perineural Invasion (PNI) Is a Vital Route of Solid Tumor Dissemination

Perineural invasion (PNI) refers to the invasion of the perineurium of large nerves that surround the tumor by cancer cells, thus causing them to metastasize. Generally, PNI is a frequently disregarded route of solid tumor dissemination, except for the direct invasion of surrounding tissues, lymphatics, and haematogenic spread (Marchesi et al., 2010b). For example, some head and neck neoplasm are in anatomical proximity with some cranial nerves, which can serve as channels with low resistance for migration (Liu et al., 2020). However, recent studies have considered PNI pathogenesis to be an active invasion of cancer cells into the perineurium space rather than a simple passive diffusion (Marchesi et al., 2010b). PNI is common among tumors of highly innervated organs such as pancreatic cancer and PCa. PDAC cells have been demonstrated to exist inside celiac ganglion and its surrounding, suggesting a fashion of tumor spread along the sensory afferents or the sympathetic nerves that synapse in the celiac ganglion (Stopczynski et al., 2014).

The peripheral nerves are made up of three layers (the endoneurium, the perineurium, and the epineurium) (Amit et al., 2015). The endoneurium encloses several nerve fibers, which are composed of an axonal process wrapped with a myelin sheath supported by Schwann cells (Amit et al., 2015). Despite the varying incidences of PNI in different cancers, it is associated with poor prognosis and reduced survival (Bapat et al., 2011). Results from a retrospective study that enrolled 133 extrahepatic cholangiocarcinoma patients revealed that 73.7% of the patients had PNI (Murakami et al., 2013). Those patients exhibited a significantly low overall 5-year survival rate (Murakami et al., 2013). Intraneural invasion (i.e., the invasion of cancer cells in the endoneurium) exerts a worse impact on clinical prognosis than PNI (Amit et al., 2015). However, the mechanisms by which cancer cells destroy the peripheral nerve barrier have not been established.

PNI is mediated by various signaling molecules secreted by cancer cells and nerves (Bapat et al., 2011). Nerve fibers can secrete multiple active neuropeptides and neurotransmitters within the vicinity of cancer or stromal cells to activate corresponding membrane receptors involved in tumor growth and metastasis (Li et al., 2014; Table 1).


TABLE 1. Molecular factors involved in perineural invasion (PNI).
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Neurotransmitters and Their Receptors in PNI

Several neurotransmitters have been reported to be highly correlated with PNI (Ma et al., 2019; March et al., 2020). Catecholamines are neurochemicals that have catechins and amines converted from tyrosine as their precursor. They include norepinephrine (NE), epinephrine, and dopamine. NE/β2-AR signaling promotes proliferation, migration, and PNI by inducing epithelial-mesenchymal transition (EMT) and upregulating MMPs (MMP-2 and MMP-9) in salivary adenoid cystic carcinoma (Ma et al., 2019). NE has also been shown to accelerate pancreatic cancer PNI and progression through the β-AR/PKA/STAT3 signaling pathway in vivo, where the activation of STAT3 upregulates the downstream expression levels of NGF and MMPs (Guo et al., 2013). Parasympathetic nerves provoke the proliferation and migration of PCa cells by secreting Ach, which stimulates cholinergic receptor muscarinic 1 (March et al., 2020). In addition, monoamine oxidase A (MAOA), a catecholamine neurotransmitter degrading enzyme, was found to be remarkably decreased by epigenetic alterations in clinical HCC samples (Li et al., 2014). Therefore, MAOA downregulation is closely associated with metastasis and poor prognoses among HCC patients (Li et al., 2014).



Neurotrophins and Their Receptors in PNI

Several studies have supported the involvement of neurotrophic factors in PNI (Sclabas et al., 2005; Ma et al., 2008; Wang et al., 2009). A positive correlation was observed among the expression levels of NGF, p75NTR, TRKA, TRKB, glial cell line-derived neurotrophic factor (GDNF), and PNI in pancreatic cancer tissues or cell lines (Sclabas et al., 2005; Ma et al., 2008; Wang et al., 2009). However, NGF was found to have no correlation with PNI, recurrence-free, and OS in extrahepatic cholangiocarcinoma (Urabe et al., 2016). Dorsal root ganglion (DRG) and pancreatic cancer cell co-culture models suggested that a mutual tropism exists between the nerves/DRGs and pancreatic cancer cells through multiple molecular factors (e.g., NGF-TRKA pathway) (Ceyhan et al., 2008; Ma et al., 2008). Besides, TRKB signaling induces EMT, resulting in elevated cancer cell migration and metastasis (Fujikawa et al., 2012). However, the involvement of NT-3/4 in PNI has not yet been established.

The GDNF family of ligands (GFL) comprises four neurotrophic factors, including GDNF, neurturin (NRTN), artemin (ARTN), and persephin (PSPN) (Airaksinen and Saarma, 2002). GFLs bind co-receptors of the glial cell line-derived family receptor alpha (GFRα) family (GDNF to GFRα1, NRTN to GFRα2, ARTN to GFRα3, and PSPN to GFRα), followed by the recruitment and activation of transmembrane RET receptor tyrosine kinase (Airaksinen and Saarma, 2002). GDNF can be secreted by nerves, Schwann cells, and endoneurial macrophages. It was shown to recruit pancreatic cancer cells expressing RET and GFRα1 in both co-culture and mice models (Gil et al., 2010; Cavel et al., 2012). It also facilitates the migration and PNI of PDAC cells through the PI3k/Akt and Ras-Raf-MEK-ERK pathways (Veit et al., 2004; Ben et al., 2010). The NRTN/GFRα-2 axis also elevates neural density and an aggressive phenotype in pancreatic cancer (Wang et al., 2014).



Chemokines and Their Receptors in PNI

Chemokines are a class of small soluble proteins that modulate cell migration during wound healing, embryonic development, and tumor metastasis (Marchesi et al., 2010a; He et al., 2015). CCL2, a chemokine released by DRG/nerve, contributes to migration and PNI of PCa cells that express its receptor (CCR2) (He et al., 2015). Apart from being a chemokine, CCL2 can also act as a repair factor that is secreted after neural injury caused by cancer infiltration during a nerve repair inflammatory response (He et al., 2015). In addition, the CX3CL1 chemokine was found to be expressed by neurons while its receptor, CX3CR1, was overexpressed in both PDAC cell lines and surgical samples (Marchesi et al., 2010a). Therefore, the CX3CR1/CX3CL1 axis plays a role in PNI and dissemination of pancreatic cancer cells along intra- and extra-pancreatic nerves (Marchesi et al., 2010a). CXCL12/CXCR4 has been shown to stimulate the invasiveness of PCa cells in vitro, and increase the number of nerves in vivo (Zhang et al., 2008).



Other Cell-Surface Molecules or Receptors in PNI

The L1 cell adhesion molecule (L1-CAM, also known as CD171) and neural cell adhesion molecule (NCAM, also known as CD56) are members of the neuronal immunoglobulin superfamily that regulates neuronal adhesion and migration (Ben et al., 2010). Peripheral nerve injury induces the upregulation of L1-CAM in the contact surface of injured peripheral axons and Schwann cells, suggesting its possible involvement in nerve regeneration (Yamanaka et al., 2007). A recent study reported that Schwann cells secret L1-CAM, which acts as a chemo-attractant, thus aiding in the recruitment of cancer cells by activating the MAPK signaling pathway (Na’ara et al., 2019). L1-CAM also elevates the expression levels of MMPs, including MMP-2 and MMP-9, by activating STAT3 in PDAC cells (Na’ara et al., 2019). The main role of MMP-2 and MMP-9 in PNI is degrading the ECM around the tumor and nerve tissue (Klein et al., 2004). Therefore, overexpression of L1-CAM and NCAM has significant correlations with PNI, vascular invasion, and poor overall survival outcomes among cancer patients (Kameda et al., 1999; Shang et al., 2007; Ben et al., 2010).

Semaphorins are a family of proteins that act as axon guidance factors during cancer development (Müller et al., 2007; Ding et al., 2013). Plexins are their main functional receptors. Semaphorin 3A and its receptors, plexins A1-A4 and neuropilin-1 (NRP1), are overexpressed in pancreatic cancer and are correlated with negative clinicopathological manifestations (Müller et al., 2007). Cytoplasmic expression of semaphorin 4F in PCa cells is positively correlated with nerve density, PNI diameter, and PCa recurrence risk (Ding et al., 2013).



The Roles of Schwann Cells in PNI

Schwann cells are peripheral glial cells that are involved in neural homeostasis, repair, and regeneration. Their emergence has been detected in murine and human PanIN lesions (Demir et al., 2014). They are chemoattracted to cancer cells and their precursor lesions by NFG-p75NTR/TRKA, suggesting that they migrate first in the premalignant phase (Bentley and Lee, 2000; Demir et al., 2014). P75NTR–/– mice embryos exhibited a deficit in Schwann cell migration (Bentley and Lee, 2000).

Cancer cells take advantage of the canonical functions of Schwann cells to promote PNI (Deborde et al., 2016). For example, invagination of Schwann cells between individual axons during human fetal development separates them from each other, thereby isolating individual axons from large bundles. Schwann cells induce protrusions in cancer cells and intercalate between cancer cells to facilitate their dispersal from the tumor (Deborde et al., 2016). In addition, during nerve repair, Schwann cells dedifferentiate/activate, lose their myelination ability, induce and guide axonal extensions. This is followed by the re-expression of some proteins, such as glial fibrillary acidic protein (GFAP) (reviewed by Jessen and Mirsky, 2016). At the same time, there is a significant increase in the number of GFAP-positive Schwann cells when cancer cells injure/invade nerves (Deborde et al., 2016). Schwann cells can also guide cancer cells toward neurites by inducing the extension of directed protrusions in cancer cells (Deborde et al., 2016). Therefore, they can act as leading cells that actively dissociate, recruit, and guide cancer cells to neurites through heterocellular contact that ultimately leads to PNI (Deborde et al., 2016).



Nerves Sustain Tumor Proliferation and Induce Resistance to Apoptosis

Autocrine secretion of neurotrophins modulates the growth and dissemination of cancer cells by activating different signaling pathways. Pro-survival signals can be triggered by NGF binding to TRKA; BDNF and NT-4 binding to TRKB; and NT-3 binding to TRKC. Studies have reported that breast and pancreatic cancer cells express receptors such as TRKA and phospho-TRKA for several neuropeptides and neurotransmitters (Lagadec et al., 2009). Sclabas et al. (2005) reported that 50% of the human pancreatic cancer specimens in their study had overexpressed TRKB levels (Sclabas et al., 2005). TRKA can be activated in an autocrine manner since the majority of breast cancers express NGF (Adriaenssens et al., 2008; Lagadec et al., 2009). Expression of NGF stimulates tumor cell proliferation and survival through the constitutive activation of the PI3K-Akt and ERK/p38 MAP kinase (MAPK) pathways (Adriaenssens et al., 2008; Lagadec et al., 2009). In addition, neuronal endings have been shown to secrete a soluble synaptic protein, neuroligin-3 (NLGN3), which stimulates high-grade glioma proliferation and further NLGN3 expression through the PI3K-mTOR signaling pathway (Venkatesh et al., 2015). The proliferation of gastric cancer cells can be accelerated by Netrin-1 through the ERK/MAPK signaling pathway and focal adhesion kinase (FAK) activation (Yin et al., 2018).

Most of the cytotoxic anti-cancer drugs can trigger the p53-dependent apoptotic program of cancer cells. Studies have shown that catecholamines mediate the chemotherapeutic resistance of cervical cancer cells which overexpress ADRβ2 both in vitro and in vivo (Chen et al., 2017). Catecholamines elevate the expression levels of the silent information regulator 1 (Sirt1), a type III histone deacetylase, by activating β2-adrenergic receptor signaling (Chen et al., 2017). Therefore, they can inhibit doxorubicin-induced p53-dependent cytotoxicity in cervical cancer cells since Sirt1 impairs p53 functions by mediating its deacetylation (Chen et al., 2017).

Anoikis refers to programmed cell death that is associated with losses in cell-matrix interactions. Metastatic success of tumor cells is dependent on their ability to resist anoikis (Douma et al., 2004; Fujikawa et al., 2012; Okugawa et al., 2013). Overexpressed TRKB enhances tumor metastasis by suppressing caspase-associated anoikis (Douma et al., 2004; Fujikawa et al., 2012; Okugawa et al., 2013). In contrast, TRKC is considered to be a tumor suppressor and a good-prognostic factor since it induces apoptosis in the absence of ligands such as NT-3 (Bouzas-Rodriguez et al., 2010). Upregulated autocrine NT-3 secretion has been reported in most of the aggressive human neuroblastomas (NBs). It blocks TRKC-induced apoptosis of NB cell lines (Bouzas-Rodriguez et al., 2010).



Tumor Innervation Drives Tumor Angiogenesis

Generally, nerves bundle along blood vessels. They can provide a critical set of signals that assist tumors to redevelop a vascular network, which ensures nutrition and communication during cancer proliferation and progression (Zahalka et al., 2017). Studies have documented the roles of neurotransmitters and neuropeptides in regulating angiogenesis (Kermani et al., 2005; Zahalka et al., 2017).

A study using mice models reported that adrenergic nerves stimulate angiogenesis in early PCa growth by the release of NE (Zahalka et al., 2017). The study indicated that angiogenesis requires an alteration of endothelial cell metabolism from oxidative phosphorylation to aerobic glycolysis (Zahalka et al., 2017). In addition, adrenergic signals from autonomic nerves fuel angiogenesis and cancer progression by inhibiting oxidative phosphorylation in endothelial cells (Zahalka et al., 2017). In breast cancer cell lines, direct activation of β-AR signaling was shown to enhance the expression of proangiogenic factors, including vascular endothelial growth factor (VEGF) and interleukin (IL)-6 (Madden et al., 2011). Neuropeptide Y, a sympathetic neurotransmitter, stimulates VEGF expression, thereby promoting angiogenesis and breast cancer progression in a paracrine manner in vitro (Medeiros and Jackson, 2013). Nicotine can also accelerate the proliferation of endothelial cells as well as angiogenesis through nAChR especially α7nAChR (Pillai and Chellappan, 2012). BDNF recruits bone-marrow derived Sca-1 + hematopoietic cell subsets expressing TRKB to enhance capillary formation (Kermani et al., 2005). By binding to the plexin B1 receptor on endothelial cells, semaphorin 4D, secreted by the tumor-associated macrophages (TAMs), accelerates tumor angiogenesis and vessel maturation (Sierra et al., 2008).



Nerves Stimulate the Cancer Stem Cell (CSC) Compartment

Accumulating evidence indicates that innervation impacts the development of stem cell compartments and tissue homeostasis (Zhao et al., 2014; Yin et al., 2015; Hayakawa et al., 2017). Recent studies have indicated a similar crosstalk between nerves and CSC. The intrinsic regulation of CSCs occurs through vital proliferative and survival pathways such as the Wnt, Notch, and Hedgehog pathways (Yin et al., 2015). Cholinergic nerves can activate Wnt signaling in gastric stem cells through muscarinic receptor-3 (M3R), which activates yes-associated protein (YAP). This activation contributes to stem cell expansion (Zhao et al., 2014; Hayakawa et al., 2017). However, vagal nerve signaling exhibits an opposite effect that inhibits KRAS-mutated PDAC (Renz et al., 2018). Cholinergic signaling, directly and indirectly, suppresses CSC compartment and PDAC cell growth partly through the cholinergic receptor muscarinic 1 (CHRM1). This leads to the inhibition of the downstream MAPK/EGFR and PI3K/AKT pathways (Renz et al., 2018). Sensory nerves activate Hedgehog signaling in touch dome epithelia, an innervated subset of interfollicular epidermis cells, thereby conferring high susceptibilities for the occurrence of basal cell carcinomas (Peterson et al., 2015).

Paracrine BDNF of differentiated recurrent triple-negative breast cancer (TNBC) cells promote the self-renewal potential of TRKB+ CSC through transcriptional activation of KLF4 (Yin et al., 2015). These TRKB+ cells represent a distinct CSC subpopulation, accounting for recurrent TNBC growth (Yin et al., 2015). In head and neck squamous cell carcinoma (HNSCC), p75NTR is considered to be a more specific marker of CSCs than CD44 (Murillo-Sauca et al., 2014). However, the CSC-regulating potential for nerves does not rule out their indirect roles, such as interactions with the immune system.



Nerves Are Involved in the Formation of Tumor-Related Pain

Pain, a typical cancer sign, impacts on the quality of life and functional status of cancer patients (Jimenez-Andrade et al., 2011). Several mechanisms, including inflammation, tumor-induced acidosis, and tumor-induced injury to peripheral nerve fibers are associated with the generation of tumor-related pain (Peters et al., 2005; Jimenez-Andrade et al., 2011; Cohnen et al., 2020).

Inflammatory cells such as proinflammatory macrophages and dendritic cells are recruited by cancer cells to the outside of the sciatic nerve. They initiate a series of events, including epineurium damage and depletion of triglycerides from epineural adipocytes (Cohnen et al., 2020). Jimenez-Andrade et al. suggested that normal nerve fibers that innervate tissues can be sensitized or injured by factors that are released by cancer and tumor-associated stromal/inflammatory/immune cells (Jimenez-Andrade et al., 2011). Sensitized nerve fibers are vulnerable to noxious stimuli and tumor-induced and/or released factors such as NGF, endothelins, prostaglandins, protons, bradykinin, and cytokines (Jimenez-Andrade et al., 2011). Emerging evidence has revealed that the NGF signaling pathway involves inflammatory hyperalgesia and cancer-associated pain (Mizumura and Murase, 2015). Besides, NGF interacts with TRKA and/or p75NTR expressed on the perineurium, thereby, directly activating and sensitizing sensory nerves that are close to pancreatic cancer. NGF also regulates the expression and function of transient receptor potential vanilloid 1 (TRPV1), a non-selective cation channel, thereby, stimulating and activating sensory neurons (Zhu et al., 2011).

PNI causes prominent cancer pain, such as severe back pain in PDAC patients. Many of the PNI signaling molecules overlap with those in pain signaling (Sclabas et al., 2005; Bapat et al., 2011). Moreover, invading cancer cells can damage the neuronal sheath (Sclabas et al., 2005; Bapat et al., 2011). PNI of the head and neck cancer can result in cranial neuropathy, such as trigeminal neuropathy, which is characterized as facial or paresthesias pain (Boerman et al., 1999). In PDAC, pancreatic nerve hypertrophy and PNI are associated with PDAC-related pain. This pain is attributed to nerve damage by the invading tumor cells, and sensitized pancreatic afferents (Stopczynski et al., 2014). L1-CAM might also be involved in the occurrence of neuropathic pain by activating intracellular signaling cascades, such as p38 MAPK in nociceptive pathways (Yamanaka et al., 2007).



STRESS PROMOTES CANCER PROGRESSION

The nervous system can perceive signals from the outside environment, process them, and transmit them to the CNS, where they are then integrated. Studies have shown that cancer patients frequently suffer from chronic emotional stress due to the social, emotional, and physical effects caused by cancer (Chida et al., 2008). Epidemiological studies have established an association between chronic stress conditions and high risk or poor survival outcomes among cancer patients (Lillberg et al., 2003; Chida et al., 2008). Some viable explanations account for the link between psychological stress and tumorigenesis. For example, people under stress are more likely to develop some unhealthy behaviors (e.g., excessive drinking, smoking, etc.) or a long-term inflammatory response, which raise the risk for tumorigenesis (Dai et al., 2020). Stress affects various immunological and neurochemical aspects involved in tumorigenesis and cancer progression (Thaker et al., 2006; Feng et al., 2012; Le et al., 2016; Zhou et al., 2016). It regulates immune responses through two major neural pathways; the HPA axis and the SNS pathways (Reiche et al., 2004).

Under stress conditions, activation of the ANS or the HPA axis leads to the secretion of diverse mediators (e.g., glucocorticoids and catecholamines) that provoke tumorigenesis and cancer progression (Thaker et al., 2006; Zhou et al., 2016). Chronic stress was shown to promote tumorigenesis in mice partially by attenuating p53 function (Feng et al., 2012). During chronic stress, elevated glucocorticoid levels induce a negative regulator of p53, the serum- and glucocorticoid-induced protein kinase (SGK1), to suppress p53 function (Feng et al., 2012). In a stressed mouse model, elevated levels of tissue catecholamines were shown to activate ADRβ2, which upregulated VEGF gene expression in ovarian carcinoma cells, resulting in enhanced angiogenesis and malignant cell growth (Thaker et al., 2006). The TAMs in ovarian cancer patients express elevated VEGF and MMP-9 because of the high psychological stress levels (e.g., chronic life stress, depression, and perceived stress) (Lutgendorf et al., 2008). Since macrophages express β-adrenergic and α-adrenergic receptors, the mechanisms underlying these associations are attributed to elevated stress hormones, including NE and cortisol (Lutgendorf et al., 2008). Similarly, elevated NE levels enhance the invasive potential of ovarian cancer cells most likely due to higher expression levels of MMP-2 and MMP-9 (Sood et al., 2006). Chronic stress can induce the proliferation of hematopoietic stem cells as well as increased levels of inflammatory leukocytes including neutrophils and inflammatory monocytes (Heidt et al., 2014). Mechanically, elevated NE levels decrease CXCL12 through ADRβ3 on bone marrow niche cells (Heidt et al., 2014). CXCL12 is known to restrain the proliferation and migration of the hematopoietic stem and progenitor cell (Heidt et al., 2014). This is reflected from the side, the immunosuppressive activity induced by corticosteroid hormones in the HPA axis seem to not play a major role in stress. On the positive side, social support can alleviate such a phenomenon (Lutgendorf et al., 2008).

Surgical stress upregulates epinephrine and NE secretion, which bind βAR in immune cells (Zhou et al., 2016). Elevated epinephrine markedly promotes Treg proliferation, which suppresses antitumor immunity in breast cancer patients (Zhou et al., 2016). However, during the perioperative period, propranolol, a non-selective β-adrenergic antagonist, has been reported to restore cell-mediated immunity in breast cancer patients with surgery-induced immunosuppression (Zhou et al., 2016). In addition, cold stress was shown to suppress antitumor immune responses and accelerated tumor growth and metastasis in mice (Kokolus et al., 2013). However, Walker et al. reported that in the mice received denervation of the splanchnic nerves, stress-enhanced cancer proliferation and metastasis were not affected by elimination of circulating epinephrine (Walker et al., 2019). In all, the activities of catecholamines may vary from cancer to cancer by binding different target cells.

A previous study indicated that chronic stress in mice elevated lymphatic vessel density, a stronger flow in lymphatic vessels, and dilation to promote tumor cell dissemination (Le et al., 2016). Activation of TAMs by the β-adrenoceptor signaling pathway enhances their ability to secrete enhanced inflammatory molecules (e.g., PGE2), which stimulate the tumor cells to secrete VEGFC that is necessary for lymphatic remodeling (Le et al., 2016). Targeting SNS can inhibit the effect of chronic stress on lymphatic remodeling to prevent tumor cell dissemination through the lymphatic routes (Le et al., 2016). Therefore, psycho-behavioral intervention or therapies for stress and anxiety disorders might synergistically improve the efficacy of cancer treatment.



CLINICAL VALUE AND APPLICATION

A better understanding of cancer neurobiology is necessary as it provides new insights into the prognosis and therapeutic targets for tumors.


Nerves Are an Emerging Hallmark of Cancer

Neurogenesis and axonogenesis are emerging as a feature of aggressive tumors, such as colorectal cancer (Albo et al., 2011). Assessment of nerve density in the tumor microenvironment might serve as a potential predictive marker of cancer aggressiveness. A retrospective study involving radical prostatectomy tissues from 43 prostate adenocarcinoma patients revealed that the densities of sympathetic and parasympathetic nerve fibers in the tumor and surrounding normal tissues are correlated with poor clinical outcomes (Magnon et al., 2013).

PNI, as an underestimated route of metastasis, has an association with poor prognosis or recurrence (Yamaguchi et al., 2002). The neoplastic cells disseminating along the nerve fascicles probably escape from resection (Chatterjee et al., 2012; Murakami et al., 2013; Zhou et al., 2015). In PNI-positive gastric cancer patients, the largest involved nerves (with a diameter ≥ 65 μm) were correlated with low 5-year disease-free survival outcomes (Zhou et al., 2015). However, a retrospective study involving 186 patients with parotid gland malignancies concluded that PNI positivity does not have a statistically significant correlation with worse OS and disease-free survival (Huyett et al., 2018). Moreover, facial nerve paresis and anesthesia were both significant symptoms for predicting PNI of parotid gland malignancies (Huyett et al., 2018). PNI assessment is usually based on the histological evaluation of tissue sections or full-body imaging, such as MRI (Boerman et al., 1999). Advanced microscopy techniques and imaging techniques can reveal fine structural analysis of neuron-cancer cell interactions in multiple tissue types of clinical samples (Chung et al., 2013).

Neurotransmitters (including epinephrine and NE), neurotrophins, as well as their receptors have been identified as potential diagnostic and prognostic cancer biomarkers (Abdel-Hamid et al., 2016). Overexpressed proNGF has been documented to be a clinical biomarker that predicts the prognosis of human PCa, since it correlates with the Gleason score (Pundavela et al., 2014). Upregulated TRKB expression level has been proposed to be an independent prognostic marker for gastric cancer (Okugawa et al., 2013).



Potential Anti-neurogenic Therapies Are Promising in Cancer Treatment

Multiple effects of nerves in the tumor microenvironment have been documented. Therefore, tumor innervation is emerging as an optional therapeutic target (Table 2). Since PNI has dual effects in tumor metastasis (regulate relapse after surgical resection and cancer pain generation) it is a promising therapeutic target.


TABLE 2. Therapeutic perspectives in cancer neurobiology.
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Denervation

From a therapeutic perspective, based on the critical roles of nerves in cancer development, surgical or pharmacological denervation (the injection of neurotoxic drugs) constitutes a potential and innovative strategy for preventing cancer dissemination, improving survival, or inhibiting pain (Zhao et al., 2014). The unilateral vagotomy and injection of botulinum toxin A have been reported to attenuate gastric tumorigenesis and progression (Zhao et al., 2014). A phase 2 clinical trial evaluated the effect of botulinum toxin injection by gastroscopy in both the tumor and the adjacent stomach wall tissues of gastric cancer patients (NCT01822210). Such denervation, combined with other therapies is a viable approach for cancer patients who do not accept surgery as a treatment option. However, determining the timing of this treatment and coping with the corresponding side effects is very critical. For instance, denervation has been shown to promote the development of cancer-related lesions in the gastric remnant (Kaminishi et al., 1997).



Antagonists of Receptors

In the clinic, β-blockers have been extensively used to treat patients with hypertension, angina, or anxiety (Dézsi and Szentes, 2017). β-blockades have been shown to increase cancer patient survival, though the specific mechanism has not been established (Hayakawa et al., 2017; Kokolus et al., 2018). A combination of inhibiting angiogenesis through both neural signals and/or endothelial cell metabolism is a novel approach for overcoming antiangiogenic resistance (Thaker et al., 2006; Zahalka et al., 2017). A retrospective study involving 3561 PCa patients with high-risk or metastatic disease indicated that β-blockers reduce PCa-specific mortality (Grytli et al., 2014). Targeting β-AR signaling has been suggested to work in tandem with cancer immunotherapy to enhance therapeutic responses (Kokolus et al., 2018; Nissen et al., 2018). Various clinical trials are assessing the efficacy of β-blockers (e.g., propranolol, propranolol hydrochloride) for the treatment of prostate (NCT02944201 and NCT03152786), colorectal (NCT03919461), breast (NCT02596867), gastrointestinal (NCT03245554), pancreatic (NCT03838029) cancers, and melanoma (NCT01988831) as well as locally recurrent or metastatic solid tumors (NCT02013492). Propranolol has been tested in combination with neoadjuvant chemotherapy in breast (NCT01847001) and gastric (NCT04005365) cancer patients. Studies encompassing diverse tumor types should be done to evaluate the efficacy of β-blockades as adjuvant therapies in clinical oncology. Adrenergic signaling-induced immunosuppression may necessitate a combination of immunotherapies with β-blockers to improve efficiency.



Inhibitors of Neuroendocrine Factors

Targeting neurotrophins and neurotrophic signaling has been shown to suppress tumor progression and cancer-associated pain (Adriaenssens et al., 2008; McCaffrey et al., 2014; Hayakawa et al., 2017). Anti-NGF antibodies or small interfering RNAs against NGF inhibited breast tumor growth and metastasis in xenograft models (Adriaenssens et al., 2008). Given the impact of NGF in cancer pain, NGF blockade inhibits the sprouting of sensory nerve fibers and alleviates cancer-associated pain, especially bone cancer pain, through anti-hyperalgesia (i.e., normalizing a downregulated nociceptive threshold) (Bloom et al., 2011; Jimenez-Andrade et al., 2011; Mizumura and Murase, 2015). The efficacy of blocking antibodies against NGF (e.g., tanezumab, fasinumab) in patients with pain or cancer-induced pain have been investigated in some clinical trials (NCT00830180) (Mizumura and Murase, 2015). NGF blockade at early bone sarcoma stages has been shown to relieve tumor-induced bone destruction as well as reduce pain by 40–70% (McCaffrey et al., 2014). Therefore, inhibiting NGF could play a dual effect against both cancer growth and cancer-associated pain.

Furthermore, given the role of TRKs in tumor cell proliferation and PNI, inhibiting RTKs has therapeutic significance (Yilmaz et al., 2010). In HNSCC, a potent and selective TRK kinase inhibitor, AZ-64 that targets TRKB, has been shown to inhibit tumor proliferation and migration, as well as overcome chemotherapy resistance in vitro (Yilmaz et al., 2010). The TRK antagonist, K252a, was reported to inhibit the growth and invasion of gastric cancer as well as choriocarcinoma in vivo and in vitro (Kawamura et al., 2010; Okugawa et al., 2013). Several clinical trials are investigating the therapeutic potential of entrectinib, which is an orally bioavailable TRKA/B/C, ROS1, and ALK inhibitor in multiple tumors (NCT02097810, NCT02568267, and NCT02650401). In addition, several TRK inhibitors, including NOV1601 (NCT04014257), VMD-928 (NCT03556228), TSR-011 (NCT02048488), and DS-6051b (NCT02279433), are being evaluated in the on-going clinical trials. However, the results of these studies have not yet been reported. Combined with radiotherapy, AstraZeneca 1332, an inhibitor for TRKA, B, and C was reported to have an inhibitory effect on pancreatic cancer growth in vitro, while it exhibited inefficient effects in xenograft growth (Johnson et al., 2017).



FUTURE DIRECTIONS

In conclusion, the reciprocal signaling between cancer cells and nerves provides novel insights into the mechanisms of tumorigenesis and cancer progression. It has not been established whether neurogenesis and axonogenesis are coincidental or prerequisites in cancer development and progression. Moreover, it is unknown if these processes are specific to different cancer types. Studies have described the phenomenon of autonomic or sensory nerves in cancer. However, the potential involvement of motor nerves in cancer cannot be ignored and further investigations are recommended. Different cancer types utilizing various molecules or targeting to varied nerve types results in either the promotion or suppression of cancer development. More studies should explore the precise cellular and molecular mechanisms that underlie tumor innervation and PNI. However, PNI can only be evaluated after surgery, thus necessitating the need to establish predictive biomarkers for the existence or severity of PNI. It makes sense for surgeons to preoperatively assess the existence of PNI, carefully, and cope with the resection border during surgery. The development and implementation of single-cell sequencing and multi-omics assays may provide new insights into rare cells such as NPCs in the tumor microenvironment. Manipulation of the nervous system presents a potential avenue for the establishment of prognostic markers, risk stratification, and therapeutic strategies (including adjuvant treatment of cancer-induced pain) for cancer. However, many questions have yet to be answered. Different nerves function at different times and in different ways. For example, sympathetic nerves facilitate the early stages of carcinogenesis, while parasympathetic nerves accelerate cancer dissemination (Magnon et al., 2013). Denervation is considered to be most effective during the early cancer stages, even before the precancerous stage (Saloman et al., 2016b). Given these factors, what determines the intervention (e.g., denervation) time and who a suitable patient is? Further experimental or clinical studies should be performed to investigate the translational value or clinical applications of cancer neurobiology.
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Circular RNA (circRNA) exhibits a covalently closed circular conformation and is structurally stable. Nevertheless, the precise effects exerted by circRNA in esophageal squamous cell carcinoma (ESCC) remains uncertain. circRNA was ascertained by a human circRNA array study and was confirmed by the quantification of reverse transcriptase polymerase reactions. A luciferase reporter, fluorescence in situ hybridization experiment was exploited to explore the interaction between circ-ZDHHC5 and miR-217. The function of circ-ZDHHC5 was determined by siRNA-mediated knockout of circ-ZDHHC5 in in vitro proliferation, migration, and invasion. circ-ZDHHC5, rather than linear ZDHHC5 mRNA, rose in the tissues of patients with ESCC, plasma, and ESCC cell lines in comparison with normal controls. Knockdown of circ-ZDHHC5 inhibited tumorigenesis in ESCC cells, and the co-transfection of si-circ-ZDHHC5 and miR-217 mimics further enhanced the above effect. Noticeably, the present study showed that circ-ZDHHC5 was an miR-217 sponge that modulated the expression of zinc finger E-box binding homeobox 1 (ZEB1), further facilitating ESCC tumorigenesis. As revealed by this study, circ-ZDHHC5 can act as a new potential circular biomarker for detecting ESCC. It provides a novel perceptivity for the treatment of ESCC suggesting that circ-ZDHHC5 could impact on ESCC progression by sponging miR-217 with ZEB1.
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INTRODUCTION

Esophageal carcinoma (ESCA) refers to a malignant tumor whose incidence is ranked 9th in a wide range of cancers (Miller et al., 2016). There are over 400,000 cases of esophageal cancer deaths each year, which ranks this type of cancer 6th in overall malignant tumor deaths (Torre et al., 2015). In China, esophageal squamous cell carcinoma (ESCC) is the primary pathology-related form of esophageal cancer, while in western countries, esophageal adenocarcinoma is more common. Over the past few years, though the therapeutic effect of ESCC has been enhanced, as fueled by the development of multidisciplinary comprehensive treatment, the long-term survival of ESCC patients continues to be low. One- and five-year cause-specific survival rates for ESCC are 43.8 and 18.9%, respectively, with a median survival of 10 months (Then et al., 2020). For ESCC patients with fewer early symptoms, diagnosis was confirmed in the advanced stage of the disease and led to lymphatic metastasis. The lack of early diagnosis of molecular markers in tumors, as well as the extreme likelihood of metastasis, are the main factors contributing to the failure of ESCC treatment. Accordingly, it is of high clinical importance to develop new early diagnostic molecular markers involved in the regulating, proliferating, and invading process of ESCC cells, and to further study their functions and mechanisms.

circRNAs are capable of forming unique continuous covalent closed loops, i.e., they exhibit no 5′ to 3′ polarity, let alone a polyadenylated tail, which is different from linear RNAs (Chen and Yang, 2015). circRNA is steady, preserved, and considerable in a variety of cell lines or cancer tissues (Jin et al., 2016; Lu and Xu, 2016). The molecular mechanism studies on circRNAs have shown that circRNAs are able to modulate downstream genes related to disease through binding with miRNAs as competitive endogenous RNA (ceRNA) (Wang et al., 2017; Zheng et al., 2017). In accordance with Shi Y and colleagues, hsa_circ_0006168 is likely to control the Mammalian Target expression of Rapamycin (mTOR) by sponging miR-100 in ESCC (Shi Y. et al., 2019). Shi N. et al. (2019) revealed that the circ-PRKCI/miR-3680-3p/AKT3 regulating system was critical to ESCC, which shed light on ESCC pathogenesis.

Based on the results of the circRNA array on ESCC plasma samples, this study first identified a circular RNA formed from the ZDHHC5 gene, which are termed as circ-ZDHHC5. In comparison with the normal control groups, circ-ZDHHC5 was subsequently reported to have a higher expression in the tissues and plasma of ESCC patients as well as in the ESCC cell lines. The experiments in vitro demonstrated that circ-ZDHHC5 can act as the miR-217 sponge to modulate zinc finger E-box binding homeobox 1 (ZEB1) expression, thereby promoting ESCC cells tumorigenesis. The present study issues a perspicacity of the ESCC treatment and suggests a probable circulation biological marker to identify ESCC at the early stage.



MATERIALS AND METHODS


Patient Samples

The 24 samples of ESCC tissues, which were overall consistent with adjacent general tissues, and the 20 samples of 10 ml venous blood before the operation were harvested from the ESCC cases at the General Surgery Department of Nanjing Hospital affiliated to Nanjing Medical University from 2015 to 2018 abiding by the Helsinki Declaration. A total of 15 specimens of 10 ml normal venous blood were collected in a random manner from the individuals aged 50–90 years with no potential disease at the Physical Examination Center of Nanjing Hospital from 2015 to 2017. All the mentioned samples were frozen in liquid nitrogen and steadily maintained at −80°C until the RNA was extracted. Informed consent of the mentioned patients was acquired before the samples were collected. This project received approval from the Ethics Committee of Nanjing Medical University.



Quantitative Reverse Transcription Polymerase Reaction (qRT-PCR)

In accordance with the directive of the producer, overall RNAs from cells, plasma, and tissues were isolated with a Trizol Reagent (Invitrogen, United States). In terms of mRNA and circRNA, cDNA was generated with a reverse transcription kit (Vazyme, China) and for miRNA, overall RNAs showed reversion with a RiboBio reverse transcription kit (Guangzhou, China). mRNA, circular RNA, and miRNA PCR were quantified with a SYBR Green PCR Kit (Takara, Japan). All primer sequences were designed and generated by Tsingke (Beijing, China). circ-ZDHHC5 expression was explored with the primers below: 5′- TTCCTTGATCCCTGGACCAG -3′ (Forward) and 5′- CCCCACGACTCAACTGGTAA -3′ (Reverse). The primers of ZDHHC5 are 5′- CACCTGCCGCTTTTACCGT -3′ (Forward) and 5′- CGGCGACCAATACAGTTATTCAC -3′ (Forward). GAPDH was employed for normalizing circRNA and mRNA expressions before calculation.



RNase R and Actinomycin D Treatment

For the RNase R treatment process, 2 mg of overall RNA underwent incubation for 20 min at 37 in the presence or absence of 3 mg of RNase R (Epicenter Technologies, Madison, WI) with the RNeasy MinElute cleaning Kit (Qiagen, China). The resulting RNA then underwent purification. In the actinomycin D treatment, 2 mg of overall RNA underwent incubation at 37 in the presence or absence of 1 mg actinomycin D (Sigma, Chengdu best reagent company), and the acquired RNA was determined at 6, 12, and 18 h, respectively.



Cell Culture and Transfection

The ESCC cell lines primarily originated from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. A human normal esophageal cell line termed as HET-1A was donated by Dr. Zhihua Liu at the State Key Laboratory of Molecular Oncology, Cancer Institute, Chinese Academy of Medical Sciences (Beijing, China). HET-1A is the cell line originally derived from the normal esophageal epithelium of a 25-year-old male. TE-10 and TE-12, the main cell lines used in this study, are both human esophageal cancer cells with epithelial-like and adherent growth characteristics. A 50 nM siRNA used as a negative control (NC) and circ-ZDHHC5 (si-circ-ZDHHC5) by the Lipofectamine 2000 transfection reagent (Invitrogen, United States) were employed in transected TE-10 and TE-12 cell lines complying with the directive of the producer. All the cells in this study underwent the culturing process in RPMI 1640 medium (GIBCO BRL, United States) with 10% fetal bovine serum (FBS) at 37°C in a moisturized incubator supplemented by 5% CO2. The sequences of circ-ZDHHC5 siRNAs (RIBOBIO, China) included: siRNA-1: siRNA-3: 5′- TTACCAGTTGAGTCGTGGG -3′; siRNA-2: 5′- TGCGTTACCAGTTGAGTCG -3′; 5′- CTTCTGCGTTACCAGTTGA -3′. Ultimately the knockdown efficiency of circ-ZDHHC5 was ascertained with qRT-PCR.



Nucleus-Cytoplasm Fractionation

Firstly, 1 × 106 ESCC cells were cleaned two times with pre-cooled PBS. Subsequently, the cell layer underwent the scrapping process in 500 μl PBS and centrifugation at 500 g for 5 min at 4°C. Subsequently, the supernatant removal was achieved, and the cleaning procedure was carried out two times. Lastly, nuclear and cytoplasmic RNA from cultured ESCC cells underwent the isolation by PARIS KIT50 RXNS (life, AM1921) in accordance with the directives of the producer. The relevant mRNA was, respectively, identified as a control of cytoplasmic RNA and nuclear RNA in the isolated RNA. Biotriples were employed, and subsequently qRT-PCR was carried out for assessing the corresponding mRNA and circRNA levels.



Luciferase Reporter Experiment

The wild-type and mutant fragments related to the miR-217 binding site in circ-ZDHHC5 3′-UTR were designed and generated, and then inserted into the pGL3-basic vector (Realgene, China). 293T cells were seeded into cell culture plates. When the cell density reached nearly 70%, pGL3-basic vector and miR-217 mimics or inhibitors were transfected. Three replicates were set for the respective sample. At 36–48 h after transfection, the culture medium was discarded, and the reagent was added to lyse the cells. Lastly, luciferase experiment reagent II was added and the luciferase activity in the samples were identified and analyzed.



Fluorescence in situ Hybridization (FISH)

FISH was conducted for detecting circZDHHC5 presence with a Cy3-labeled probe (5′CY3-TTCAAGCTGTCCCCAC GACTCAACTGGTAACGCAGAAGAGG3′) and miR-217 with a FITC-labeled probe (5′FITC-TCCTCGTTCCTGTGCGT3′), separately. After prehybridization, samples underwent the hybridization in the buffer with specific probes at 37–40 in an incubator for 2–4 h. Next, 4,6-diamidino-2-phenylindole (DAPI) was introduced for 5 min to label the nuclei. Lastly, the slides were mounted with a fluorescent protective reagent and the images were acquired as soon as possible.



Clone Formation Experiment, Cell Counting Kit-8 (CCK-8) Proliferation Experiment, and 5-Ethynyl-20-Deoxyuridine (EdU) Incorporation Experiment

In the clone formation assay, transfected cells underwent the seeding process in 6-well plates at a density of 1,000 cells per well and the culturing process in RPMI 1640 medium supplemented by 10% FBS. Ten days later, the cells were fixed with methanol and then stained with GIEMSA. Lastly, the images of colonies were made, and the counting process of colonies was carried out. For the CCK-8 experiment, ESCC cells were seeded in 96-well plates at 4,000 cells per well. Seeded cells were treated with 10 μl of CCK-8 solution (EnoGene, China) and cultured for 0, 24, 48, 72, 96 h, respectively. Subsequently, the cell absorbance was analyzed at 450 nM by a microplate reader (BioTek, United States) following the producer’s instructions. For the identification of cell proliferation with EdU, logarithmic growth cells were inoculated into 96-well plates, polylysine was added after being cultured to a normal growth stage and incubated at 37°C in an incubator for 4 to 7 h. The polylysine was discarded, and the cells were permeabilized and fixed with a penetrant (PBS supplemented by 0.5% TritonX-100), a glycine solution, and a cell fixing solution (PBS supplemented by 4% paraformaldehyde) after drying. The cells were transfected in accordance with the needs of the experiment, EdU-labeled and fixed after 24–48 h, and lastly stained. The images were explored by laser confocal microscopy.



Transwell Invasion Experiments

A total of 10 μL of fibronectin (0.5 mg/mL) was applied to the bottom of respective Transwell cells and air-dried. A total of 50 μL of matrix gel was added to the respective well. Then, 105 transfected cells were placed in 1.5 mL EP tubes and centrifuged at 2,000 rpm for 5 min. The supernatant was eliminated. Afterward, 200 μL of serum-free 1640 medium was added to resuspend the cells, and then added to the Transwell chamber. The lower chamber was filled with 1640 medium with 20% serum, and then incubated at 37°C in an incubator for 24 h. The Transwell chamber was eliminated, the cells inside were wiped with a cotton swab, and the remaining cells were gently washed away with PBS. A mixture of 3: 1 was prepared with methanol and glacial acetic acid, and the cells were fixed on the opposite side of the Transwell chamber for 30 min. The samples were placed in a crystal violet staining solution and stained for 15 min. The film was cleaned and fixed on a glass slide for significant observation. Three random fields were taken under the microscope to take pictures.



Wound Healing Experiment

The TE-10 and TE-12 cells underwent a culturing process in six-well plates and a scraping process with the fine end of 200 μl pipette tips (at 0 h). At 0, 24, and 48 h after scratching, cell migration was photographed with 10 high-power fields. The remodel was ascertained as a diminishing distance across the induced injury, normalized to the 0 h control, and presented as relative migration. We measured the areas (the scratch distance is an equivalent measurement) to calculate the closure. The formulas are: average scratch width = scratch gap area/length; the relative cell migration rate = (the scratch width at 0 h – scratch width after culture)/the scratch width at 0 h × 100%.



Western Blot

Approximately 48 h after transfection, cells were lysed with RIPA lysis buffer (Beyotime, China) to extract protein. An appropriate amount of cell protein samples were taken, and SDS-denaturation 10% polyacrylamide gel electrophoresis was performed (SDS-PAGE) until the target proteins were well separated; subsequently, electrophoresis was stopped. The gel was transferred to a 4 transfection buffer at 350 mA for 2 h, and the proteins in the gel were transferred to a PVDF membrane to form a blot; then, they were incubated with the antibodies (EnoGene, United States), respectively. Lastly, the PVDF membrane was placed in a Western LightningTM Chemiluminescence Reagent developer for 30 s, and then developed and fixed. Then, the LabWorksTM gel imaging and study network was employed to shoot and delve into the brightness value of the respective band. The analyzing method was to calculate the ratio of the ZEB1 band brightness value of the respective sample to the GAPDH (internal reference) band brightness value.



Statistical Analysis

Data are expressed as mean ± standard deviation (SD). Statistical studies were overall determined with the SPSS 19.0 (IBM, SPSS, and Chicago, IL, United States) statistical software and GraphPad Prism 7 with Student t test or one-way ANOVA. For overall outcomes, P < 0.05 exhibited statistical significance.



RESULTS


Circ-ZDHHC5 Is Noticeably Upregulated in ESCC

This study harvested plasma samples from 10 ESCC cases (e.g., different TNM stages) and 5 normal cases for a circRNA microarray study to delve into the expression characteristics of circRNAs. As indicated in the result, compared with other circRNAs, the expression of circ-ZDHHC5, which has never been reported before, was noticeably upregulated in the plasma from the ESCC patients (Figure 1A). The circ-ZDHHC5 was derived from the exons 11–12 of the gene ZDHHC5 and the amplification products were inserted into a T-vector for Sanger sequencing to ascertain its full length (Figure 1B). The presence of Alu repeats and complementary sequences around exons showed relationships with circRNA formation. The genomic regions of ZDHHC5 exons 11 and 12 covered flanking Alu repeats and long introns (Figure 1C). In contrast to the random primers, when oligo(dT)18 primers were adopted, the relative expression level of circ-ZDHHC5 evidently decreased, while the relative expression level of linear ZDHHC5 was not noticeably changed, indicating that circ-ZDHHC5 did not have a poly-A tail (Figure 1D). Resistance to digestion with actinomycin D (Figure 1E) or RNase R (Figure 1F) further confirmed that this RNA species was in a circular form. Agarose gel electrophoresis was employed for the verification of circ-ZDHHC5 specificity (Figure 1G). As inspired by the huge diagnostic and therapeutic effects of circRNA in ESCC, the clinical significance of circ-ZDHHC5 was explored by identifying its expression in ESCC samples. As revealed from the outcomes, circ-ZDHHC5 had noticeably higher expression in ESCC plasma (Figures 1H,J and Supplementary Figure S1A), and tissues (Figure 1I) in comparison with normal controls. The clinical characteristics of patient samples are listed in the Supplementary Tables.
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FIGURE 1. Circ-ZDHHC5 expression increases in clinical ESCC samples. (A) Heatmap studies on circRNA microarray data showing differentially expressed circRNA in the ESCC plasma group and normal control group. (“E” represents patient samples, and “N” represents normal control samples. “Red” represents a high level of expression, and “green” represents a low level). (B) The spliced mature sequence length of circ-ZDHHC5 originated from the ZDHHC5 gene. (C) The genomic regions of ZDHHC5 exons 11 and 12 containing flanking Alu repeats and multiple SINEs are distributed upstream of exon 11 and downstream of exon 12. (D) circ-ZDHHC5 expression was noticeably downregulated with the Oligo (dT) 18 primer. (E) circ-ZDHHC5 had better resistance to actinomycin D than mRNA. (F) circ-ZDHHC5 had better resistance to RNase R than mRNA. (G) The agarose gel electrophoresis of circ-ZDHHC5 in ESCC cells. (H) circ-ZDHHC5 expression in ESCC plasma and normal plasma. (I) circ-ZDHHC5 expression in ESCC tissues and adjacent non-cancerous tissues. (J) circ-ZDHHC5 was performed by agarose gel electrophoresis in five pairs of tissues, and were normalized to GAPDH. (*p < 0.05, ***p < 0.001).




Knockdown of Circ-ZDHHC5 Plays a Tumor Suppressing Effect in ESCC Cells in vitro

qRT-PCR was employed to investigate the expression of circ-ZDHHC5 in ESCC cells and results showed that circ-ZDHHC5 had a noticeably higher expression in ESCC cells in comparison with normal esophageal cells HET-1A (Figure 2A). For the assessment of the role of circ-ZDHHC5 in ESCC cells, siRNA against circ-ZDHHC5 were designed to silence circ-ZDHHC5 effectively in TE-10 and TE-12 cells (Figure 2B). The result of the invasion experiment showed that the downregulation of circ-ZDHHC5 inhibited cell invasion (Figures 2C,D). The clone formation experiment and the CCK-8 experiment showed that after knockdown of circ-ZDHHC5, the proliferation ability of TE-10 and TE-12 cells was noticeably decreased (Figures 2E–G). The wound healing experiment revealed that silencing circ-ZDHHC5 noticeably decreased the cell mobility (Figure 2H).
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FIGURE 2. Circ-ZDHHC5 produces oncogene effects on ESCC cells. (A) The expression of circ-ZDHHC5 was assessed in cell lines with qRT-PCR. (B) circ-ZDHHC5 were knocked down effectively in ESCC cells. (C,D) Cell invasion experiments were conducted in cells transfected with control or si-circ-ZDHHC5. (E) Colony formation experiment showed the population dependence of si-circ-ZDHHC5. (F,G) The growth curves of cells were ascertained after transfection with si-circ-ZDHHC5 or si-NC with CCK-8 experiments. (H) Cell motility was determined in cells transfected with si-circ-ZDHHC5 or si-NC by the wound healing experiment. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).




Circ-ZDHHC5 Directly Binds to miR-217 and Inhibits miR-217 Activity

For delving into the location of circ-ZDHHC5 in ESCC cells, a nuclear and cytoplasm separation assay was carried out. It was reported that circ-ZDHHC5 was primarily located in the cytoplasm while its source gene ZDHHC5 was primarily in the nuclear (Figure 3A). The available data sets originated from doRiNA1; the AGO2-binding sites of the circ-ZDHHC5 genomic region were achieved, which revealed that circ-ZDHHC5 exhibited a high degree of AGO2 occupancy (Figure 3B). Given that circRNA could bind to different miRNAs and regulate downstream genes, the circBank, circinteractome, and starbase software were employed to assess possible miRNAs binding to circ-ZDHHC5 (Figure 3C). To confirm the website prediction, FISH was carried out to reveal that circ-ZDHHC5 was co-localized with miR-217 in the cytoplasm of ESCC cells (Figure 3D). It was reported that circ-ZDHHC5 exhibited a complementary sequence to the miR-217 seed region by the bioinformatics study. According to the RIP assay and dual-luciferase reporters with either the wild-type circ-ZDHHC5 sequence (WT) or the sequence with mutated binding sites of miR-217 (Mut) into the 3′ UTR of renilla luciferase, miR-217 mimics could noticeably inhibit the luciferase activities of the WT reporter while the miR-217 inhibitor played an opposite role rather than a mutant one (Figure 3E and Supplementary Figure S1C). On the whole, the mentioned evidence reveals that circ-ZDHHC5 could bind to miR-217 and inhibit miR-217 activity.
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FIGURE 3. Circ-ZDHHC5 directly binds to miR-217 and inhibits miR-217 activity. (A) The nucleus-cytoplasm fractionation experiment showed the location of circ-ZDHHC5. (B) circ-ZDHHC5 was predicted to have binding sites for AGO2. (C) circ-ZDHHC5 might become a sponge for multiple miRNAs. (D) FISH showed the co-location of circ-ZDHHC5 and miR-217. (E) The schematic of circ-ZDHHC5 wild-type (WT) and mutant (Mut) luciferase reporter vectors. The relative luciferase activities were explored in 293T cells co-transfected with miR-217 mimics or miR-NC and luciferase reporter vectors circ-ZDHHC5-WT or circ-ZDHHC5-Mut. (F) The expressions of miR-217 were explored with qRT-qPCR in ESCC cells. (G) Cell invasion experiments were performed in cells transfected with miR-217 mimics or inhibitors with a Transwell chamber. (H–J) EdU, CCK-8, and colony formation experiments of ESCC cells transfected with miR-217 mimics or inhibitors were performed for the assessment of cell proliferation. (K) Cell motility was determined in cells transfected with miR-217 mimics or inhibitors by the wound healing experiment. (*p < 0.05, ***p < 0.001, ****p < 0.0001).




MiR-217 Targets ZEB1 and Inhibits the Proliferation and Invasion of ESCC Cells

It was reported that the miR-217 expressed decreased in TE-10 and TE-12 cells (Figure 3F). The functions of miR-217 on the ESCC cells processes were studied next. As revealed from the experiments in vitro, miR-217 over-expression could significantly hinder the invasion (Figure 3G), proliferation (Figures 3H–J), and migration (Figure 3K) of ESCC cells, while decreased miR-217 expression might impose an opposite effect. Based on the miRanda2 prediction, ZEB1 mRNA 3′ UTR was reported to be targeted by miR-217 with a high score, as demonstrated by the dual-luciferase reporter experiment. According to a consequent luciferase reporter experiment, the luciferase intensity noticeably decreased after the co-transfection of the wild-type luciferase reporter and miR-217 mimics, while the mutated luciferase reporter achieved an inconsistent result. Moreover, the inhibition of miR-217 could evidently boost the luciferase activity compared with ASO-NC with the wild-type ZEB1 sequence (WT) (Figures 4A,B). The mentioned results reveal that miR-217 could target ZEB1 and partially hinder ESCC development.
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FIGURE 4. Circ-ZDHHC5 accelerates the proliferation of ESCC by sponging miR-217 for regulating ZEB1. (A) The schematic of ZEB1 3′ UTR wild-type (WT) and mutant (Mut) luciferase reporter vector is presented. (B) The relative luciferase activities were explored in 293T cells co-transfected with miR-217 mimics or inhibitors in-296-5p or in-NC. (C) The significant expressions of ZEB1 mRNA in ESCA tissues and normal tissue. (D) The relative expressions of ZEB1 mRNA with qRT-PCR in ESCC cells. (E) Kaplan-Meier overall survival curve of patients with more significant ZEB1 expression. (F) The expression levels of ZEB1 mRNA were explored with qRT-PCR in ESCC cells when co-transfected with si-circ-ZDHHC5 or si-circ-ZDHHC5 + miR-217 mimics. (G) The expression of ZEB1 protein noticeably decreased in ESCC cells by being co-transfected with si-circ-ZDHHC5 and miR-217 mimics. (H) The relative ZEB1 protein expressions were determined with Western Blot in cells transfected with si-circ-ZDHHC5 + miR-217 mimics. (I) Functional enrichment summary of co-expression genes with ZEB1. (J) Network of ZEB1 gene and the top 100 co-expression genes. The left is colored by cluster ID and nodes sharing the identical cluster are typically close to each other. The right is colored by p-value and terms covering more genes may achieve a more noticeable p-value. (K) The interaction network of ZEB1 and the proteins being able to bind to ZEB1 directly. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).




Circ-ZDHHC5 Accelerates the Proliferation of ESCC by Sponging miR-217 to Regulate ZEB1

We initially explored the ZEB1 expression in normal tissues and ESCC tissues with TGCA. The results in TCGA and the GTEx database showed that ZEB1 has significant higher expression in ESCA tissues than that in normal tissues (Figure 4C). Moreover, we found that ZEB1 was over-expressed in TE-10 and TE-12 cells (Figure 4D). Kaplan-Meier Plotter results showed that more significant ZEB1 expression was associated with shorter OS in comparison with lower expression (Figure 4E). qRT-PCR, Western Blot, and Immunofluorescence (IF) experiments showed that the mRNA and protein expression of ZEB1 in the group treated with si-circ-ZDHHC5 + miR-217 mimics was noticeably decreased compared with the group treated withsi-circ-ZDHHC5 in ESCC cell lines (Figures F–H and Supplementary Figure S1B). Metascape was employed to perform the functional enrichment analysis of the co-expression genes of ZEB1 and the results showed that ZEB1 was primarily involved in the WNT, cGMP-PKG signal pathway (Figures 4I,J). By STRING, it was shown that ZEB1 can also directly bind to a variety of proteins (e.g., STAT3 and TWIST) regulating cell adhesion, migration and epithelial cell proliferation, and work together on cancer occurrence and progression (Figure 4K). The mentioned results demonstrate that circ-ZDHHC5 could regulate ZEB1 expression by acting as a competing endogenous RNA to sponge miR-217 and further regulate ZEB1. The mechanism of the circ-ZDHHC5/miR-217/ZEB1 is visualized in Figure 5.
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FIGURE 5. The schematic diagram of the mechanism of the circ-ZDHHC5/miR-217/ZEB1 axis in ESCC.




DISCUSSION

In the present study, circ-ZDHHC5 was confirmed to have a noticeably higher expression in ESCC plasma, tissues, and cells in contrast to the normal controls. A growing amount of research has reported the relationships between circRNAs and the progression of ESCC clinically and studied the application of circRNAs as tumor biomarkers in clinical patients. For instance, Xia et al. (2016) studied a group of 51 patients and reported that hsa_circ_0067934 showed noticeable over-expression in ESCC tissues in contrast to paired adjacent normal tissues. The high hsa_circ_0067934 expression showed relationships to I-II TNM stage, I-II T stage, and poor differentiation (Xia et al., 2016). However, the majority of the studies only identified circRNAs expression in tumors and adjacent tissues. Only a few studies focused on the expression level of circRNAs of the preoperative blood from the ESCC patients, and their sample sizes were small. Our group previously reported that circ-TTC17 showed over-expression in ESCC plasmas, and the cutoff value of circ-TTC17 reached −2.548 exhibiting 88.00% specificity and 73.33% sensitivity. Moreover, circ-TTC17 in plasma was reported without any aberrant relationships to tumor size, differentiation, gender, age, or common clinical biomarkers (e.g., SCCA, CEA, and AFP) in ESCC cases. However, circ-TTC17 expression showed positive relationships to TNM stage and lymphatic metastasis (Wang et al., 2019). The outcome based on this study makes circ-ZDHHC5 an ideal non-invasive biomarker for diagnosing ESCC.

This study confirmed that circ-ZDHHC5 was highly expressed in ESCC patient samples, and that miR-217 could target ZEB1 and inhibit ESCC cells from being proliferated and invaded. Current research suggests that miR-217 is critical to cancers. For instance, He S and colleagues reported that miR-217 acted as a tumor inhibiting agent in the development of osteosarcoma (He et al., 2019). Jiang B reported that miR-217 inhibited tumor-induced M2 macrophage polarization by targeting IL-6 and regulating the JAK3/STAT3 signaling pathway, probably providing an underlying therapeutic target in the treatment of ovarian cancer (Jiang et al., 2019). In ESCC, Wang X and colleagues showed that miR-217 hindered the proliferation, migration, and invasion of ESCC cells (Wang et al., 2015). In numerous studies, circRNAs act as miRNA sponges to regulate miRNAs posttranscriptional actions to inhibit targeted mRNAs from being translated and/or stable (Yu et al., 2016; Xu et al., 2018). Li GF and colleagues suggested that the circ-DDX42/miR-761/ZIC5 axis is likely to act as a glioma treatment target (Li et al., 2018). Hao LG, and colleagues elucidated a novel circRNA (circ-DDX42) that conferred an oncogenic function in pancreatic ductal adenocarcinoma (PDAC) through the sponge of miR-625 and miR-892b (Hao et al., 2019).

We first found that knocking down circ-ZDHHC5, which suppresses the ESCC progression by modulating miR-217 and ZEB1 expression, could effectively inhibit the proliferation, invasion, and metastasis of ESCC cells. Thus far, functional inactivation of the onco-protein ZEB1 has been studied in multiple cases of ESCC, that demonstrated ZEB1 is closely linked to disease progression and prognosis. Highly expressed ZEB1 shows noticeable associations with the malignancy of various cancers (Dong et al., 2019; Shao et al., 2019; Zhao et al., 2019). Signal transduction and activation of ZEB1 is critical to cancer transformation and epithelial-mesenchymal transition (EMT) (Caramel et al., 2018). Emerging evidence reveals that ZEB1 drives EMT induction by activating stem cell traits, and evading immunity and epigenetic reprogramming. ZEB1 accelerates epigenetic silencing of E-cadherin by recruiting multiple chromatin enzymes of the E-cadherin promoter, e.g., histone deacetylase (HDAC), DNA methyltransferase (DNMT), and ubiquitin ligase (Zhang et al., 2019). Destruction of the junction between ZEB1 and the mentioned chromatin-modifying enzymes may represent an effective method of treating cancer. In the present study, Metascape was employed to perform the enrichment analysis of ZEB1 and the results showed that ZEB1 was primarily involved in the WNT, cGMP-PKG signal pathway, which indicated that circ-ZDHHC5 might promote the development of ESCC through the mentioned pathways. The mentioned findings are likely to facilitate ESCC treatment.

The present study is considered the initial work investigating the effect exerted by circ-ZDHHC5 in ESCC. However, our interpretation of the findings does have limitations. First of all, the ESCC plasma and tissue samples employed in the present study are from an identical ethnic group. Accordingly, we hope to further expand the sample size and verify the population situation in various regions. Second, this work explored the ability of circ-ZDHHC5 to bind to miR-217, whereas other miRNAs are also likely to bind circ-ZDHHC5 for regulating ESCC emergence and development. Third, whether circ-ZDHHC5 regulates the development of ESCC via other systems e.g., binding to proteins needs further exploration. We would like to clarify the diagnostic potential of circ-ZDHHC5 and its function in ESCC in subsequent projects.



CONCLUSION

In brief, circ-ZDHHC5 increased noticeably in ESCC patients, and it also regulated the proliferating process, invasion, and migration of ESCC cells. It could also modulate ZEB1 expression by sponging miR-217, thereby exerting its key function in ESCC progress. The circ-ZDHHC5/miR-217/ZEB1 axis is confirmed to regulate the progress of ESCC through the ceRNA mechanism. Accordingly, circ-ZDHHC5 can act as a promising therapeutic target and prognostic biomarker in terms of ESCC.
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Cancer stem cells (CSCs) have been identified in a multiple of cancer types and resistant to traditional cancer therapies such as chemotherapeutic agents and radiotherapy, which may destroy bulk tumor cells but not all CSCs, contributing to reformation tumor masses and subsequent relapse. Moreover, it is very difficult to effectively identify and eliminate CSCs because they share some common phenotypic and functional characteristics of normal stem cells. Therefore, finding better therapeutic strategies to selectively target CSCs might be helpful to reduce subsequent malignancies. In the present study, we found that caffeic acid effectively suppresses self-renewal capacity, stem-like characteristics, and migratory capacity of CD44+ and CD133+ colorectal CSCs in vitro and in vivo. In addition, we also revealed that PI3K/Akt signaling may be linked to multiple colorectal CSC-associated characteristics, such as radio-resistance, stem-like property, and tumorigenic potential. To the best of our knowledge, this is the first study demonstrating that caffeic acid effectively targets colorectal CSC populations by inhibiting the growth and/or self-renewal capacity of colorectal CSCs through PI3K/Akt signaling in vitro and in vivo.
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INTRODUCTION

The incidence and mortality rates for colorectal cancer remain considerably high in the western world and the United States (Siegel et al., 2013). Various therapeutic approaches have been developed to treat colorectal cancers, but overall mortality rate remains extremely high and unchanged (Haggar and Boushey, 2009). In fact, approximately 50% of patients with complete surgical resection will relapse and ultimately die of chemotherapy-resistant metastatic disease (Gramont, 2005; Marshall et al., 2007; Kopetz et al., 2008; De Dosso et al., 2009). Although the cause of relapse has not yet been fully elucidated, the presence of a small subset of self-renewing cancer stem cells (CSCs) within a tumor is thought to be one of the major contributing factors for tumor metastasis and recurrence (Ayob and Ramasamy, 2018; Yang et al., 2020). CSCs have indeed been identified in almost all major cancer types, including breast cancer (Al-Hajj et al., 2003), colon cancer (Ricci-Vitiani et al., 2007), and leukemia (Jamieson, 2008). Importantly, CSCs are resistant to traditional anti-cancer therapies, such as chemotherapy (Makena et al., 2020) and radiotherapy (Schulz et al., 2019). Therefore, selectively targeting and eliminating CSCs will ultimately improve outcomes for patients undergoing colorectal cancer treatments. However, a drawback is that currently available knowledge about colorectal CSCs is largely influenced by the biological features of normal stem cells. Thus, targeting these common biological characteristics to eliminate colorectal CSCs may reduce normal stem cells and subsequently prevent normal gut regeneration. In this context, special attention has been recently devoted to selectively targeting colorectal CSCs without affecting normal stem or non-stem cells.

Many investigators have attempted to effectively eliminate colorectal CSCs with various synthetic agents, such as glycosaminoglycan mimetic (Boothello et al., 2019), SN-38 nanoparticles (Alibolandi et al., 2018), curcumin analog (Su et al., 2018), checkpoint kinase 1 (Chk1) inhibitor (Manic et al., 2018). Although they achieved moderate success, the overall results were not satisfactory due to the low chemo-sensitivity of colorectal CSCs. Thus, it is hoped that a novel biologically active compound based on natural products with minimal toxicity may significantly improve the sensitivity and efficiency for targeting colorectal CSCs. Particular attention has been recently devoted to the potential inhibitory effects of caffeic acid, a main bioactive component of coffee, on multiple types of cancers, including breast (Kabala-Dzik et al., 2018), skin (Zeng et al., 2018), and liver (Espindola et al., 2019) cancers. However, the specific inhibitory effects of caffeic acid against colorectal CSCs and its underlying molecular mechanisms remain underexplored despite the fact that coffee is affordable and has a long history of human use.

In the current study, we demonstrated for the first time that caffeic acid significantly inhibited multiple colorectal CSC-associated characteristics, such as growth potential, migratory capacity, radio-resistance, pluripotency, and tumorigenicity in vitro and in vivo. More strikingly, we also demonstrate that a caffeic acid exerts anticancer activity by inhibiting the PI3K/Akt cascade in vitro and in vivo. Markedly enhanced PI3K/Akt signaling activity has recently been discovered in multiple human cancer types (Hoxhaj and Manning, 2020; Jiang et al., 2020), especially cancers of the gastrointestinal (GI) tract (Matsuoka and Yashiro, 2014; Malley and Pidgeon, 2016; Corti et al., 2019). Despite many compelling findings, many questions regarding the functional relationship between PI3K/Akt signaling activity and many of the properties of colorectal CSC properties, such as radiation-resistance, metastasis, and tumorigenesis, remain unanswered. Importantly, here, we further demonstrated that PI3K/Akt signaling, as a putative marker for colorectal CSCs, regulates intestinal tumor growth via facilitating the expression of pluripotency-related factors, migratory capability, and the resistance to radiation in vitro and in vivo. Taken together, these results suggested that inhibiting the PI3K/Akt signaling cascade with caffeic acid might be an effective therapeutic strategy that selectively targets colorectal CSCs.



MATERIALS AND METHODS


Cell Culture and Reagents

The human colon adenocarcinoma cell line HCT116 was purchased from the Korean Cell Line Bank (KCLB, Seoul, Republic of Korea) and were cultured in Gibco® RPMI 1640 medium (Invitrogen, Grand Island, NY) supplemented with 100 U/ml penicillin/streptomycin (Lonza, Basel, Switzerland) and ultracentrifuged 10% fetal bovine serum (FBS) at 37°C in a 5% CO2 humidified incubator. Akt activator SC79 (Cat. No: SML0749) and caffeic acid (Cat. No: C0625) were purchased from Sigma-Aldrich (St. Louis, MO). Akt inhibitor V (Cat. No: 124012) was purchased from CalBiochem (La Jolla, CA).



Cell Proliferation Assay

The MTT assay was used to determine the cytotoxicity of caffeic acid, according to the manufacturer’s protocol. HCT116 cells (2 × 104 cells/well) were seeded in 96-well plates. After 24 h of incubation, the cells were treated with an increasing concentration of caffeic acid for 48 h. The viable cells were measured at a wavelength of 570 nm using a VersaMax microplate reader.



CSC Sphere Formation Assay

The HCT116 cell line has been widely used as an in vitro model of colorectal CSCs in various previous studies (Xiang et al., 2006; Chen et al., 2018; Quarni et al., 2019). Therefore, HCT116 cells were cultured in serum-free medium (Invitrogen Life Technologies, CA, United States) containing 20 ng/ml basic-fibroblast growth factor (bFGF, PeproTech Inc., Rocky Hill, NJ, United States), B27), B27 supplement minus vitamin A (Gibco, Life Technologies, 1×), 20 ng/ml epidermal growth factor (EGF, PeproTech Inc., Rocky Hill, NJ, United States), and 4 μg/ml heparin (Sigma-Aldrich, St. Louis, MO) and then plated (1 × 104 cells/well) onto Corning Costar ultra-low attachment (ULA) multiwell plates. After 10 days, the formed CSC spheres from each replicate well with diameters ≥ 100 μm were counted under an inverted microscope at a magnification of 50×. The percentage of cancer cells with CSC sphere-forming ability, termed the “tumorsphere formation efficiency (TSFE),” was analyzed as follows: [(number of CSC spheres that were formed/number of single cells that were plated in multiwell plates) × 100].



Protein Isolation and Western Blot Analysis

The protein expression levels were analyzed by western blotting as described in our previous studies (Park et al., 2020). Cells were lysed in a buffer containing 50 mM Tris, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP 40, and 0.2 mM PMSF. The protein concentrations of the total cell lysates were measured by using bovine serum albumin as a standard. Samples containing equal amounts of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories). The membranes were blocked with 5% skim milk in Tris-buffered saline containing Tween-20 at RT. Then, the membranes were incubated with primary antibodies against MMP-2 (Cell signaling #4022), MMP-9 (Cell Signaling #13667), phospho-PI3K (Cell Signaling #4228), total PI3K (Cell Signaling #4292), phospho-Akt (Cell Signaling #4060), total Akt (Cell Signaling #4491) and β-actin (Abcam, MA, United States, ab189073) overnight at 4°C and then with polyclonal HRP-conjugated goat anti-mouse IgG (BD Pharmingen, 554002) or goat anti-rabbit IgG (BD Pharmingen, San Diego, CA, United States, 554021) secondary antibodies at room temperature for 60 min. The antigen-antibody complexes were detected using Western blot ECL reagents (GE Healthcare, Bucks, United Kingdom).



Real-Time PCR Analysis

Total RNA was extracted from monolayer cultured cells or CSC spheres using commercial TRIzol® reagent (Invitrogen Life Technologies, CA, United States) according to the manufacturer’s recommended instructions. RNA purity was estimated by measuring the ratio of absorbance at 260 and 280 nm. The first-strand cDNA was synthesized using SuperScript II Reverse Transcriptase (Invitrogen Life Technologies, CA, United States) with 1 μg of total RNA. The first-strand cDNA was synthesized using Express SYBR-Green qPCR Supermix (BioPrince, Seoul, South Korea). qPCR was performed using a QIAGEN’s real-time PCR cycler, the Rotor-Gene Q. The relative mRNA expression levels of the target genes were calculated as fold changes using the ΔΔCT method. The sequences of the PCR primers are listed in Table 1.


TABLE 1. Primer sequences for quantitative RT-PCR.
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Flow Cytometry

FACS analysis and cell sorting were performed using FACS Calibur and FACS Aria machines (Becton Dickinson, Palo Alto, CA), respectively. FACS data were analyzed using FlowJo software (Tree Star, Ashland, OR). Antibodies to the following proteins were used: PE-conjugated CD44 (BD Bioscience, Cat. 559942, dilution 1/40) and 133 (MACS; Miltenyi Biotech, Sunnyvale, CA, 130-080-081, dilution 1/40). The MACS MultiSort Kit (Miltenyi Biotech, 130-090-757) was used to sort for CD44– CD133– and CD44+CD133+ cells according to the manufacturer’s protocol. The FACS gates were established by staining with an isotype antibody or secondary antibody.



Immunofluorescent Staining

Human colon carcinoma cells and tumor tissues were fixed with 4% paraformaldehyde (PFA) solution for 10 min at room temperature. HCT116 cells were permeabilized with 0.4 M glycine and 0.3% Triton X-100 and non-specific binding was blocked with 2% normal swine serum (DAKO, Glostrup, Denmark) as described in our previous studies (Park et al., 2020). After formalin fixation, paraffin-embedded tumor sections (4 μm) were dewaxed in xylene and rehydrated through an alcohol gradient, after which the endogenous peroxidase activity was blocked with 10% hydrogen peroxide. The tumor sections were immersed in Tris-EDTA (pH 9.0) (Thermo Fisher Scientific, Pittsburgh, PA, United States), rinsed in Tris-buffered saline and heated in a microwave oven. The samples were incubated with the following primary antibodies: anti-phospho-Akt (Cell Signaling #4060), CD44 (Abcam, ab46793), and CD133 (Biorbyt, Cambridge, United Kingdom, Orb114000, 43280) antibody. Sections were subsequently treated with secondary antibody and incubated with the avidin-biotin-peroxidase complex (MOM kit) (Vector Laboratories, Burlingame, CA, United States). The samples were examined by fluorescence microscopy (Zeiss LSM 510 Meta).



Tumorigenesis Experiment

All of the animal experiments were approved and carried out in accordance with the Institutional Animal Care and Use Committee (IACUC) (LCDI-2013-0031) of the Lee Gil Ya Cancer and Diabetes Institute of Gachon University. To evaluate the efficacy of caffeic acid, we used xenograft animal models. HCT116 cells (3 × 106 cells/mouse) were injected into the left flank of NSG mice. After tumor inoculation, the tumor volume reached approximately 100 mm3, and the mice were randomly divided into control (vehicle) and caffeic acid-treatment (10 mg/kg, I.P., daily) groups. The tumor size was measured twice a week, and the tumor volume was calculated with following formula: volume = (longitudinal × transverse2)/2. Additionally, the 3D tumor volume was calculated using a volumetric micro-CT scanner (NFR-Polaris G90, NanoFocusRay, Iksan, South Korea) before necropsy.



Patient-Derived Tumor Xenograft (PDTX) Model

Human tumor samples were obtained from patients diagnosed with colorectal cancer, after written informed consent was obtained from all patients. All research was approved by the Institutional Review Board of Gachon University College of Medicine (GCIRB-2013-66). Fresh tumor tissues were maintained in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 1% cefotiam hydrochloride (Hanmi Pharma, Seoul, Korea), 100 U/ml penicillin, and 100 U/ml streptomycin (Lonza). To establish the PDTX models, fresh tumor specimens were collected immediately after surgery and rinsed with antibiotic-containing DMEM medium. The tumor tissues were minced into small pieces (3 × 3 × 3 mm) and implanted subcutaneously into NSG mice. Six-to eight-week-old female NSG mice (NOD.Cg-Prkdc scid Il2rg tm1Wjl/SzJ, Jackson Laboratory, Bar Harbor, ME, United States) were used for the implantation of tumor tissues. After the tumor grew to a mean diameter of 10 mm or reached a tumor volume of 1,000 mm3, the mice were sacrifice, and the tumor tissues were serially passaged into additional mice.



Transwell Migration Assay

Colorectal cancer cells were seeded at a density of 1 × 105 cells/well in BD Falcon polycarbonate transwell inserts (8 μm pore size membranes for 24 well/plate) to track the migration capacity of plated cells. Non-migrating cells on the upper surface of polycarbonate membranes of transwell inserts were removed by scrubbing with a cotton tipped swab as described in our previous studies (Park et al., 2019). Migrated cells on the lower surface of polycarbonate membranes of transwell inserts were fixed with 4% paraformaldehyde (PFA) for 10 min and then stained with hematoxylin for 20 min at room temperature. Next, the number of migratory cells were analyzed and counted in three randomly selected fields per polycarbonate membrane from each condition under a light microscope.



Oncomine Database Analysis

We used the Oncomine Cancer Microarray database1 to analyze the activity of Akt signaling between relapse-free and relapse colorectal cancer patients or non-metastatic and metastatic colorectal cancer patients (Seiber cohort dataset). The expression value of Akt was log2 transformed followed by median centering for each gene. All statistical analyses were performed with GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, United States).



Gene Set Enrichment Analysis (GSEA) of Various Recurrent and Metastatic Colorectal Cancers

Clinical patient data from multiple types of colorectal cancers were collected and analyzed using the Seiber cohort dataset (GSE14333) (Jorissen et al., 2009) from “R2: Genomics Analysis and Visualization Platform2.” The primary data are available from GEO3 under series accession no. GSE143335. GSEA to identify pathways enriched in the ranked gene lists filtered by a particular threshold was performed using the Java implementation of GSEA obtained from http://www.broadinstitute.org/gsea/. Differentially expressed genes (DEGs) between non-metastatic and metastatic or between non-recurrent and recurrent colorectal cancer were analyzed based on the relative fold-change obtained from the Seiber cohort dataset (GSE14333). The analysis included gene sets from MSigDB pathways, C2: all curated genes (c2.all.v5.0.symbols.gmt) or c6: oncogenic signature gene sets (c6.all.v5.0.symbols.gmt). The normalized enrichment score (NES) accounts for differences in gene set size. The FDR q-value (the probability that a gene set with a given NES represents a false-positive finding) was used to set a significance threshold.



Ingenuity Upstream Regulator Analysis

An “upstream regulator” analysis was performed with Ingenuity Pathway Analysis (IPA) version 2.0 software4 (Ingenuity Systems, Inc., Redwood City, CA). Differential gene expression profiles (t-test, P < 0.05) between non-metastatic and metastatic colon cancer were subjected to the subsequent upstream regulator analysis. The statistical significance of target signaling regulator was analyzed by Fisher’s exact test, which was used to determine differentially expressing genes from the microarray results. The activation score (z score) was used to predict the activation/inhibition status of target molecules by comparing the identified differentially regulated genes (either consistently up-regulated or consistently down-regulated) in the dataset.



Statistical Analysis

All experiment data were represented as the mean ± SD and were based on at least three different experiments. The statistical analyses among the experimental groups were carried out using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, United States) following one-way ANOVA. A p-value of less than 0.05 can be considered as a significant result.



RESULTS


Caffeic Acid Effectively Suppresses Self-Renewal Capacities and Stem-Like Properties of Colorectal CSCs in vitro

To determine whether caffeic acid inhibits the tumorigenicity and various stem-cell-like properties of colorectal CSCs, we first established a 3D-sphere-forming culture system as an in vitro culture model of colorectal CSCs. Previous studies have revealed that stem cell-like characteristics are effectively enriched in non-adhesive sphere culture system in multiple types of cancers, including breast (Lee et al., 2019), colon (Olejniczak et al., 2018), lung (Zhang et al., 2018), and liver (Ma et al., 2019) cancers. As expected, the expression levels of pluripotency-related related factors, such as KLF4, NANOG, and SOX2, were more highly expressed in spheroid-forming cells than in the adhesive cells (Figures 1A,B). Previous studies have suggested that CD44 (Du et al., 2008; Guo and Frenette, 2014) and CD133 (Kazama et al., 2018) are prognostic markers of poor survival and responses. Therefore, to further analyze the clonogenic potential in these putative CSC-marker positive cells, CD44– CD133– and CD44+ CD133+ cells were sorted by dual-color flow cytometry (Figure 1C). The double-positive cells showed significantly higher clonogenic potential than the double-negative cells (Figure 1D). We then further analyzed the expression levels of multiple pluripotency-related related genes in these putative CSC-marker positive cells; CD44– CD133– and CD44+ CD133+ cells were sorted by dual-color flow cytometry. Consistently, the expression levels of multiple pluripotency-related related factors were significantly higher in double-positive cells than in the double-negative cells (Figure 1E). Next, we tested the efficacy of caffeic acid to suppress the self-renewal capacities and stem-like properties of colorectal CSCs. Importantly, normal human fibroblast cell-based dose-dependent experiments showed no marked signs of toxicity at the caffeic acid dose used in this study (Supplementary Figures 1A,B). More strikingly, the clonogenic potential (Figure 2A) and proportion of CD44+ CD133+ cells (Figure 2B) were significantly suppressed by caffeic acid treatment, in a dose dependent manner. Consistent with these finding, the relative expression levels of pluripotency-related related factors were also significantly decreased in the caffeic acid-treated colorectal CSCs (Figure 2C). We further assessed the effects of caffeic acid on the migratory capacity of colorectal CSCs using a transwell invasion assay. The ability to migrate across the transwell membrane (Figure 2D) and the expression of matrix metalloproteinase 2/9 (MMP-2/9), which plays a crucial role in regulating cell migration and tissue regeneration (Figure 2E), were markedly decreased in caffeic acid-treated cells compared to non-treated cells. Previous studies have revealed that reorganization of the actin cytoskeleton is associated with cell migration by pushing or pulling on the plasma membrane (Svitkina, 2018). Consistently, phalloidin staining of actin cytoskeleton revealed a significant correlation between caffeic acid treatment and dynamic actin filament rearrangement (Supplementary Figure 2), suggesting that the markedly suppressed migratory ability of caffeic acid-treated cells may be associated with actin filament rearrangement. Moreover, these inhibitory effects of caffeic acid on tumorigenicity may be related to the growth potential and apoptotic processes, including the Annexin V-positive population (Figures 2F,G). Additionally, elevated pro-apoptotic DNA fragmentation was also observed with caffeic acid-treated cells (Supplementary Figure 3).
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FIGURE 1. Establishment of a 3D-sphere-forming culture system as an in vitro culture model of colorectal CSCs. Colorectal CSC spheres were formed using the HCT116 cancer cell line after 1 week sphere culture. The sizes of spheres greater than 100 μm were enumerated, with a representative image of a tumorsphere shown (A). Real-time PCR results demonstrating changes in the expression of the stem cell markers KLFG, NANOG, and SOX2 after 1 week in sphere culture relative to that in subconfluent monolayers (B). The results of FACS analysis showing the percentage of the total cell population that consisted of CD44+/CD133+ cells in both monolayer and sphere cultures (C). HCT116 cells were sorted by dual-color flow cytometry analysis according to CD44 and CD133 expression. The dot plot is divided into two quadrants for CD44+/CD133+ or CD44–/CD133–. The sorted HCT116 cell populations were plated into sphere-forming culture dishes, and their clonogenic abilities were analyzed (D). Real-time PCR results demonstrating changes in the expression of KLFG, NANOG, and SOX2 in both CD44+/CD133+ and CD44–/CD133– subpopulations (E). The results represent the means ± SD of three independent experiments.
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FIGURE 2. The inhibitory effects of caffeic acid on the clonogenicity and pluripotency of colorectal CSCs. Colorectal CSCs are more resistant to radiation than bulk tumor cells. Therefore, primary CSC spheres were exposed to radiation (2Gy) and dissociated into single cells. These cells were subsequently replated onto culture dishes without additional radiation exposure to form secondary CSC spheres. Caffeic acid treatment inhibited sphere formation of colorectal CSCs (A). The percentage of CD44+ CD133+ subpopulations was evaluated by FACS analysis. The treatment of HCT116 cells with caffeic acid (0.3 mM) for 48 h decreased the percentage of CD44+ CD133+ cells in the total cell population (B). Real-time PCR results reveal the changes in the expression of KLFG, NANOG, and SOX2 in both the vehicle-and caffeic acid-treated groups (C). HCT116 cells were treated with caffeic acid for 24 h, after which the effect of caffeic acid on cell migration ability was evaluated using a transwell migration assay (D). The relative expression levels of key positive regulators of cell migration (MMP-2/9) were assessed using western blotting (E). The inhibition of cell viability by caffeic acid treatment for 72 h was determined by an MTT assay. Cell viability (%) was calculated as a percent of the vehicle control (F). Caffeic acid-induced cytotoxicity was evaluated by flow cytometry using PE-labeled Annexin-V (G). β-actin was used as the internal control. The data represent the mean ± SD of three independent experiments.




Caffeic Acid Effectively Suppresses Radio-Resistant Colorectal CSCs in vitro

It has been suggested that colorectal CSCs are associated with resistance to various conventional therapeutic approaches, including chemotherapy (Phi et al., 2018) and radiotherapy (Arnold et al., 2020). Consistent with these studies, we observed that both the size of sphere formation (Figure 3A) and the percentage of CD44/CD133 double positive populations (Figure 3B) in colorectal CSCs were markedly increased in response to 2Gy radiation. Furthermore, we also found that the expression levels of pluripotency-related related factors, such as KLF4, NANOG, and SOX2, were also significantly increased following 2Gy radiation (Figure 3C). Importantly, radiation-enriched colorectal CSC sphere formation (Figure 3D) as well as the percentages of CD44/CD133 double positive populations (Figure 3E) were significantly reduced by caffeic acid exposure. These results indicate that caffeic acid effectively targets colorectal CSC populations, which can be enriched by conventional chemotherapeutic agents and radiotherapy.
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FIGURE 3. Caffeic acid effectively suppresses radiotherapy-induced clonogenicity and pluripotency of colorectal CSCs. Colorectal CSC spheres derived from HCT116 cells were exposed to radiation (2Gy). Radiation significantly increased CSC sphere formation (A). The percentages of CD44+ CD133+ subpopulations were evaluated by FACS analysis. The exposure of HCT116 cells to radiation (2Gy) increased the percentage of CD44+ CD133+ cells in the total cell population (B). The mRNA levels of KLFG, NANOG, and SOX2 in both control and radiation (2Gy)-exposed cells were measured using real-time PCR (C). Primary CSC spheres were exposed to radiation (2Gy) and dissociated into single cells. These cells were subsequently replated onto culture dishes with or without additional caffeic acid (0.3 mM) treatment to form secondary CSC spheres. Caffeic acid inhibited radiation-resistant sphere formation in HCT116 cells (D). The treatment of HCT116 cells with caffeic acid for 48 h decreased the percentage of radiation-induced CD44+ CD133+ cells in the total cell population (E). The sphere sizes greater than 100 μm were enumerated, and a representative image of a tumor sphere is shown. Abbreviations: TSFE, tumor sphere-forming efficiency. The results are presented as the means ± SD of three independent experiments.




Aberrant Activation of Akt Signaling Is Linked to Multiple CSC-Associated Characteristics

It has been recently suggested that colorectal CSCs contribute to tumor recurrence and metastasis (Prager et al., 2019). Therefore, to identify potential target genes that are significantly activated in metastatic progression or recurrent patients, we performed a gene set enrichment analysis (GSEA), which is an algorithm for determining whether the differentially expressed genes are enriched for particular physiological conditions, on clinical data of colorectal cancer with the Seiber dataset (GSEA14333). Interestingly, the GSEA results revealed that Akt signaling components were markedly enriched in recurrent colorectal cancer (Figure 4A). Furthermore, we performed a correlation analysis to verify the potential pathological link between Akt signaling and recurrence of colorectal cancer using the Oncomine dataset repository5. The gene datasets were filtered by Akt signaling activity and occurrence or recurrence of colorectal cancer. The results revealed a strong relationship between markedly enhanced Akt signaling activity and the occurrence or recurrence of colorectal cancer (Figure 4B). We also observed significant correlations between enhanced Akt signaling activity and lower survival rates or higher rates of recurrence (Figure 4C). Furthermore, to assess the activation state of these Akt signaling components in recurrent vs. non-recurrent colorectal cancers, we examined the gene expression profiles using ingenuity pathway analysis (IPA) software. Consistently, positive regulators of Akt signaling, such as Akt (Z-score = 1.626, p = 1.18E–06), IGF2 (Z-score = 2.025, p = 4.70E–10), TGFA (Z-score = 2.251, p = 1.96E–04), and MAPK8 (Z-score = 2.231, p = 4.01E–05), were activated in recurrent colorectal cancers (Figure 4D). Consistent with the results of clinical big data analytics, our immunostaining revealed that the expressions level of phospho-Akt was significantly enhanced in recurrent tumor tissues compared with that in non-recurrent tumor tissues (Figure 4E). To further investigate the correlations between Akt signaling activity and colorectal CSC subpopulations, we analyzed the expression levels of phospho-Akt in spheroid-forming CSCs (Figure 4F) or in CD44+ CD133+ double-positive cells (Figure 4G). These results suggested that aberrant activation of Akt signaling may be linked to multiple CSC-associated characteristics, such as radio-resistance, stem-like property, and tumorigenic potential of colorectal CSCs.
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FIGURE 4. Aberrant activation of Akt signaling is associated with metastatic progression in colorectal cancer. Differentially expressed genes from metastatic and non-metastatic colorectal cancers (Seiber cohort, GSE14333) were applied to a gene set enrichment analysis (GSEA). The GSEA revealed the highly enhanced expression of Akt signaling in recurrent colorectal cancer (A). The available colorectal cancer datasets were analyzed using the Oncomine dataset repository (www.oncomine.org). After specifically filtering for colorectal cancer datasets showing a frequency of tumor recurrence, we found significant correlations between enhanced Akt signaling and a higher overall recurrence (B) as well as a lower survival rate (C). An upstream regulator analysis was performed with ingenuity pathway analysis (IPA) software (http://www.ingenuity.com) to predict the activation state (either activated or inhibited) of several Akt-dependent putative regulators in recurrent vs. non-recurrent cases. The “Z-score” profile indicates whether a specific putative regulator is significantly more “activated” than “inhibited.” The IPA analysis revealed the highly enhanced expression of Akt signaling-related transcription factors, such as Akt, IGF-2, TGF-α, and MAPK8, in recurrence (D). Non-metastatic and metastatic colorectal cancer tissues were stained with an antibody specific for phospho-Akt. DAPI staining was used to label the nuclei within each field (E). Western blotting results demonstrate the changes in the activity of Akt signaling after 1 week in sphere culture relative to that in subconfluent monolayers (F). HCT116 cells were sorted by dual-color flow cytometry analysis according to CD44 and CD133 expression. The dot plot is divided into two quadrants for CD44+ CD133+ or CD44– CD133–. Western blotting results demonstrate the changes in the activity of Akt signaling in both CD44+CD133+ and CD44– CD133– subpopulations (G). β-actin was used as the internal control. The data represent the mean ± SD of three independent experiments.




Inhibitory Effects of Caffeic Acid on Colorectal CSCs Are Achieved by Disrupting the PI3K/Akt Signaling Cascade

To investigate the underlying molecular mechanisms of the caffeic acid-induced inhibitory effects, we evaluated whether caffeic treatment was sufficient to activate the PI3K/Akt signaling cascade in colorectal CSCs. Importantly, the phosphorylation levels of Akt were significantly decreased in caffeic acid-treated cells in a dose dependent manner (Figure 5A). Therefore, it is reasonable to hypothesize that caffeic acid inhibits the self-renewal and stem cell-like properties of colorectal CSCs by disrupting the Akt signaling axis. In this context, to confirm whether Akt signaling can mediate caffeic acid-induced effects on colorectal CSCs, we activated or inhibited Akt signaling using the specific Akt activator SC79 or the Akt inhibitor V, respectively. Indeed, the Akt activator-induced stimulatory effects of PI3K/Akt signaling were significantly attenuated by treatment with caffeic acid (Figure 5B). Importantly, the inhibitory effects of caffeic acid on colorectal CSC-sphere formation (Figure 5C) and the percentage of the total cell population that consisted of CD44+ and CD133+ cells (Figure 5D) were successfully attenuated by Akt signaling activation. In addition, the Akt inhibitor-induced inhibitory effects of PI3K/Akt signaling were markedly synergized by treatment with caffeic acid (Figure 5E). Consistent with the Akt signaling activation results, the inhibitory effects of caffeic acid on colorectal CSC-sphere formation (Figure 5F) and the percentage of the total cell population that consisted of CD44+ and CD133+ cells (Figure 5G) were also synergized by Akt signaling inhibition. These results suggested that the inhibitory effects of caffeic acid on the self-renewal and stem-like properties of colorectal CSCs may be achieved by disrupting the PI3K/Akt signaling axis.
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FIGURE 5. Activation or inhibition of Akt signaling modulates the caffeic acid-induced effects on clonogenicity and pluripotency of colorectal CSCs. Western blotting results reveal the changes in Akt activity in both vehicle- and caffeic acid-treated groups (A). Colorectal CSCs were pretreated with the Akt activator SC79 (10 μM) for 24 h prior to treatment with 0.3 mM caffeic acid for 48 h, and the changes in the activities of PI3K and Akt were determined by western blotting (B). The attenuating effects of Akt activation on the caffeic acid-induced sphere-forming ability and the percentage of CD44+CD133+ subpopulations were assessed by sphere-forming culture (C) and FACS analysis (D), respectively. Colorectal CSCs were pretreated with the Akt inhibitor V (10 μM) for 24 h prior to treatment with 0.3 mM caffeic acid for 48 h, and the changes in the activities of PI3K and Akt were determined by western blotting (E). The synergistic effects of Akt inhibition on the caffeic acid-induced sphere-forming ability and the percentage of CD44+ CD133+ subpopulations were assessed by sphere-forming culture (F) and FACS analysis (G), respectively. The sphere sizes greater than 100 μm were enumerated, and a representative image of a tumor sphere is shown. Abbreviations: TSFE, tumor sphere-forming efficiency. β-actin was used as the internal control. The data represent the mean ± SD of three independent experiments.




Caffeic Acid Suppresses Radiation-Induced Self-Renewal and Stem-Like Properties of PDTX-Derived Colorectal CSCs

A patient-derived tumor xenograft (PDTX) model of colorectal cancer can be created by directly implanting cancer tissues obtained from colorectal cancer patients into immunodeficient mice (Inoue et al., 2019; Yoshida, 2020). Therefore, the PDTX model is a promising model to solve the discrepancy of the positive therapeutic effect observed in in vitro cultured cancer cell lines that have adapted to growth outside the natural tumor microenvironment but the lack of an effect observed in heterogeneous tumors from patients. Here, to further evaluate the potency and efficiency of caffeic acid, we successfully established a PDTX model of human colorectal cancer. Importantly, radiation-induced CSC sphere formation (Figure 6A) and CD133+ and CD44+ cells (Figure 6B) were significantly attenuated by the caffeic acid treatment in two PDTX models. Importantly, the phosphorylation levels of Akt were significantly increased by radiation, and these radiation-induced stimulatory effects of PI3K/Akt signaling were significantly attenuated by treatment with caffeic acid (Figure 6C) in two PDTX models. These results suggested that radiation-related resistance and stem cell-like properties of colorectal CSCs may be disrupted by caffeic acid exposure.
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FIGURE 6. Caffeic acid suppresses the clonogenicity and pluripotency of colorectal CSCs by disrupting the Akt signaling axis in the PDTX model. Schematic representation of the experimental protocol as described in the section “Materials and Methods.” Anesthetized 7 weeks old male NSG mice were inoculated with a 1:1 mixture of Matrigel and 3 × 106 HCT116 cells into the subcutaneous tissue. Next, primary CSC spheres derived from two PDTX mice were exposed to radiation (2Gy) and dissociated into single cells. These cells were subsequently replated onto culture dishes without additional caffeic acid exposure to form secondary CSC spheres. Caffeic acid treatment successfully attenuated radiation-induced sphere formation of colorectal CSCs (A). The percentage of CD44+CD133+ subpopulations was evaluated by FACS analysis. The treatment of HCT116 cells with caffeic acid (0.3 mM) for 48 h decreased the percentage of CD44+ CD133+ cells in the total cell population (B). Colorectal CSC spheres derived from two PDTX mice were exposed to radiation (2Gy) with or without additional caffeic acid exposure and the activities of Akt signaling were determined by western blotting (C). The sphere sizes greater than 100 μm were enumerated, and a representative image of a tumor sphere is shown. Abbreviations: TSFE, tumor sphere-forming efficiency. β-actin was used as the internal control. The data represent the mean ± SD of three independent experiments.




Caffeic Acid Effectively Suppresses Self-Renewal Capacities and Stem-Like Properties of Colorectal CSCs in vivo

Following our in vitro experiments, we further investigated the in vivo efficacy of caffeic acid on tumorigenesis in human tumor xenografts. Consistent with the in vitro results, there was a significant reduction in tumor volume (Figure 7A) and weight (Figure 7B) in mice that were treated with caffeic acid (10 mg/kg, administered intraperitoneally), suggesting that caffeic acid treatment markedly impaired the tumor-initiating potential of colorectal CSCs. To further determine whether caffeic acid treatment affects the stem cell-like properties of colorectal CSCs in vivo, we assessed the percentage of the CD44+ CD133+ subpopulation of tumor-xenograft-derived cells. Consistently, caffeic acid treatment successfully suppressed the percentage of the CD44+/CD133+ subpopulation in vivo in the xenograft model (Figure 7C). Then, to determine whether caffeic acid successfully inhibits the Akt signaling pathway in vivo, we investigated the expression levels of phospho-Akt in mice with or without caffeic acid treatment. As expected, both western blotting and immunohistochemistry results showed that caffeic acid treatment led to a significant decrease in phospho-Akt levels in human tumor xenograft (Figures 7D,E). These results suggested that the inhibitory effects of caffeic acid on the self-renewal and stem-like properties of CSCs in vivo may be achieved by disrupting the Akt signaling pathway, thus suppressing the tumorigenicity of colorectal CSCs.
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FIGURE 7. Caffeic acid suppresses the clonogenicity and pluripotency of colorectal CSCs by disrupting Akt signaling in a mice xenograft model. Schematic representation of the experimental protocol as described in the section “Materials and Methods.” Anesthetized 7 weeks old male NSG mice were inoculated with a 1:1 mixture of Matrigel and 3 × 106 HCT116 cells into the subcutaneous tissue. Mice bearing HCT116 cell tumors were treated with caffeic acid (10 mg/kg, intraperitoneally) or vehicle (PBS). The tumor volumes (A) and weights (B) were measured as described in the section “Materials and Methods.” Non-treated and caffeic acid-treated colorectal cancer tissues were stained with antibodies specific for CD44 and CD133. DAPI staining was used to label the nuclei within each field (C). The relative activation levels of Akt signaling in the HT29 cell xenograft models were assessed by western blotting (D). Non-treated and caffeic acid-treated colorectal cancer tissues were stained with an antibody specific for phospho-Akt. DAPI staining was used to label the nuclei within each field (E). β-actin was used as the internal control. The data represent the mean ± SD of three independent experiments.




DISCUSSION

It is now widely accepted that natural resource-based products make significant contributions to drug development and public health in terms of the treatment and/or prevention of various diseases, including cancers (Ko and Moon, 2015; Wali et al., 2019). Currently, this strategy has proven very successful for many therapeutic agents or drug candidates that are derived from plant, microbial, and semi-synthetic compounds based on natural product templates (Cheuka et al., 2016). It is commonly known that more than 80% of pharmaceutical products, including various anti-tumor agents, are obtained from natural products, such as camptothecin from Camptotheca acuminate (Schaeppi et al., 1974; Gunasekera et al., 1979), epipodophyllotoxins from Podophyllum peltatum (Krishan et al., 1975; Muggia and Gill, 1989), taxanes from Taxus brevifolia (Kingston et al., 1982), vinca alkaloids from Vinca major (Jordan et al., 1991), and so on. The therapeutic effects of numerous natural product-derived drugs have been evaluated for the management and prevention of many different types of cancer (Aung et al., 2017; Mitra and Dash, 2018). The major advantages of using natural resource-based products particularly for cancer treatment are as follows: (a) minimal or low adverse effect; (b) their ability to react to many cancer types; (c) comparably easy accessibility; and (d) the mixture of multiple potent anti-tumor components (Lee et al., 2016). Among various natural substances, caffeic acid has been reported to possess anti-inflammatory (Dos Santos and Monte-Alto-Costa, 2013), antioxidant (Sulaiman et al., 2014), and anti-tumor effects (Lin et al., 2015). Indeed, Wang et al. (2005) revealed that caffeic acid significantly induced G0/G1 phase cell cycle arrest and apoptotic cell death by suppressing the Wnt/β-catenin signaling pathway in colorectal cancer cell line HCT-116. Xiang et al. (2006) also found that caffeic acid reduced the self-renewal capacities of various colocrectal cancer cells, such as HCT-116 and SW480 cells by inhibiting cyclin D1 and c-myc signaling cascades. In this context, we investigated the therapeutic effect of caffeic acid on colorectal CSCs, which are thought to be a major contributing factor to tumor metastasis and recurrence (Dean et al., 2005). Indeed, caffeic acid effectively suppressed self-renewal capacities and stem-like properties of colorectal CSCs in vitro (Figures 2A–G) and in vivo (Figures 7A–E). Importantly, at the dose used here, caffeic acid showed no marked signs of toxicity in normal human fibroblast cell-based dose-dependent experiments (Supplementary Figure 1). Caffeic acid also effectively suppressed radio-resistant colorectal CSCs in vitro (Figures 3A–E). These results indicate that caffeic acid effectively targets colorectal CSC populations, which can be enriched by conventional chemotherapeutic agents and radiotherapy with minimal toxicity.

Recent studies have revealed that the PI3K/Akt signaling pathway is frequently dysregulated in colorectal cancer (Slattery et al., 2018; Zhong et al., 2019). Therefore, aberrant PI3K/Akt signaling might be an important clinical characteristic of colorectal cancers and a prognostic marker of the overall survival rate (Malinowsky et al., 2014). Consistently, our data revealed that PI3K/Akt signaling was significantly higher in metastatic colorectal cancers than in non-metastatic cancer, although both cancers exhibit a basal level of PI3K/Akt signaling (Figures 4A–E). Furthermore, PI3K/Akt signaling was significantly higher in colorectal CSCs than in bulk cancer cells (Figures 4F,G). These results suggested that targeting colorectal CSCs with a PI3K/Akt signaling inhibitor might be a more effective therapeutic strategy. Although recently developed PI3K/Akt signaling inhibitors, such as MK-2206 (Hirai et al., 2010), Perifosine (Bendell et al., 2011), and Afuresertib (Tolcher et al., 2015), effectively inhibit PI3K/Akt signaling under in vitro conditions, the poor activities or toxicities of these inhibitors have prevented their clinical applications (Mundi et al., 2016). Therefore, the development of novel active compounds that effectively target PI3K/Akt signaling implicated in colorectal CSC-mediated tumorigenesis and resistance is urgently needed. In addition, our results from gene set enrichment analysis (GSEA) (Figure 4B), Oncomine dataset repository (Figure 4C), ingenuity pathway analysis (IPA) (Figure 4D) results showed that the expression levels and signaling activities of Akt were markedly enriched in recurrent colorectal cancer. Interestingly, our western blotting results revealed that the expression levels of total Akt were not changed in more tumorigenic spheroid-forming CSCs (Figure 4F) or in CD44+ CD133+ double-positive cells. Although our hypothesis is that Akt expression and its signaling activity are increased during the development and metastasis/recurrence of colorectal cancer, total Akt levels were not changed in more tumorigenic spheroid-forming CSCs due to the following limitation of our in vitro culture model of colorectal CSCs: our in vitro models of colorectal CSCs are 3D-sphere-forming culture system or sorted cell culture system with putative CSC-marker (CD44 and CD133) of same colon cancer cell line (HCT116), whose expression levels of total Akt were not altered during 3D culture or cell sorting.

To further investigate whether caffeic acid effectively inhibits the growth and/or self-renewal capacity of colorectal CSCs through the suppression of PI3K/Akt signaling, we cotreated colorectal CSCs with caffeic acid and the Akt activator SC79 or the Akt inhibitor V, respectively. Importantly, the inhibitory effects of caffeic acid on colorectal CSC-sphere formation (Figure 5C) and the percentage of the total cell population that consisted of CD44+ and CD133+ cells (Figure 5D) were successfully attenuated by Akt signaling activation. The observation of markedly synergized inhibitory effects on colorectal CSC-sphere formation cotreated with caffeic acid and the Akt inhibitor further supports this interpretation (Figures 5F,G). These results suggested that the inhibitory effects of caffeic acid on the self-renewal and stem-like properties of colorectal CSCs may be achieved by disrupting the PI3K/Akt signaling axis.

Taken together, our findings suggest that the PI3K/Akt signaling cascade may facilitate self-renewal and radio-resistance and that this signaling axis may serve as a promising prognostic marker and promising therapeutic target for colorectal CSCs. To the best of our knowledge, this is the first study demonstrating the caffeic acid effectively targets colorectal CSC populations by inhibiting the growth and/or self-renewal capacity of colorectal CSCs through PI3K/Akt signaling in vitro and in vivo.
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In postmenopausal women, a major risk factor for the development of breast cancer is obesity. In particular, the adipose tissue-derived adipokine leptin has been strongly linked to tumor cell proliferation, migration, and metastasis, but the underlying mechanisms remain unclear. Here we show that treatment of normal mammary epithelial cells with leptin induces EMT-like features characterized by higher cellular migration speeds, loss of structural ordering of 3D-mammo spheres, and enhancement of epithelial traction forces. Mechanistically, leptin triggers the phosphorylation of myosin light chain kinase-2 (MLC-2) through the interdependent activity of leptin receptor and Ca2+ channels. These data provide evidence that leptin-activated leptin receptors, in co-operation with mechanosensitive Ca2+ channels, play a role in the development of breast carcinomas through the regulation of actomyosin dynamics.
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INTRODUCTION

Breast cancer is the most common malignant disease among the female population and has the highest mortality rate, in most cases due to secondary tumors (Bray et al., 2018). Lately, a growing body of evidence has shown that the tumor microenvironment has an important role for the development of breast tumors (Arendt and Kuperwasser, 2015; Seo et al., 2015). Particularly the role of the adipose tissue, which is a main component of the breast stroma, has been pointed out to be leading cause for oncogenesis and cancer progression (Wang et al., 2012; Picon-Ruiz et al., 2016, 2017). However, the specific mechanisms of how the adipose tissue drives the initial stages of cancer development remain elusive.

Adipose is not only a passive storage of lipids, but has also dynamic secretory and metabolic functions, which are dysregulated in obese individuals and during cancer progression (Vona-Davis and Rose, 2007; van Kruijsdijk et al., 2009; Schweizer et al., 2015). At the same time, a striking correlation between obesity and the invasiveness of the breast cancers in postmenopausal women has been described (Neuhouser et al., 2015; Osman and Hennessy, 2015). For obese women, the risk to die from the breast cancer is more than 2.5 times higher than in lean patients (Neuhouser et al., 2015). As a contributor to breast cancer progression, the adipose tissue has been mainly thought to create local inflammatory reactions or to act as a source of energy for the cancer cells via fatty acid release (Pan et al., 2018). Besides that, adipose endocrine factors such as the adipokines leptin and adiponectin are known to correlate with the invasive phenotype and metastasis of breast cancer (Vona-Davis and Rose, 2007; Libby et al., 2014; Pan et al., 2018; Andò et al., 2019). Leptin is a product of the obese (ob) gene and traditionally regulates energy metabolism and satiety through stimulation of the central nervous system. In breast cancer, it has pro-mitogenic functions as it induces PI3K/Akt survival pathway and up-regulates genes associated with metastasis (Yan et al., 2012; Kato et al., 2015). Leptin also increases the proliferation of normal breast epithelial cells (Hu et al., 2011; Tenvooren et al., 2019). In contrast, adiponectin is an anti-proliferative and negatively correlated with cancer invasion and metastasis (Jardé et al., 2011). Adiponectin has also effect on the metabolism of reactive oxygen species, inhibits cell proliferation and reduces tumor angiogenesis (van Kruijsdijk et al., 2009; VanSaun, 2013). However, in the obese individuals adiponectin levels are low and that in combination with high leptin levels correlates with larger tumors and higher tumor grade (Vona-Davis and Rose, 2007). Additionally, adipokines have been suggested to induce changes in the cell morphology and trigger epithelial-to-mesenchymal transition (EMT), a process closely related to cancer progression (Yan et al., 2012; Kato et al., 2015). Based on the previous observations, there is clearly a strong need to investigate in more detail the mechanisms, which adipocyte cells utilize to initiate tumorigenesis and invasion.

Initiation of cancer metastasis starts with the onset of invasion. During invasion tumor cells detach from the primary tumor site due to weakened cell-cell adhesions and alter the extracellular matrix for efficient migration (Scully et al., 2012). Under normal conditions, epithelial cell sheets are kept intact by actomyosin bundles, which connect to the extracellular matrix (ECM) and to the cadherin-based cell-cell contacts for the maintenance of tensional balance (Maruthamuthu et al., 2011; Wu et al., 2014; Lecuit and Yap, 2015). Prior to invasion, these actomyosin forces are unbalanced, leading to loss of epithelial integrity and abnormal cell-substrate forces that cancer cells may utilize for migration and to modify their environment more permissive for the invading cells (Mierke et al., 2008, 2011; Kraning-Rush et al., 2012; Aung et al., 2014). Actomyosin contractility is driven by the myosin II motor protein and is usually triggered by the phosphorylation of myosin light chain-2 (MLC-2) (Somlyo and Somlyo, 2000). The dynamics of contractile actomyosin bundles is regulated by several mechanosensitive pathways, including Rho/ROCK pathway, which is probably the most well understood and also targeted by stromal alterations (Bershadsky et al., 2003; Huang et al., 2004). Many of the actomyosin-regulating kinases, such as myosin light chain kinase, MLCK, and Ca2+ -dependent kinases, CaM kinases, are also reliant on calcium and therefore local Ca2+ influxes through specific channels can play a major role in the activity of actomyosin structures both in single migrating cells and in epithelial sheets (Somlyo and Somlyo, 2000; Clark et al., 2006, 2007; Miranda et al., 2010; Tojkander et al., 2015, 2018; Haws et al., 2016; Rajakylä et al., 2020). In addition, Ca2+ signaling is known to regulate migration of normal and breast cancer cells (Wei et al., 2009; Iamshanova et al., 2017) and certain mechanosensitive Ca2+ channels, particularly the Transient Receptor Potential (TRP) and Orai1 families, are overexpressed in breast cancer and associated with poor clinical prognosis (Bolanz et al., 2008; Dhennin-Duthille et al., 2011). As Ca2+ signaling is directly involved in the induction of EMT (Dowd et al., 2017), it may trigger dissemination and invasion of cancer cells through cytoskeletal changes. However, it is not yet known whether the adipose-secreted factors and Ca2+ signaling interact to facilitate epithelial cell scattering prior to invasive stage.

In the current work, we show that adipose signaling, and in particularly leptin signaling, can alter morphology and migration capability of normal mammary epithelial cells. These features were associated with induction of EMT-related proteins and loss of normal 3D mammosphere structures. Additionally, treatment of mammary epithelial cells with adipokines triggered MLC-2 phosphorylation, subsequently leading to higher actomyosin forces that may play a role in cell motility. Myosin 2-mediated contraction, induced by leptin, at least partially took place in an AMPK-dependent manner and required the interplay in between leptin signaling and calcium influx. These data suggest that leptin is involved in the regulation of actomyosin dynamics by switching Ca2+ influx of the cells. Our findings thus support the previous observations on the association of excessive leptin in breast cancer progression and reveal a novel, co-operative action of the leptin receptor and mechanosensitive Ca2+ channels, which could favor the development of invasive breast cancer.



RESULTS


Leptin Triggers Motility and EMT-Like Phenotype in Normal Breast Epithelial Cells

Adipose tissue-secreted cytokines have been reported to affect motility and proliferation of breast epithelial cells (Treeck et al., 2008; Jardé et al., 2011). To understand how two distinct adipokines, i.e., leptin and adiponectin, could impact motility of normal mammary epithelial cells, we treated sparsely growing MCF10A cells with these distinct adipokines and tracked their migration in time. Single cell cultures, exposed to serum starvation, were left untreated or treated with either 50–100 ng/ml of leptin or 25–250 ng/ml of adiponectin, and were imaged over 24 h. The trajectories of migratory cells were tracked with the Cell IQ Analyser program (Figures 1A–C). MCF10A cells, treated with higher dose of leptin, demonstrated statistically significant increase in cell motility (Figures 1B,D). In contrast, adiponectin-treated cells did not show significant difference in the migration speed in comparison to ctrl sample (Figures 1C,D).
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FIGURE 1. Leptin triggers breast epithelial cell migration. MCF10A cells were followed for their migratory features after 24 h of treatments. Representative traction plots of (A) control in serum-free medium; (B) Leptin 100 ng/ml; and (C) Adiponectin 25 ng/ml; (D) median values of cell speed per trajectory calculated with Cell IQ Analyser (CM technologies, Tampere, Finland), results are from at least 71 cells per condition. n = 2, *p < 0.05 Kruskal-Wallis test.


To further examine the cytoskeletal changes associated with leptin-triggered migratory cells, we assessed the morphology of these cells within mammary epithelial sheets. Treatment of MCF10A cell cultures with higher dose of leptin, induced clear morphological changes in the epithelial cells (Figure 2A). The elongated cell shape in these epithelial sheets was analyzed by measuring the average length of cell-to-cell bonds within the monolayers with Image J plugin Tissue Analyzer as described in section “Materials and Methods” and (Aigouy et al., 2016). Based on this analysis, leptin-treated cells were significantly elongated in comparison to the control and adiponectin-treated cells (Figure 2B).
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FIGURE 2. Leptin treatment disrupts the epithelium and induces EMT markers. (A) Ctrl, leptin- and adiponectin-treated MCF10A cell monolayers after 72 h in culture. Treatment with 100 ng/ml of leptin disrupted epithelial sheet morphology and led to elongation of the cells within the monolayer. Actin cytoskeleton was visualized with phalloidin. Scale bar 50 μm. (B) Monolayer morphology was evaluated from the phalloidin stainings by using the Tissue analyzer plugin for Image J. Average length of the cell-cell bonds after leptin and adiponectin treatments was assessed. **p < 0.01, ***p < 0.001, One-way ANOVA, Tukey’s post-test. (C) Cellular lysates of ctrl, leptin- and adiponectin-treated cells were analyzed by Western blotting. Specific antibodies against β-catenin, E-cadherin and snail were utilized. GAPDH acts as a loading control. (D) Western blot quantification related to Figure 2C. n = 3 (for snail) and n = 4 (for E-cadherin and β-catenin), Student’s t-test, *p < 0.05, **p < 0.01). (E) MCF10A cells were culture in 3D matrigel for 14 days, after which they were fixed and used for immunofluorescence stainings. Specific antibodies against CK5 and E-cadherin were utilized. Phalloidin was used to detect actin cytoskeleton and DAPI nuclei. CK5 stains the outer, myoepithelial cell layer. Images show the morphology of 3D spheroids from MCF 10A cells treated with leptin or adiponectin (1,000 ng/ml for both). Leptin was changing the spheroid structure to irregular (indicated with white arrows). Scale bar 20 μm.


Concomitant with the morphological changes, an increase in the mesenchymal markers β-catenin, snail, N-cadherin and slug was detected upon leptin treatment, while E-cadherin levels remained constant (Figures 2C,D and Supplementary Figures S1A,B, S2A). Leptin treatment was associated with occasional internalization of the epithelial marker E-cadherin (Supplementary Figure S2A). Adiponectin treatment, however, had not significant effect on the expression of these EMT-linked markers.

Finally, we studied the impact of adipokine treatments on the 3D morphology of the mammary spheroids. For this, MCF10A cells were cultured within Matrigel that contains extracellular matrix components and resemble the physiological conditions. Long-term cultures of the 3D spheroids also allowed better screening of the later effects of adipokine signaling on the mammary epithelial cells. As shown in the upper panel of Figure 2E, control MCF10A cells in 3D Matrigel form polarized structures with hollow lumens, similar to the mammary acini (LaBarge et al., 2009, 2013). However, 3D spheroid cultures, in the presence of leptin, displayed larger and irregular structures (Figure 2E, middle panel, white arrows indicate the irregular structures; additional images from the leptin-treated spheroids in Supplementary Figure S1E show shape variation). Treatment of spheroids in 3D with leptin was in 10 times higher range to produce an effect (Jardé et al., 2011). Analyses of the volume of these spheroids showed a slight increase in the median size of the spheroids upon 1,000 ng/ml of leptin (Supplementary Figure S1C). Interestingly, the adiponectin treatment had a suppressing effect on the mammosphere growth and these spheroids were less spherical (Supplementary Figures S1C,D).

In summary, leptin induces morphological changes in normal breast epithelial cells to induce their migratory features possibly through partial EMT, while adiponectin had no significant impact on these cellular properties. In line with the previous observations, excessive leptin may thus favor cancer cell migration.



Leptin Induces Actomyosin-Mediated Cellular Forces

Leptin has been associated with pro-mitogenic functions and induction of genes related to cancer invasion and metastasis (Yan et al., 2012; Kato et al., 2015; Figures 2C,D and Supplementary Figures S1A,B). To understand whether leptin could play a role in cell migration through actomyosin-mediated cellular forces, we studied its effect on the MLC-2 phosphorylation. For this, MCF10A cells were treated as in the previous assays (Figures 1, 2) and immunofluorescence stainings were performed to detect the levels of phospho-Thr18/Ser19 MLC-2 (Supplementary Figure S2B; here after referred as pp-MLC-2). Similarly, cellular lysates from such samples were utilized in Western blotting with specific antibodies against pp-MLC-2 (Figures 3A,B). These experiments showed that MLC-2 phosphorylation was induced by both adipokine treatments in a concentration dependent manner. Interestingly, adiponectin also showed moderate increase in the levels of pp-MLC-2, although it did not significantly impact morphology of actin-based structures (Figures 2A, 3A and Supplementary Figure S2B lower panel).
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FIGURE 3. Leptin induces MLC-2 phosphorylation. (A) Western blot analysis of cellular lysates from MCF10A cells. Specific antibodies against pp-Thr18/Ser19-MLC2, p-Thr172-AMPK and p-Ser239 VASP were utilized. GAPDH acts as a loading control. (B) Quantifications of the Western blots, related to (A). n = 3, Student’s t-test, NS (not significant). (C) Representative Western blot of ctrl siRNA and AMPK siRNA-treated MCF10A cells. Specific antibodies against AMPK and GAPDH were utilized. Quantification of the siRNA experiments, n = 3, *p < 0.05, Student’s t-test. (D) AMPK interference significantly affects MLC-2 phosphorylation. Western blot analysis of cellular lysates from MCF10A cells, left untreated or treated with either leptin or adiponectin and siRNA against AMPK. Specific antibodies against p-Ser239-VASP, pp-Thr18/Ser19-MLC-2, total VASP or AMPK were utilized. GAPDH acts as a loading control. (E) Quantifications of the Western blots, related to (D) pp-MLC-2 and (F) pVASP; mean values ± SEM, n = 3; **p < 0.01, Student’s t-test. (G) median values of cell speed per trajectory of leptin 100 ng/ml with or without AMPK siRNA, results are from at least 62 cells per condition. n = 2, *p < 0.05, ***p < 0.001, One-way ANOVA, Bonferroni’s post-test. (H) the cell-to-cell bond length calculated similarly to Figure 2B, but in cells treated with leptin 100 ng/ml with or without AMPK siRNA, *p < 0.05, **p < 0.01, ***p < 0.001, One-way ANOVA, Tukey’s post-test.


As MLC-2 phosphorylation and subsequent actomyosin contractility can be regulated by the activity of AMPK kinase (Miranda et al., 2010; Tojkander et al., 2015, 2018) and adipokines have been linked to the activation AMPK pathway (Libby et al., 2014; Kato et al., 2015), we wanted to assess the possible connection in between pp-MLC-2, AMPK activity, and adipokine treatments. The levels of P-Thr172-AMPK, indicating active AMPK, and its downstream target P-Ser239-VASP, were analyzed as above (Figures 3A,B). As with MLC, AMPK showed a concentration-dependent elevation in its Thr172-phosphorylation upon adipokine treatments, while P-Ser239-VASP showed some elevation in some of the experimental repeats, the average levels did not significantly differ from the ctrl P-Ser239-VASP levels (Figures 3A,B). To verify whether AMPK was indeed responsible for the elevated pp-MLC-2 upon adipokine treatments, we used specific siRNA against AMPK for depletion of this protein (Figure 3C). AMPK siRNA treatment had an effect on the cell shape and structure of the cytoskeleton on both single cell and monolayer conditions (Supplementary Figure S3). The cells were elongated and in addition, there were observed untypical “spiky” protrusions from the cell membrane in both monolayer and single cells. Further, the siRNA treatment of breast epithelial cells mitigated the leptin-induced effect on MLC-2 phosphorylation (Figures 3D,E), although the downstream target of AMPK, VASP, showed only a slight decreasing trend on phosphorylation of its Ser239 residue (Figures 3D,E). Adiponectin treatments did not show significant difference in between the groups (Figures 3D,E). Further, we applied AMPK gene interference (siRNA) in the motility assay and it abrogated the leptin-induced increased cell motility (Figure 3G). However, it has to be noted that the AMPK siRNA alone led to statistically significant decrease in the cell motility compared to the controls (Figure 3G). Additionally, to analyze the morphology of the cells upon these treatments, we performed cell-to-cell bond length analysis in the presence of AMPK siRNA and leptin (Figure 3H). However, AMPK siRNA-treatment alone significantly affected the morphology of the cells and the combined effect of leptin + AMPK siRNA is difficult to assess with this type of assay.

MLC-2 phosphorylation regulates actomyosin contractility and concomitant cell-exerted forces that may be linked to higher invasion potential (Somlyo and Somlyo, 2000; Bershadsky et al., 2003; Huang et al., 2004; Mierke et al., 2008, 2011; Tojkander et al., 2011; Kraning-Rush et al., 2012; Raab et al., 2012; Aung et al., 2014). To study whether leptin treatment could also regulate actomyosin forces, we treated breast epithelial cell cultures as above and performed traction force microscopy (TFM) experiments. Increased motility of the leptin-treated cells was accompanied by a rise in the cell-substrate forces (Figure 4). Force measurements in multicellular setups, performed either with monolayers or doublets of breast epithelial cells, showed statistically significant increase in cell-substrate traction forces at higher concentration of leptin (Figures 4A–E). Based on this analyses, cell-exerted forces were increased after leptin treatment when compared to the serum-free controls, as is indicated by higher Root-Mean-Square Traction (RMST) and Straining Energy (SE). Taken together, treatment of mammary epithelial cells with leptin triggers MLC-2 phosphorylation at least partially in an AMPK-dependent manner. This potentially leads to higher actomyosin contractility and cell-exerted forces that may play a role in cell motility.
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FIGURE 4. Leptin increases cell-substrate forces potentially through MLC-2 phosphorylation. (A,B) monolayer force measurements on silicone gels with 1 kPa stiffness after 72 h leptin treatment of monolayer MCF 10A cells. For (B) all values and the median are presented within each group, n = 26–39, ***p < 0.001, One-way ANOVA, Tukey’s post-test. (C,D) Traction forces exerted by cell doublets. Representative maps are shown in (C) and calculations of cell-exerted forces RMST in (D) and strain energy (SE) to the substrate in (E). For (D,E) all values and the median are presented within each group, n = 19–20, ***p < 0.001, One-way ANOVA, Tukey post-test. (F) Efficiency of OB-R siRNA, mean values ± SEM, n = 4; Student’s t-test, *p < 0.05. (G) Cellular lysates of MCF10A cells, –/+ Ob-R siRNA and leptin (100 ng/ml) were utilized in Western blot experiments. Specific antibodies against pp-Thr18/Ser19 MLC-2, Thr172 AMPK and p-Ser239 VASP were used. GAPDH acts as a loading control. (H) Quantifications of the Western blot for pAMPK, pVASP, and pp-MLC-2, related to (G); mean values ± SEM, n = 3; *p < 0.05, Student’s t-test, N.S.




Interference of Leptin Receptor Ob-R or Ca2+-Influx Abrogates Leptin-Induced MLC-2 Phosphorylation

Leptin mediates its effects through leptin receptor, Ob-R (Jardé et al., 2011; VanSaun, 2013). To confirm that leptin-induced effects on MLC-2 phosphorylation and consequent changes in actomyosin forces were compromised by the loss of Ob-R, we utilized specific siRNAs to deplete this cell surface receptor (Figure 4F). Interestingly, leptin-induced raise in pp-MLC-2 was lost upon Ob-R depletion (Figures 4G,H). However, we observed only a minor decrease in the phosphorylated forms of AMPK and VASP in ctrl versus leptin-treated samples (Figures 4G,H), although AMPK depletion seems to play a role in actomyosin dynamics in response to leptin treatment (Figure 3). It should also be noticed that Ob-R siRNA-treatment alone from control cells, decreased the levels of active AMPK, as shown in the Figure 4G upper lanes, confirming the previous findings that this receptor acts upstream of AMPK pathway.

As leptin is known to potentiate and co-operate with some ion channels (Pye et al., 2015; Domínguez-Mancera et al., 2017; Wu et al., 2017; Qiu et al., 2018) and AMPK is known to be downstream of some Ca2+-dependent kinases (Hong et al., 2005; Hurley et al., 2005; Rajakylä et al., 2020), we wanted to further assess the possible link in between leptin signaling and Ca2+ channels in actomyosin dynamics. To inhibit the function of several Ca2+ ion channels simultaneously, we utilized GsMTx4, a known inhibitor of a wide range of mechanosensitive Ca2+ influx channels (Li et al., 2015). Treatment of cells with this compound significantly diminished both the leptin-induced AMPK and MLC-2 phosphorylation (Figures 5A–C). These data suggest that the regulation of AMPK pathway and myosin 2-mediated contraction by leptin is taking place through a co-operative action in between leptin signaling and some yet unidentified calcium channel, as shown on the model figure (Figure 5D).
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FIGURE 5. Inhibition of Mechanosensitive Ca2+ channels abrogates the effects of leptin on AMPK pathway. (A) Cellular lysates form MCF10A cells, left untreated or treated with leptin –/+ Ca2+ channel inhibitor, GsMTx4, were used for Western blotting. Specific antibodies against pp-Thr18/Ser19-MLC-2 and p-Thr172-AMPK were used. GAPDH acts as a loading control. (B,C) Quantifications of the pAMPK and ppMLC-2 levels, related to (A). Results are mean values ± SEM, n = 3; *p < 0.05, Student’s t-test. (D) Hypothetical model: Leptin-induced changes in mammary epithelial cell cultures. Leptin is binding to its receptor (Ob-R), but also affects the function of some mechanosensitive Ca2+-channels. Through the co-operation of these plasma membrane-embedded proteins, leptin triggers intracellular signaling cascades, subsequently leading to increased actomyosin-mediated forces, EMT-like changes in cell morphology and enhanced migratory features.




DISCUSSION

Obesity and adipose tissue-secreted adipokines are one of the risk factors for the development of metastatic breast cancer. Metastasizing cancer cells often have high contractility, linked to invasive migration (Mierke et al., 2008, 2011; Hanahan and Weinberg, 2011; Aung et al., 2014). Our key finding is that adipokine leptin is linked to the cellular force production through regulation of myosin light chain-2 phosphorylation and could thus in this way favor the invasive progression. Our results are summarized in the hypothetical model (Figure 5D).

Leptin and adiponectin have been shown to have contrary functions on breast cancer progression, leptin displaying tumor-promoting and adiponectin tumor-suppressive roles, f.i. through cell proliferation (Vona-Davis and Rose, 2007; Yan et al., 2012; Kato et al., 2015). Adipocytes have also been suggested to increase motility of breast cancer cells (Dirat et al., 2011; Jardé et al., 2011; Carter and Church, 2012). In our studies we aimed in understanding how these distinct adipocyte-secreted factors could play a role in invasive migration and observed that leptin-treated breast epithelial cells possessed higher migration speed in comparison to ctrl and adiponectin-treated cells (Figure 1). Additionally, leptin-treatment was associated with abnormal, elongated cellular morphology, accompanied with increased levels of EMT-associated proteins, including β-catenin, slug and snail (Figure 2 and Supplementary Figure S1). Snail is acting as a transcription factor during epithelial-to-mesenchymal transition and its increase together with the other upregulated markers in this context is suggestive for ongoing EMT (Medici et al., 2008; Phillips and Kuperwasser, 2014; Brabletz et al., 2018). EMT is one of the main pathways used by the transformed cancer cells during invasion (Hanahan and Weinberg, 2011; Brabletz et al., 2018). During that process, β–catenin is often upregulated through slug and snail (Medici et al., 2008; Phillips and Kuperwasser, 2014). Elevated β-catenin is connected with the internalization of E-cadherin, which weakens the cell-cell contacts and helps to compromise the structure of the epithelial monolayer (Howard et al., 2011). While we observed occasional cytoplasmic E-cadherin aggregates (Supplementary Figure S2A), the total levels of E-cadherin did not significantly alter and we could not detect a total disruption of the monolayers at least within the utilized time frame (Figure 2). It is possible that leptin-treated cells undergo only partial EMT. Olea-Flores et al. (2018) have reported such findings; they show leptin-triggered partial EMT within 24 h after treatment. Alternatively, these cells could utilize a collective migration mode (Trepat et al., 2009; Tambe et al., 2011; Serra-Picamal et al., 2015).

Further, we wanted to elucidate the mechanisms that leptin uses to potentiate motility of the breast epithelial cells. We detected that leptin triggers MLC-2 phosphorylation, indicating its role in actomyosin dynamics. As actomyosin forces play a role in cell migration and invasive migration in 3D (Raab et al., 2012), leptin could therefore affect invasive progression through its impact on the cellular force production. This was also supported by the traction force experiments that showed higher actomyosin forces in both cell doublet and monolayer setups (Figures 4A–E). Previously, the formation of contractile actomyosin bundles in migrating cells has been linked to AMPK pathway (Miranda et al., 2010; Tojkander et al., 2015, 2018) and AMPK pathway has been tracked downstream of leptin (Kato et al., 2015). Leptin could thus control cell actomyosin dynamics through AMPK. Interestingly, leptin-dependent induction in pp-MLC-2 was compromised by the depletion of AMPK (Figure 3). The effect of leptin on cell migration speed was also reversed by specific interference of the AMPK gene (Figure 3G), although AMPK siRNA alone had already significant impact on the migratory mode. Furthermore, we applied RNAi against Ob-R and tested its effect on AMPK and pp-MLC-2 (Figures 4F–H). Surprisingly, only leptin-induced pp-MLC was affected significantly by the depletion of Ob-R, while AMPK activity was reduced only to minor extent when comparing ctrl and leptin-treated cells upon Ob-R depletion. The results are suggestive of potentially parallel pathways, downstream of leptin that control actomyosin dynamics.

Adipocytes have been shown to display paracrine functions and adipokines can trigger other cellular receptors. EGFR, f.i. can be activated by leptin (Gilmore et al., 2002) and leptin may also impact the interplay in between IGF, insulin-like growth factor, and EGF (Vona-Davis and Rose, 2007). Leptin signaling can also co-operate with some cell surface Ca2+ channels (Gomart et al., 2013; Pye et al., 2015; Domínguez-Mancera et al., 2017; Wu et al., 2017; Qiu et al., 2018). Interestingly, AMPK has been shown to be activated in a Ca2+-dependent manner (Hong et al., 2005; Hurley et al., 2005; Rajakylä et al., 2020) and could be triggered by co-operative activation of some Ca2+ ion channels, downstream of leptin signaling. Leptin could thus impact pp-MLC-2 levels and actomyosin forces partially through Ca2+-dependent AMPK pathway. This was also supported by the finding that GsMTx4, an inhibitor of several Ca2+-channels, constrained the leptin-triggered increase in pp-MLC-2 (Figure 5). Previously, leptin has been shown to affect contractile features of rat aorta through TRPC6 calcium channels (Gomart et al., 2013). Ca2+ signaling has also been linked to the fat tissue-produced adipocytokine resistin and the increased invasiveness of MDA-MB-231 cells via higher levels of ezrin, a linker in between plasma membrane proteins and actin cytoskeleton (Lee et al., 2016).

Many cell surface Ca2+ channels have been reported to affect cell migration through cytoskeletal structures and be involved in the invasion of cancer cells (Lee et al., 1999; Bolanz et al., 2008; Dowd et al., 2017). Considering the interplay in between these channels and leptin signaling, leptin may have many potential ways to promote invasive progression through actomyosin structures. Which Ca2+-dependent channels are involved and how they are triggered by leptin signaling, needs to be further studied in the future.



MATERIALS AND METHODS


Cell Culture

MCF10A cells were purchased from ATCC (ATCC® CRL-10317TM) and maintained in DMEM/F12 supplemented as described by Brugge lab1 and elsewhere. The cells were subcultured before reaching 80% confluence. For adipokine treatments the MCF10A cells were serum-starved overnight (Yan et al., 2012). Leptin (#L4146) and adiponectin (#SRP4901) were purchased from Sigma-Aldrich and added to final concentrations of 50–100 ng/ml (leptin) and 25–250 ng/ml (adiponectin). The cells were incubated with adipokines for duration 24–72 h. As mechanosensitive Ca2+ channel inhibitor was used GSMTx4 (#ab141871, Abcam) in concentration 2.5 μM for 16 h.

For siRNA silencing, 25 nM ON-TARGET plus SMARTpoolTM siRNA library AMPK(#J-005027-06 Dharmacon, GE Healthcare) or Ob-R (leptin receptor, #L-008015-00-0005 Dharmacon, GE Healthcare) were transfected into cells on 35 mm plates by using RiboJuice transfection reagent (#71115, Novagen) according to the manufacturer’s instructions. Cells were incubated for 72–96 h for efficient depletion of the target protein.



3D Spheroid Cultures

They were created as described by the Brugge lab (see footnote) with modifications. We used 35 μl MatrigelTM Growth Factor Reduced (GFR) Basement Membrane Matrix (#354230, Corning) to pre-coat the slides, 5,000 cells per well. The cultures were fed with 4% Matrigel in complete DMEM/F12 every 5 days and cultured for totally 14 days.



Western Blotting

MCF10A cells were lysed with Lysis Buffer containing 50 mM Tris, HCl pH 8.0, 150 mM NaCl, 1% Triton X-100 with Protease inhibitor Cocktail Set III (#539134, Calbiochem), Phosphatase Inhibitor Cocktail Set II (#524625, Calbiochem) Millipore, Merck Life Science OY, Espoo, FI). The protein concentration was measured according the Bradford method (#5000205, BioRad). The protein solution was diluted in 4x SDS loading buffer (40% glycerol, 4% SDS, 250 mMTris-HCl, 3% DTT, bromphenol blue) and 10 or 30 μg per line loaded on 4–15% Mini-PROTEAN® TGXTM Precast Gels (#456-1084, BioRad). Used protein ladder was from BioLabs (#P77125). The separated proteins were transferred on Immobilon-P (#IPVH00010, Merck) PVDF membrane using semi-dry (#170-3940, Bio-Rad) or wet transfer systems. The non-specific binding was blocked with blocking buffer (5% skimmed milk (or BSA), 0.1% Tween-20 in PBS) for 1 h at room temperature. The membranes were incubated with primary antibodies in dilutions: α-rabbit Phospho-AMPK (Thr172) (#2335, CST) and α-rabbit Phospho-MLC-2 (Thr18/Ser19) (#3674, CST), α-rabbit Phospho-VASP (Ser239) (#05-611, Millipore), α-rabbit E-cadherin (#3195, CST), α-rabbit slug (#9585, CST), α-rabbit AMPK (#SAB4502329, Sigma-Aldrich), α-rabbit Beta-catenin (#8480, CST), α-rabbit Ob-R (#ab5593, Abcam) and α-rabbit GAPDH (G9545, Sigma) overnight at 4°C. The membranes were washed with 0.1% PBS-T and incubated with secondary HRP- conjugated antibody (Anti-Mouse/Anti Rabbit IgG, CST) for 1 h at room temperature. After washing with 0.1% PBS-T membranes were incubated with Luminata Crescendo Western HRP substrate (#WBLURO100, Millipore) and visualized on LAS-3000 Imaging System (Fujifilm Corporation, Tokyo, Japan).



Immunofluorescence

The MCF10A cells were plated on laminin-pre-coated coverslips as single cells or in concentration to form monolayers. After treatment and incubation, the cells were fixed with 4% paraformaldehyde for 20 min at RT then washed three times with PBS. Permeabilization and blocking of non-specific binding was performed by 5% FCS (GIBCO) and 0.3% Triton X-100 (Sigma-Aldrich) in PBS at RT for 30 min. Primary antibodies were added to the cells diluted in 1% FCS in 0.3% Triton-X100-PBS: rabbit anti-E-cadherin 1:75 (Cell Signaling Technologies) for 1 h at RT as 25 μl per coverslip which was inverted on Parafilm (Bemis Company) in moist chamber. The samples were incubated with Phalloidin-647 (#A22287) 1:200 for 30 min at RT. Wash 3x PBS. Secondary anti-mouse Alexa-568 (#A11031) or anti-rabbit Alexa-488 (#A11034) conjugated antibody 1:300 (Molecular Probes) for 30 min at room temperature. DAPI nuclear stain was applied in 1:2,000 (from 0.1 μg/ml stock) for 10 min at RT. The coverslips were dipped in Milli-Q water and mounted with Mowiol-DABCO (Millipore and Sigma-Aldrich) mounting medium 8–10 μl/slide, max. 4 coverslips per slide.



Immunofluorescence for 3D

The spheroids were fixed with 2% PFA for 20 min at room temperature, followed by 10 min permeabilization with 0.25% Triton-X100 in PBS. Unspecific binding sites were blocked with 10% goat serum in IF buffer (0.1 % BSA, 0.2% Triton-X100, 0.05% Tween 20, 7.7 mM NaN3 in PBS) for 2 h at room temperature. The primary antibodies were diluted in blocking buffer 1:100 and incubated over night at 4°C. The slides were washed three times 10 min with gentle rocking and incubated with secondary antibodies (Goat Anti-mouse Alexa 568, Goat Anti-Rabbit Alexa 488, Alexa Fluor Phalloidin 647 in 1:300 dilution for 45 min at room temperature in the dark. The nuclei were counterstained with DAPI (0.05 ng/ml) for 10 min at room temperature. After wash with PBS, the plastic chambers and silicone gasket were removed. Finally, the slides were briefly rinsed with distilled water and mounted with Mowiol mounting medium. 2D cultures were imaged with LEICA DM6000B using 20x/0.7 HC PL APO CS wd = 0.59, 40x/1.25 − 0.75 HCX PL APO CS Oil wd = 0.10 and 63x/1.40 − 0.60 HCX PL APO Lbd.bl. Oil wd = 0.10 objectives.



Traction Force Microscopy

MCF10A cell doublets were cultured for 3 h on collagen-1-coated polyacrylamide (PAA) gel substrates (elastic modulus = 1 or 4 kPa) that were coated with sulfate fluorescent microspheres (diameter = 200 nm, Life Technologies). Using an inverted fluorescence microscope 3I Marianas imaging system, containing a heated sample chamber (+37°C), controlled CO2, and 63 × /1.2 W C-Apochromat Corr WD = 0.28 M27 objective (3I intelligent Imaging Innovations, Germany) (Marinković et al., 2012), images of cells and of the fluorescent microspheres directly underneath the cells were imaged during the experiment and after cell detachment with trypsin. By comparing the fluorescent microsphere images before and after cell detachment, we computed spatial maps of cell-exerted displacement. With knowledge of the displacement field and that of the substrate stiffness, we computed the traction field using the well-established method of constrained Fourier transform traction microscopy (Butler et al., 2002; Krishnan et al., 2009). Similarly, monolayer traction force microscopy was performed on NuSil® (#8100, NuSil Silicone Technologies) gels crosslinked with Sylgard 184 agent (#1673921, Dow Corning) (gel elastic modulus = 1 kPa) embedded with fluorescent microspheres. Detailed protocol is described in Yoshie et al. (2017).



Random Motility Assay

2 × 104 MCF10A cells were plated in 24-well plates and treated with adipokines with or without AMPK siRNA as described earlier. On the next day the plate was placed in CellIQ imaging device (CM technologies, Tampere, Finland) and images were taken every 30 min for 24 h. The cell trajectories were followed with CellIQ Analyser (CM technologies) and the parameters of the cell motility as speed per trajectory were calculated using the manual scoring option of the software.



Monolayer Analyses

Tissue Analyzer plugin (Tissue Analyzer v1.0, Copyright 2007–2015 by Aigouy et al., 2016) for Fiji-ImageJ 1.52p (National Institutes of Health, Bethesda, MD, United States2, 1997–2019) software was used to segment the monolayers to cells using the watershed algorithm. Then we measured the cell area and the cell-to-cell bond lengths. Briefly, we cropped same size areas from the monolayers and performed bond recognition using the Tissue Analyzer built-in function. Cell bonds are pixels shared by exactly two cells and their length is presented in μm. Bounds are defined by the two cells that share them and the increase in their length is a measure for cell elongation. Each image was inspected and small false-recognized bonds were removed manually. The analysis was finalized and cell bond and cell size (data not shown) parameters were scored in at least 100 cells per treatment.



Statistical Analysis

The results were represented as mean values ±SEM for all the methods except the random motility assay and the spheroid volume where there was used the median value ±SEM. The ANOVA tests were performed with the statistical package included in Prism 4 (GraphPad Software Inc., United States).
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Breast cancer is the most common malignant tumors in women. Kinesin family member 3B (KIF3B) is a critical regulator in mitotic progression. The objective of this study was to explore the expression, regulation, and mechanism of KIF3B in 103 cases of breast cancer tissues, 35 metastatic lymph nodes and breast cancer cell lines, including MDA-MB-231, MDA-MB-453, T47D, and MCF-7. The results showed that KIF3B expression was up-regulated in breast cancer tissues and cell lines, and the expression level was correlated with tumor recurrence and lymph node metastasis, while knockdown of KIF3B suppressed cell proliferation, migration, and invasion both in vivo and in vitro. In addition, UALCAN analysis showed that KIF3B expression in breast cancer is increased, and the high expression of KIF3B in breast cancer is associated with poor prognosis. Furthermore, we found that silencing of KIF3B decreased the expression of Dvl2, phospho-GSK-3β, total and nucleus β-catenin, then subsequent down-regulation of Wnt/β-catenin signaling target genes such as CyclinD1, C-myc, MMP-2, MMP-7 and MMP-9 in breast cancer cells. In addition, KIF3B depletion inhibited epithelial mesenchymal transition (EMT) in breast cancer cells. Taken together, our results revealed that KIF3B is up-regulated in breast cancer which is potentially involved in breast cancer progression and metastasis. Silencing KIF3B might suppress the Wnt/β-catenin signaling pathway and EMT in breast cancer cells.
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Introduction

Breast cancer is the most common cancer and the leading cause of death in women around the world (1). Over the past decades, therapeutic management, including surgical resection in combination with hormonal therapy, chemo-radiotherapy and biological therapy, has achieved great progress for this disease. However, the survival of advanced-stage breast cancer is still very poor (2). Moreover, the efficiency of the currently available chemotherapy is limited and the development of drug resistance among breast cancer cells further complicates the problem (3). Therefore, the detection of novel therapeutic targets may provide better treatment to such breast cancer patients.

It has been known that Wnt signaling pathway plays a critical role in cell proliferation, differentiation, and migration (4). Dvl2 (Disheveled 2), GSK-3β and β-catenin are the main regulators in Wnt signaling (5, 6). During Wnt/β-catenin pathway activation, Dvl2 protein is up-regulated and GSK-3β is inhibited by phosphorylation at the Ser9 site, which decreased β-catenin degradation and led to β-catenin accumulating in the cytosol. β-catenin then travels to the nucleus and interacts with the T-cell factor/lymphoid enhancer factor (TCF/LEF) to activate specific Wnt target genes, including C-myc, CyclinD1, MMP-2, MMP-7 and MMP-9, resulting in tumorigenesis and metastasis (7–10). Moreover, Wnt/β-catenin signaling is also associated with the regulation of epithelial cell phenotype and the maintenance of tissue homeostasis. Impaired Wnt signaling pathway could contribute to epithelial mesenchymal transition (EMT) (11). It has also been shown that EMT plays a vital role in tumor progression and metastasis (12–14). EMT is a crucial event whereby epithelial cells lose their epithelial characteristics and acquire mesenchymal phenotype (15). At the molecular level, it’s manifested with reduced E-cadherin expression but increased mesenchymal marker (Vimentin) and transcription factors’ (Slug and Snail) expression (16–18). During EMT, epithelial cells lose cell junction and cell polarity, becoming isolated and motile (19, 20). The significance of EMT and Wnt/β-catenin signaling in breast cancer proliferation and metastasis has been reported in previous studies (21–23).

Kinesin super family proteins (KIFs) were first discovered in the 1980s. As a class of conserved microtubule-dependent molecular motor proteins, KIFs transport intracellular cargo along microtubules (24, 25). KIFs are also involved in multiple cellular processes, such as mitosis, meiosis, and vesicle transport. Mitosis is a complex and highly controlled process of cell division. Any abnormality during mitosis can lead to cell death, gene deletion, chromosome translocation, duplication, and even carcinogenesis (26, 27). KIF3 is a subfamily of KIFs, including KIF3A/3B heterodimer and kinesin-associated protein KAP3 (28, 29). This complex is involved in the intracellular transport of membrane-bound complexes and organelles in epithelial cells, neurons and other cells (30–32). KIF3B consists of a group of molecular motors and function in vesicle transport, spermatogenesis, mitotic progression, and intravasation of cancer cells for metastasis (33). Recently, the role of KIF3B in cancer progression has been widely studied. KIF3B has been shown to be over-expressed in multiple human cancers, such as gastric cancer, oral squamous cell carcinoma, pancreatic cancer, prostate cancer, seminoma, hepatocellular carcinoma, and acute lymphoblastic leukemia (34–40). Silencing of KIF3B in an avian embryo model significantly inhibited vasculotropism and metastasis in prostate cancer cell PC3 and other cancer cells (33). Increased expression of KIF3B was correlated with poor survival in patients with hepatocellular carcinoma while its inhibition decreased cancer growth and induced tumor apoptosis (39). Therefore, KIF3B is a novel therapeutic target to block cancer metastasis and inhibit cancer development. However, the role of KIF3B in breast cancer with Wnt signaling and the EMT process in breast cancer remains subtle.

In this study, we studied the expression level of KIF3B in breast cancer tissues and metastatic lymph nodes and its association with cancer progression. We also explored the role of KIF3B in EMT and in regulation of Wnt/β-catenin signaling pathway and identified the downstream targets CyclinD1, C-myc, MMP-2, MMP-7 and MMP-9 in vitro and in vivo. Our results indicate that silencing of KIF3B could suppress breast cancer progression by regulating Wnt/β-catenin signaling and EMT, providing support that KIF3B could serve as a potential therapeutic target for the treatment of breast cancer.



Methods


Database Searching for Gene Expression and Survival Analysis

UALCAN (http://ualcan.path.uab.edu/) is an interactive web resource for analyzing transcriptome data of cancers from TCGA database. Using UALCAN, we evaluated the mRNA expression level of KIF3B in breast cancer from various angles such as sample types (normal/primary tumor), cancer stages (stages 1, 2, 3, and 4), and nodal metastasis status (N0, 1, 2, 3, and 4). Furthermore, we used UALCAN to analyze the relationship between KIF3B expression and the survival of breast cancer patients. Samples were categorized into two groups: High expression with TPM (Transcripts Per Million) values above upper quartile and Low/Medium expression with TPM (Transcripts Per Million) below upper quartile (41).



Patients and Tissues

103 breast cancer tissues, corresponding adjacent normal tissues, 35 metastatic lymph nodes and related clinical information (Table 1) were obtained from the Affiliated Hospital of Qingdao University during 2016 and 2017. Specimens from cancer tissue and adjacent normal tissue were obtained during the surgery and were immediately dipped in 10% formalin for immunohistochemistry (IHC) analysis. Nine patients had both cancer and adjacent tissue sufficiently large so that a portion of the tissue was immediately frozen in liquid nitrogen and stored for RNA/protein analysis. The study was approved by the ethics committee of the Affiliated Hospital of Qingdao University.


Table 1 | Association between KIF3B in breast cancer and patient characteristics.





Real-Time RT-PCR Analysis

Total RNA of fresh tissues was isolated using RNAiso reagent (Takara Bio, Japan) according to the manufacturer’s instructions. RT-PCR was performed as described previously (42). Forward and reverse primer sequences for KIF3B and GAPDH were as follows, respectively: KIF3B-F: GATGTTAAGCTGGGGCAGGT, KIF3B-R: TTTGCCGTCCACTAGAGCAG. GADPH-F: ACCACAGTCCATGCCATCAC, GADPH-R: TCCACCACCCTGTTGCTGTA.



Western Blot Analysis

Total proteins were extracted from fresh tissues and cultured cells using RIPA lysis buffer containing protease inhibitor PMFS. Nuclear proteins from cells were prepared according to the manufacturer’s instructions of Nuclear Protein Extraction Kit (Solarbio, China). Western blot was performed as described previously (42). Antibodies used in the study were as follows: KIF3B and Vimentin (Santa Cruz Biotechnology, all at dilution 1:1,000), GAPDH, β-catenin, GSK-3β, p-GSK-3βser9, Cyclin D1, C-myc, E-cadherin, MMP-2, MMP-9 (Abcam, all at dilution 1:1,000), Dvl2, MMP-7, Slug and Snail (Bioss, all at dilution 1:1,000), β-actin, Histone H3 (TransGen Biotech, all at dilution 1:4,000).



Immunohistochemistry Analysis

Briefly, after deparaffinization and hydration, the slides were inactivated endogenous peroxidase by using 3% hydrogen peroxide and heat-pretreated in ethylene diamine tetraacetic acid (PH 8.0) by a microwave oven for 5 min. Then, anti-KIF3B (Abcam, USA, ab152976, 37°C, 2h, 1:200) and secondary antibody (37°C, 30 min) were incubated. Sections were stained with Diaminobenzidine (DAB) and counterstained with hematoxylin. PBS was used as negative control. Other antibodies were as follows: β-catenin, CyclinD1, C-myc, p-GSK-3βser9, E-cad, Vimentin, MMP-2 and MMP-9 (Bioworld Technology, all at dilution 1:200), Dvl2, MMP-7, Slug and Snail (Bioss, all at dilution 1:200). Independent Histologic and IHC evaluation were conducted by two pathologists. IHC staining of KIF3B was scored as described previously (43, 44). The scores of staining intensity (0, none; 1, weak; 2, intermediate; and 3, strong) and positive tumor cell proportion (0, none; 1, <1/100; 2, 1/100 to 1/10; 3, 1/10 to 1/3; 4, 1/3 to 2/3; and 5, > 2/3) were summed up to obtain a total score (ranging from 0 to 8).



Cell Culture

Human breast cancer cell lines, MDA-MB-231, MDA-MB-453, T47D, and MCF-7 were purchased from the American Type Culture Collection (ATCC, VA, USA) and cultured in Dulbecco’s modified eagle medium (Hyclone, Logan, UT, USA) with 10% fetal bovine serum at 37°C and 5% CO2.



Lentiviral Transduction

Lentiviral production was synthesized by Hanbio (Shanghai, China). The sequences of KIF3B-shRNA and scramble controls were as follows (38):

KIF3B-siRNA1#, sense: 5′-GCAGAAACGUCGAGAAAGATT-3′; and antisense: 5′ -UCUUUCUC GACGUUUCUGCTT-3′;

KIF3B-siRNA2#, sense = 5′-GAUCCCAGAAUCAACAAUATT-3′; and antisense = 5′-UAUUGUUGAUUCUGGGAUCTT-30′;

KIF3B-siRNA3#, sense: 5′-GGAGCUGAAACUCAAGCAUTT-3′; and antisense =

5′-AUGCUUGAGUUUCAGCUCCTT-3′;

negative control (Scr-shRNA):sense = 5′-UUCUCCGAACGUGUCACGUdTdT-3′; and antisense = 5′-ACGUGACACGUUCGGAGAAdTdT-3′. The lentiviral transduction was performed according to the manufacturer’s instructions, then we observed the transfection efficiency with fluorescence, and perform re-transfection if the fluorescence becomes weak, without screening of cell lines stably expressing KIF3B-shRNA. Over-expression of KIF3B was performed by over-expression vector plasmid (KIF3B). Empty plasmids were used as negative control (NC). Plasmids were purchased from Genechem (Genechem, China), and all constructs were confirmed by sequencing.



Cell Proliferation Assays

The procedure of MTT assay has been described previously (42). For colony formation assays, 1 × 104 cells were added to 1 ml of the growth medium with 0.3% agar after transfection with KIF3B shRNA lentivirus then layered onto 2 ml of 0.6% agar beds in 6-well culture plate. After three weeks of culture, cells were then stained with crystal violet (0.05%) for 30 min and photographed. Colonies were counted using Image-ProPlus 6.0 software (Media Cybernatics, Inc.,Bethesda, USA).



Cell Cycle Analysis

Cells were fixed in 70% ethanol for 1 h at 4°C overnight and then incubated with 1 mg/ml RNaseA for 30 min at 37°C. Cells were stained with propidium iodide (50 μg/ml) in PBS containing 0.5% Tween-20 and analyzed using flow cytometry (BD Accuri C6, USA).



Transwell Migration and Invasion Assays

Transwell chambers (Corning, 8 um poly carbonate membrane) were used according to the manufacturer’s protocol. Briefly, 600 ul of medium containing 15% FBS was added into the lower chamber. 4 × 104 cells (for migration) were plated in the upper chamber containing 200 ul of serum-free medium. After 24 h, the cells in the upper chamber were removed with a cotton swab. 8 × 105 cells (for invasion) were added to the upper chamber with Matrigel (Corning, 1:8). After 48 h, the cells in the upper chamber were removed with a cotton swab. The migratory and invasive cells on the lower filters were fixed with methanol and then stained with Giemsa. Cells in five random view fields were counted under the microscope.



Tumor Growth and Metastasis Assays in Nude Mice

All studies using animal were approved by the Animal Ethics Committee of Qingdao University, China. In short, 4 × 106 Scr-shRNA and KIF3B-shRNA MDA-MB-231 cells were subcutaneously implanted into BABL/c nude mice with five mice in each group. Size and weight of tumors were recorded every 7 days, and the tumor volume was measured using the following formula: volume (mm3) = (width2 × length)/2. Twenty BABL/c mice were randomly divided into two groups (10 in each group) and injected with Scr-shRNA and KIF3B-shRNA MDA-MB-231 cells (2 × 106) via tail vein. Six weeks later, mice were euthanized. The lungs were stained with HE. The whole lung tissue of each mouse was sectioned, and metastatic nodules were counted in high-power fields under a microscope.



Statistical Analysis

All statistical analyses were performed using SPSS 23.0 software. All values were presented as mean ± SD. Wilcoxon’s test was used for non-normal distributed data. The Student’s t test was used for data that were normally distributed. Differences were considered statistically significant at P < 0.05 and P < 0.01.




Results


Bioinformatic Analysis of KIF3B Expression and Prognostic Value in Breast Cancer Patients

We evaluated KIF3B expression and prognostic value in breast cancer patients by using the UALCAN database. The results showed that KIF3B is over-expressed in primary breast tumors (n = 1097) compared to normal tissues (n = 114) (Figure 1A, P < 0.01). We observed that KIF3B expression increased in breast cancer stages 1–3 compared to normal samples (Figure 1B, P < 0.01). The expression of KIF3B is increased in breast cancer N0–N2 status, but decreased in N3 status (Figure 1C, P < 0.01). Furthermore, breast cancer patients with high-expression of KIF3B (n = 271) displayed worse survival compared to the patients with low/medium-expression of KIF3B (n = 810) (Figure 1D, P < 0.01).




Figure 1 | UALCAN gene analysis of breast cancer samples from the TCGA database. (A–C) Comparison of KIF3B mRNA expression between normal and breast cancer samples, individual cancer stages and nodal metastasis status. (D) Kaplan–Meier survival curves of patients with high and low/medium expression of KIF3B in breast cancer (**P < 0.01).





Over-Expression of KIF3B in Breast Cancer

Real time RT-PCR and western blot assays were performed to examine the expression level of KIF3B in breast cancer tissues and nine pairs of fresh tissues. The results showed that both the mRNA (Figures 2A, B, P < 0.01) and protein levels (Figures 2C, D, P < 0.01) of KIF3B in the tumor tissues were markedly higher than that of the corresponding adjacent tissues, demonstrating that KIF3B was up-regulated in breast cancer. We further detected KIF3B expression by immunohistochemistry and confirmed that KIF3B expression was higher in breast cancer than in corresponding adjacent tissues (P < 0.01) (Figures 2E, F; Table 1).




Figure 2 | KIF3B expressions were higher in breast cancer than in adjacent tissues at both mRNA and protein levels. (A, B) Real time RT-PCR. (C, D) Western blot. T, tumor; A, adjacent tissue. GAPDH and β-actin were used as control (**P < 0.01). (E, F) Immunohistochemistry showing over-expression of KIF3B in cancer cells than in corresponding adjacent tissues, and in cancer cells metastasizing to lymph node than in the corresponding primary foci. (E) Adjacent tissue, (F) breast cancer, (G) primary foci, (H) lymph node metastasis. DAB (brown) served as chromogen. (E: ×200, F: ×200, G: ×400, H: ×100).





Relationship Between KIF3B Expression and Clinicopathological Factors of Breast Cancer Patients

By analyzing the relationship between the expression of KIF3B and the clinicopathological features of the patients, we found that KIF3B expression in lymph node metastasis was significantly higher than in primary focus (P < 0.01) (Figures 2G, H, Table 1). Also, we found that the expression of KIF3B in the primary tumors with lymph node metastasis was higher than those without lymph node metastasis (Table 1, P < 0.01). Moreover, patients with recurrent carcinoma showed higher expression of KIF3B than those without recurrence (Table 1, P < 0.01). No significant differences in age, tumor size, grade or vascular invasion were observed (Table 1).



Effect of KIF3B Knockdown in Breast Cancer Cell Lines

The KIF3B expression in MDA-MB-231, MDA-MB-453, T47D, and MCF-7 cell lines was examined using western blot analyses (Figure 3A). Because of high expression of KIF3B, MDA-MB-231, and MCF-7, cells were used for knockdown KIF3B gene by KIF3B-shRNA1#, 2# and 3#. The KIF3B-shRNA 2# was shown to be most effective (Figures 3B, C) and so was chosen for silencing of KIF3B gene. After transfection with KIF3B-shRNA 2#, the KIF3B protein level was significantly decreased in MDA-MB-231and MCF-7 cells (Figures 3D, E). Meanwhile, due to the lowest expression of KIF3B (Figure 3A), MDA-MB-453 cell line was used for over-expressing KIF3B (Figure 3F).




Figure 3 | The silencing and over-expression efficiency of KIF3B in breast cancer cell lines. (A) Western blot analysis of KIF3B protein expression in MDA-MB-231, MDA-MB-453, T47D and MCF-7 cells. (B, C) The knockdown efficiency of KIF3B-shRNA (1#, 2# and 3#) in MDA-MB-231 and MCF-7 cells. The KIF3B-shRNA 2# was selected in the following experiment because of its highest efficiency in silencing of KIF3B. (D, E) KIF3B was significantly down-regulated in MDA-MB-453 and MCF-7 cells. (F) MDA-MB-453 cells were used to over-express KIF3B by KIF3B expression plasmid, and Western blot analysis showed the expression of KIF3B peaked at 48h after KIF3B transfection (*P < 0.05; **P < 0.01). β-actin was used as the control. Scr-shRNA or NC was used as a negative control. Data were expressed as the gray-scale ratio of KIF3B protein relative to that of β-actin. All data were presented as mean ± SD. All the experiments were repeated three times.





Silencing of KIF3B Suppresses Cell Proliferation and Induces G2/M Arrest

MTT assay and colony-formation assay were performed to explore the effect of KIF3B depletion on cell proliferation. The results showed that the growth rate of the KIF3B-shRNA group was markedly slower than the Scr-shRNA group in MDA-MB-231 and MCF-7 cells. And the growth rate of KIF3B over-expression group was significantly faster than that of the NC group in MDA-MB-453 cells (Figure 4A, P < 0.05). The colony numbers were 438.33 ± 72.14 vs. 203.33 ± 46.65 in MDA-MB-231 cells (P < 0.01) and 516.33 ± 107.15 vs. 214.67 ± 47.98 in MCF-7 cells, respectively, before and after KIF3B knockdown (Figure 4B, P < 0.05). The colony numbers were 198.33 ± 31.01 vs. 450.00 ± 41.73 in MDA-MB-453 cells (P < 0.01) before and after KIF3B over-expression (Figure 4B). These findings indicate that KIF3B depletion could inhibit cell growth.




Figure 4 | Silencing of KIF3B inhibits tumor cell proliferation and induces G2/M arrest. (A) Cell growth was measured by the MTT assay. Absorbance was measured at 490 nm. The data were presented as the means of six separated experiments, each performed in triplicate. (B) Colony formation of KIF3B knockdown and over-expression were photographed and colony numbers were illustrated in histogram. (C) Flow cytometry revealed the distribution of cell phase in the breast cancer cell lines. Data were shown as mean ± SD from three independent experiments (*P < 0.05; **P < 0.01).



Flow cytometry was used to further investigate the effect of KIF3B on cell cycle. The cell phase distribution of Scr-shRNA and KIF3B-shRNA MDA-MB-231 cells was as follows (Figure 4C): G1 phase: 81.53 ± 2.66% vs. 72.27 ± 2.60% (P < 0.01); S phase: 13.85 ± 1.99% vs. 19.33 ± 2.00%; G2/M phase: 4.62 ± 1.01% vs. 8.40 ± 0.65% (P < 0.05). The cell phase distribution of Scr-shRNA and KIF3B-shRNA MCF-7 cells was as follows: G1 phase: 81.78 ± 1.81% vs. 73.93 ±1.65% (P < 0.05); S phase: 14.41 ± 1.80% vs. 17.41 ± 2.02%; G2/M phase: 3.81 ± 0.18% vs. 8.65 ± 0.38% (P < 0.01). Compared with the Scr-shRNA group, the proportion of G1 phase was significantly decreased and G2/M phase was markedly increased in KIF3B-shRNA group, indicating a significant G2/M arrest. To further confirm these findings, cell cycle analysis was performed in KIF3B over-expression MDA-MB-453 cells. The cell phase distribution was as follows: G1 phase: 62.47 ± 5.40% vs. 67.19 ± 5.35% (P < 0.05); S phase: 28.89 ± 5.74% vs. 28.44 ± 5.56%; G2/M phase: 8.64 ± 0.73% vs. 4.38 ± 0.28% (P < 0.01).



Depletion of KIF3B Suppresses Cell Migration and Invasion Through Inhibiting EMT

Transwell assay was conducted to analyze the migration and invasion of MDA-MB-231, MCF-7 and MDA-MB-453 cells. The results showed that the numbers of migrated MDA-MB-231 cells were 494.33 ± 37.69 and 151.00 ± 27.22 in the Scr-shRNA and KIF3B-shRNA groups, respectively (Figure 5A, P < 0.01). The numbers of migrated MCF-7 cells were 523.33 ± 26.03 and 161.67 ± 20.13 in the Scr-shRNA and KIF3B-shRNA groups, respectively (Figure 5A, P < 0.01). These data suggested that cell migration was inhibited by KIF3B knockdown in MDA-MB-231 and MCF-7 cells. Moreover, consistent with migration results, invasion assay showed that the invasive ability of the cells was progressively inhibited after KIF3B silencing (Figure 5B, P < 0.05).




Figure 5 | KIF3B knockdown inhibits cell migration and invasion through suppressing EMT. (A, B) Transwell and invasion assays showed migration and invasion of MDA-MB-231 and MCF-7 cells in the Scr-shRNA and KIF3B-shRNA groups. (C, D) Migration and invasion assay of MDA-MB-453 cells in NC and KIF3B groups. (E) The morphology of cells in the Scr-shRNA and KIF3B-shRNA groups (upper) and the NC and KIF3B groups (lower). (F–H) Western blot of KIF3B, E-cad, Vimentin, MMP-2, MMP-9, Slug and Snail. All data were mean ± SD values from three independent experiments, each performed in triplicates (*P < 0.05, **P < 0.01).



To further confirm these observations, transwell assays were performed in KIF3B over-expression MDA-MB-453 cells. The results showed that the numbers of migrated MDA-MB-453 cells (321.00 ± 33.78 vs. 145.67 ± 16.26, P < 0.01, Figure 5C) and invasive MDA-MB-453 cells (433.67 ± 44.00 vs. 184.00 ± 18.08, P < 0.01, Figure 5D) were significantly increased in the KIF3B group compared to the control group.

We also discovered that silencing of KIF3B may cause morphological changes in the breast cancer cells. MDA-MB-231and MCF-7 became shortened and more adherent to each other due to KIF3B knockdown. However, over-expression of KIF3B in MDA-MB-453 cells led to elongated morphological appearances and mesenchymal-like properties (Figure 5E), suggesting that these cells were undergoing EMT.

To further explore the effect of KIFB in EMT, KIF3B, E-cadherin, Vimentin, MMP-2, MMP-9, Slug and Snail were detected by western blot. Compared with the Scr-shRNA group, increased expression of E-cadherin and decreased expressions of Vimentin, MMP-2, MMP-9, Slug and Snail were observed in KIF3B-shRNA MDA-MB-231and MCF-7 cells. This correlation was then confirmed by KIF3B over-expression in MDA-MB-453 cells, in which the expression of E-cadherin was decreased, and the expressions of Vimentin, MMP-2, MMP-9, Slug and Snail were increased (Figures 5F–H). These findings suggest that silencing of KIF3B might inhibit cell migration and invasion through suppressing EMT in breast cancer cells.



Silencing of KIF3B Suppresses Wnt/β-Catenin Signaling Pathway in Breast Cancer Cells

To investigate the role of KIF3B on Wnt/β-catenin signaling in breast cancer cells, we examined the expression levels of β-catenin, β-catenin (Nucleus), Dvl2, p-GSK-3β, GSK-3β, CyclinD1,C-myc and MMP-7 by using western blot in KIF3B-shRNA MDA-MB-231, MCF-7 cells and KIF3B over-expression MDA-MB-453 cells. We found that silencing of KIF3B induced down-regulation of β-catenin, β-catenin (Nucleus), Dvl2, p-GSK-3βser9, CyclinD1, C-myc and MMP-7 in MDA-MB-231 and MCF-7 cells (Figures 6A, B), which were consistent with the results in xenografts. On the contrary, over-expression of KIF3B in MDA-MB-453 cells increased the expression level of β-catenin, β-catenin (Nucleus), Dvl2, p-GSK-3βser9, CyclinD1, C-myc and MMP-7 (Figure 6C). We also examined the effect of KIF3B on the expression of another two target genes of Wnt/β-catenin signaling, MMP-2 and MMP-9 (Figures 5F–H). All these data indicated that deletion of KIF3B inhibited proliferation and invasion of breast cancer cells probably by regulating the Wnt/β-catenin signaling pathway.




Figure 6 | Silencing of KIF3B suppresses Wnt/β-catenin signaling pathway in breast cancer cells. (A–C) The levels of β-catenin, β-catenin (Nucleus) (Histone H3 was used as the nucleus control), Dvl2, p-GSK-3βser9, GSK-3β, CyclinD1, C-myc, and MMP-7 protein in KIF3B-shRNA MDA-MB-231, MCF-7 cells and KIF3B over-expression MDA-MB-453 cells. All data were presented as mean ± SD. All the experiments were repeated three times (*P < 0.05, **P < 0.01).





Depletion of KIF3B Suppresses Tumor Growth in Nude Mice

We next explored the tumor-forming capacity of KIF3B-silencing MDA-MB-231 cells in nude mice. The results showed that the tumor size (812.67 ± 74.78 mm3 vs. 1370.67 ± 66.01 mm3, P < 0.05, Figures 7A, B) and weight (196.10 ± 46.78 mg vs. 431.70 ± 57.78 mg, P < 0.01, Figure 7C) in KIF3B-shRNA cell xenografts were significantly reduced compared with the Scr-shRNA group; however, hematoxylin and eosin (HE) staining of the xenografts showed no significant difference (Figure 7D, left: ×100 Scr-shRNA group ×400; right: KIF3B-shRNA group ×400). Subsequently, the expressions of KIF3B, β-catenin, Cyclin D1, C-myc, p-GSK-3βser9, and MMP-7 in xenografts were examined by IHC staining. The results showed down-regulation of KIF3B, β-catenin, Cyclin D1, C-myc, p-GSK-3βser9, and MMP-7 in the KIF3B-shRNA group (Figure 7E). These findings are consistent with that of the MDA-MB-231 cells (Figure 6A), indicating that suppression of KIF3B in MDA-MB-231 cells could inhibit tumor formation and growth.




Figure 7 | Silencing of KIF3B inhibits tumor growth in nude mice. (A) Photograph of Scr-shRNA and KIF3B-shRNA MDA-MB-231 cell xenograft tumors. (B, C) Tumor growth curve and average weight were recorded and calculated (*P < 0.05, **P < 0.01). (D) Hematoxylin and eosin (HE) staining of the xenografts (left: Scr-shRNA group ×400; right: KIF3B-shRNA group ×400). (E) IHC staining of the tumor from the KIF3B-shRNA group and control group (×400).





Silencing of KIF3B Inhibits Metastasis In Vivo

To explore the effect of KIF3B on tumor migration and invasion in vivo, KIF3B-shRNA MDA-MB-231 cells were intravenously injected into nude mice. There was no significant difference in body weight of the mice after six weeks (Figure 8A). However, the weight of the lungs in the KIF3B-shRNA group was significantly less compared with the control group (Figure 8B, P < 0.05). While eight out of 10 mice presented lung metastasis in the control group, only four out of 10 mice in the KIF3B-shRNA group developed lung metastasis. Furthermore, the number of tumor foci in the KIF3B-shRNA group was much less than that in the control group (Figures 8C–E). In addition, the expression level of E-cadherin was up-regulated and expressions of Vimentin, MMP-2, MMP-9, Slug and Snail were reduced in the xenografts in the KIF3B-shRNA group compared with the control group by IHC staining (Figure 8F), which were consistent with the results in breast cancer cell lines. Collectively, these results indicate that KIF3B silencing could significantly suppress breast cancer metastasis both in vivo and in vitro.




Figure 8 | Silencing KIF3B inhibits breast cancer metastasis in vivo. Six-week-old female nude BALB/c mice were injected with 1 × 106 Scr-shRNA or KIF3B-shRNA MDA-MB-231 cells via the tail vein. Six weeks later, the body weight (A) and the lung weight (B) of the mice were measured (*P < 0.05). (C, D) Images of lung metastasis and HE staining (upper: ×200; lower: ×400). (E) The whole lung tissue of each mice was sectioned and metastatic nodules were counted in high-power fields under a microscope (*P < 0.05). (F) The expression of KIF3B, E-cad, Vimentin, MMP-2, MMP-9, Slug and Snail in the xenografts (IHC staining, ×400).






Discussion

Kinesin superfamily proteins (KIFs) play important roles in intracellular transportation and cell division (45). KIF3B, a subunit of KIF3 subfamily proteins, acts as a microtubule-directed motor and is an important regulator in multiple cellular processes, such as mitosis, intracellular transport and cilium assembly (46, 47). In the past few years, a large body of data has shown the association of KIF3B abnormality with tumor proliferation or invasion in several human cancers (34–40). Recently, Li et al. found that KIF3B is highly expressed in breast cancer, and over-expression of tumor-related KIFs correlates with worse outcome of breast cancer patients by bioinformatic analysis (48). However, the expression and related mechanisms of KIF3B in breast cancer have not been experimentally verified.

Our data firstly provided evidence that KIF3B expression was significantly increased at both the mRNA and protein levels in breast cancer tissues compared with the corresponding adjacent tissues. IHC analysis also showed that KIF3B was highly expressed in breast cancer tissues than the adjacent tissues, which confirmed our UALCAN analysis and the result published by Li et al. (48). Furthermore, we found that KIF3B expression in lymph node metastasis was significantly higher than in the primary focus. And the increased expression of KIF3B was correlated with lymph node metastasis and tumor recurrence, suggesting a significant association of high KIF3B expression with tumor growth and metastasis of breast cancer.

Previous study has shown that Wnt/β-catenin signaling pathway activation becomes dominant in basal-like breast cancers and predicts poor prognosis, and inhibiting Wnt/β-catenin signaling can effectively suppress breast cancer development (22, 23, 49), but the underlying mechanisms are poorly understood. KIF3A,another subunit of the KIF3 subfamily proteins, has been shown to promote proliferation and invasion via Wnt signaling in advanced prostate cancer (50). Since KIF3B and KIF3A are similar in sequence and function (28), we investigated whether KIF3B plays a role in regulating Wnt signaling. In this study, we firstly revealed that KIF3B is a potent activator of Wnt signaling in human breast cancer. We found that up-regulation of KIF3B activates the Wnt signaling via increasing the expression of Dvl2, p-GSK-3βser9, total and nucleus β-catenin, then up-regulation of Wnt signaling target genes such as CyclinD1, C-myc and MMP-7, which are highly expressed in breast cancer (51–54). Meanwhile, silencing of KIF3B could down-regulate CyclinD1 and C-myc and induce cell cycle arrest at G2/M phase. These results indicate the presence of KIF3B/GSK-3β/β-catenin axis and depletion of KIF3B might be one of the molecular mechanisms inhibiting the Wnt signaling pathway in breast cancer.

EMT could promote breast cancer cell stemness, invasion, and metastasis (49). Wnt/β-catenin signaling pathway has been shown to regulate EMT in several types of cancers, including breast cancer (55). In addition, during tumor invasion and metastasis, MMP-2, MMP-7, and MMP-9, the target genes of Wnt/β-catenin signaling, function to degrade the ECM and basement membrane so that tumor cells can detach, invade, and metastasize (7, 56). E-cadherin, Vimentin, Slug and Snail were the main factors of EMT (57). In our study, high expression of KIF3B was shown to be associated with lymph node metastasis. Depletion of KIF3B resulted in both morphological changes and suppressed migration and invasion via inhibiting EMT in MDA-MB-231 and MCF-7 cells. Furthermore, the up-regulated expression of E-cadherin was accompanied by the down-regulation of Vimentin, MMP-2, MMP-9, MMP-7, Slug and Snail in the KIF3B-shRNA group. These results were further confirmed in the xenografts. From these results, we conclude that depletion of KIF3B might repress migration and invasion of MDA-MB-231 and MCF-7 cells through inhibiting EMT as a result of suppressed Wnt/β-catenin signaling.

Collectively, our results provided support for the first time that KIF3B was highly expressed in breast cancer, and the high level expression was closely associated with lymph node metastasis and tumor recurrence. In addition, KIF3B knockdown might repress proliferation, migration, and invasion through regulating Wnt/β-catenin signaling and EMT in breast cancer cells (Figure 9), suggesting that KIF3B plays a key regulatory role in cell proliferation and metastasis in breast cancer.




Figure 9 | KIF3B might promote proliferation, migration, and invasion through regulating Wnt/β-catenin signaling and EMT in breast cancer cells. High expression of KIF3B up-regulates Dvl2 expression and GSK-3β phosphorylation, leading to accumulation of β-catenin in the nucleus, and subsequently activating the EMT and Wnt target genes transcription, which contributes to the development and progression of breast cancer cells.
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Nuclear factor-κB activating protein (NKAP) is a conserved nuclear protein that acts as an oncogene in various cancers and is associated with a poor prognosis. This study aimed to investigate the role of NKAP in neuroblastoma (NB) progression and recurrence. We compared NKAP gene expression between 89 recurrence and 134 non-recurrence patients with NB by utilizing the ArrayExpress database. The relationship between NKAP expression and clinicopathological features was evaluated by correlation analysis. We knocked down NKAP expression in NB1 and SK-N-SH cells by small interfering RNA transfection to verify its role in tumor proliferation, apoptosis, and the phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling pathway. NKAP gene expression in NB tissues was significantly overexpressed in the recurrence group compared with the non-recurrence group, and NKAP was enriched in the PI3K/AKT pathway. Correlation analysis revealed NKAP expression was correlated with chromosome 11q deletion in patients with NB. Knockdown of NKAP expression significantly inhibited the proliferation and promoted the apoptosis of NB1 and SK-N-SH cells. Moreover, we found that small interfering NKAP significantly reduced p-PI3K and p-AKT expression. NKAP knockdown played an oncogenic role in NB by inhibiting PI3K/AKT signaling pathway activations both in vitro and in vivo. Our research revealed that NKAP mediates NB cells by inhibited proliferation and promoted apoptosis through activating the PI3K/AKT signaling pathways, and the expression of NKAP may act as a novel biomarker for predicting recurrence and chromosome 11q deletion in patients with NB.

Keywords: neuroblastoma, tumorigenesis, recurrence, nuclear factor-κB activating protein, phosphatidylinositol 3-kinase/protein kinase B signaling pathway


INTRODUCTION

Neuroblastoma (NB) is a malignant embryonal tumor of neural crest cells and is the most common tumor in the less-than-1-year-old pediatric population (Heck et al., 2009; Salazar et al., 2016). Neural crest cells are a group of transient and multipotent cells that are induced to migrate and differentiate. However, under certain conditions, neural crest cells with defects relating to migration, maturation, or differentiation can result in the development of NB along the sympathetic nervous system most frequently in the adrenal glands followed by the abdomen or pelvis (Ishola and Chung, 2007; Whittle et al., 2017). Treatment of NB is based on risk stratification, including surgery, chemotherapy, radiotherapy, and immunotherapy. Prevention of tumor recurrence is particularly difficult in high-risk NB patients, and the 5-year survival rate of patients with NB who experience recurrence is less than 50% (Cheung et al., 2015; DuBois et al., 2017). 11q deletion is known to be a recurrent genetic alteration and a dismal prognostic factor in NB. Its presence predicts a bad outcome and increases relapse probability, especially in localized stages and 4s stages (Juan Ribelles et al., 2019). Currently, the most common methods for detecting recurrence and metastatic lesions are imaging methods and cytological examinations. However, by the time these diagnostic methods are used, the tumor usually progresses to a more advanced stage. Therefore, there is a considerable need to identify novel and effective biomarkers to predict NB recurrence (Su et al., 2020). The prognosis of patients with markedly NB varies owing to NB heterogeneity. Some children with NB can experience spontaneous regression or differentiation into a benign ganglioneuroma without treatment, but others experience widespread metastasis with poor outcomes despite aggressive multimodal therapy (Brodeur, 2018). NB is a challengingly complex disease with unpredictable tumor progression. Molecular mechanism analysis contributes to the understanding of the biological behavior of NB and is crucial for identifying new biomarkers to predict recurrence, clinicopathological features, and also provide new targets to optimize treatment strategies for NB.

Nuclear factor-κB (NF-κB) is a transcription factor found in essentially all cell types and regulates the transcription of numerous genes involved in infection, inflammation, immunity, and cancer (Karin and Ben-Neriah, 2000). NF-κB activating protein (NKAP) is a novel nuclear regulator of NF-κB activation (Chen et al., 2003). Previous studies show that NKAP functions as a negative regulator for T cells, invariant natural killer T cells (iNKT), and regulatory T cells in maturation and the acquisition of functional competency through Notch signaling (Hsu et al., 2011; Thapa et al., 2013). NKAP also acts as an essential transcriptional regulator for adult hematopoietic stem cells maintenance and survival (Pajerowski et al., 2010). In addition, NKAP functions as an oncogene in breast cancer, hepatocellular carcinoma, and renal cell carcinoma through the protein kinase B/mammalian target of the rapamycin signaling pathway (Liu et al., 2018; Song et al., 2019; Ma et al., 2020). However, the function of NKAP in NB cells has not yet been elucidated.

In this study, we aimed to explore the role of NKAP in the progression of NB and its correlation with clinicopathological features in pediatric patients with NB. We found that NKAP mediated the proliferation and apoptosis of human NB cells through activating the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathways, and the expression of NKAP may act as a novel biomarker for predicting recurrence and chromosome 11q deletion in patients with NB.



MATERIALS AND METHODS


Bioinformatics Analysis

The NB dataset, which consisted of 89 recurrence and 134 non-recurrence NB tissues, was obtained from the ArrayExpress database1. The transcripts per million reads data of NKAP were used to compare the expression between recurrence and non-recurrence NB tissues. To determine the enrichment score of specific signatures in the gene sets positively correlated with NKAP expression in the NB profile, a gene set enrichment analysis (GSEA v2.2.3)2 was performed. Samples from the NB dataset in this study were divided into high- or low-NKAP expression groups using the median as the cutoff. The canonical pathways gene sets from the Molecular Signatures Database (MsigDB)3 were used for enrichment analysis. Default settings were used, and thresholds for significance were determined by permutation analysis (1,000 permutations). The false discovery rate was calculated. A function or pathway term with an adjusted P < 0.05 and false discovery rate q < 0.25 [(normalized enrichment score) > 1] was considered to indicate statistically significant enrichment.



Tissue Specimens

A total of 34 specimens were obtained from children with NB who underwent surgical resection at Beijing Children’s Hospital, Capital Medical University, from March 2018 to August 2019. NB specimens were prepared as paraffin sections and primed for immunohistochemistry (IHC) staining. The Research Ethics Committee of Beijing Friendship Hospital, Capital Medical University (institutional review board: 2018-P2-145-02), approved this study, and all the legal guardians of child patients provided written informed consent.



Cell Culture

The human NB cell lines IMR-32, NB1, SK-N-SH, and SK-N-BE2 and the human embryonic kidney293T cell line were purchased from the American Type Culture Collection (United States). All cell lines were maintained in high glucose Dulbecco’s modified Eagle medium (Hyclone, United States) supplemented with 10% fetal bovine serum (Gibco Corporation, United States) and 1% penicillin–streptomycin (Solarbio Science & Technology, China). All cells were cultured in a humidified atmosphere containing 5% carbon dioxide at 37°C.



Xenograft Model Preparation

Six-week-old BALB/c nude mice (weight: 16–18 g) were purchased from Beijing Vital River Laboratory Animal Technology Co. (Beijing, China). All animals were housed at a temperature of 22 ± 2°C, relative humidity of 55 ± 10%, and under a light/dark cycle of 12/12 h. After transfected with small interfering NKAP-1 (siNKAP-1) or small interfering negative control (siNC) lentivirus, SK-N-SH cells (5 × 106) were injected subcutaneously into the mice (n = 6 for siNKAP-1 and siNC, respectively). Tumor growth was monitored every 3 days after injection using a standard caliper. Tumor volume (cubic millimeter) was calculated as follows: 1/2 (length × width2). At the end of the experiments, the mice were euthanized, and tumor tissues were collected, weighed, and processed for IHC. All animal experiments were in compliance with the protocols approved by the Institutional Animal Care and Use Committee of the Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences (IMBF20200301).



Lentivirus Transduction

The expression of NKAP in the NB1 and SK-N-SH cell lines was knocked down using lentivirus transduction. The lentiviral particles were produced by transfecting HEK293T cells with the lentiviral plasmids. Cells at the logarithmic phase were collected and inoculated into a six-well plate (Corning Costar, Corning, NY, United States) at a density of 2 × 105 cells/well. siNKAP or siNC for transfection into NB1 and SK-N-SH cells following the manufacturer’s instructions. After 72 h of incubation, NKAP expression was determined using quantitative PCR and Western blotting.



Quantitative Real-Time PCR Assay

The messenger RNA (mRNA) expression of NKAP genes was detected by quantitative real-time PCR. Total RNA was extracted from cells and tissues using Trizol reagent and reverse-transcribed into complementary DNA using a RevertAid First Strand cDNA Synthesis Kit (Fermentas, United States). NKAP gene expression was examined using quantitative real-time PCR through an ABI Prism 7300 Fast Real-Time PCR System (Applied Biosystems, United States) and SYBR Green PCR kit (Thermo Fisher Scientific, United States). The primer sequences were as follows: NKAP, forward, 5′ CCGAAGCCCAGCAAATC 3′ and reverse, 5′ AGGAGGCAG AAGCGAAGG 3′; glyceraldehyde-3-phosphate dehydrogenase, forward, 5′ AATCCCATCACCATCTTC 3′ and reverse, 5′ AGGCTGTTGTCATACTTC 3′. The results were normalized to the level of glyceraldehyde-3-phosphate dehydrogenase.



Western Blot Assay

The protein expression of NKAP was analyzed by Western blotting. Cells were lysed in ice-cold radioimmunoprecipitation assay buffer for 30 min at 4°C. Protein concentrations were determined using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, United States). Equivalent amounts of protein were resolved in 10 or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and transferred to polyvinylidene fluoride membranes (Millipore). The membranes were blocked with 10% non-fat dry milk in Tris-buffered saline containing 0.1% Tween-20 for 1 h and then incubated overnight at 4°C with the following antibodies: anti-NKAP (1:1,000; Abcam, Ab229096), anti-PCNA (1:2,000; Abcam, Ab152112), anti-Cyclin D1 (1:2,000; Abcam, Ab16663), anti-Bcl-2 (1:1,000; Abcam, Ab59348), anti-Bax (1:1,000; Abcam, Ab182734), anti-Caspase3 (1:1,000; Abcam, Ab90437), anti-PI3K (1:1,000; Abcam, Ab32089), anti-P-PI3K (1:1,000; CST, #13857), anti-AKT (1:1,000; CST, #4691), anti-P-AKT (1:2,000; CST, #4060), and anti-glyceraldehyde-3-phosphate dehydrogenase (1:2,000; CST, #5174), followed by additional incubation with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:5,000; Beyotime Biotechnology, China, A0208) for 1 h at room temperature. The bands were visualized using a Tanon-5200 Chemiluminescent Imaging system (Tanon Science & Technology, China), and Image J software (NIH) was used to quantify the expression of target proteins by normalization to glyceraldehyde-3-phosphate dehydrogenase.



Immunohistochemistry Staining

The tumor specimens were fixed in 10% formalin for 48 h, embedded in paraffin, and cut into 3-μm-thick sections. IHC was performed as previously described (Ding et al., 2010). Briefly, the slides were incubated with anti-NKAP (1:100, Abcam) at 4°C overnight. Next, the slides were incubated with horseradish peroxidase-labeled goat anti-mouse or anti-rabbit secondary antibody (Boster, Wuhan, China) at room temperature, followed by counterstaining with hematoxylin. The staining was observed under a BX53 Olympus microscope (Olympus, Japan) at a magnification of 200×. Brown-yellow staining was defined as positive expression. NKAP protein was quantitated by Image-J software (NIH, Bethesda, MD, United States).



Cell Counting Kit-8 Assay

NB1 and SK-N-SH cell viability was examined using a Cell Counting Kit (CCK-8) (Signalway Antibody; United States) assay according to the manufacturer’s instructions. Approximately 3,000 cells/well were seeded onto 96-well plates and cultured overnight with 100 μl of the complete medium. After incubation for 0, 24, 48, and 72 h, the contents of each well were added to 100 μl of fresh medium containing 10 μl of CCK-8 reagent. Incubation lasted for 2 h at 37°C. The absorbance at a 450 nm wavelength was detected using an Infinite 200 Pro microplate reader.



Apoptosis Assay

Cells were digested with ethylenediaminetetraacetic acid-free trypsin and centrifuged at 1,500 rpm for 5 min. The cells (1 × 106) were then washed with cold phosphate-buffered saline and resuspended in 1 × binding buffer containing 5-μl Annexin V-FITC (Beyotime Biotechnology, China) and 5-μl propidium iodide for 15 min at 4°C. The proportion of apoptotic cells was detected by flow cytometry (FACS Calibur, Becton Dickinson, United States), and data were analyzed by FlowJo software.



Statistical Analysis

All data are expressed as the mean ± standard deviation or frequency. Statistical analysis was performed using SPSS software (version 22.0, IBM, Armonk, NY, United States). The differences between groups were analyzed using an independent sample test and one-way analysis of variance with a least-significant difference or Tamhane test. The difference in optical density values at different time points was analyzed using analysis of variance for repeated measurements. The correlation between NKAP expression and clinicopathological features in children with NB was analyzed using Pearson’s and Spearman’s correlation coefficients. P < 0.05 was considered statistically significant.



RESULTS


Expression of Nuclear Factor-κB Activating Protein in Children With Neuroblastoma and the Correlation Between Nuclear Factor-κB Activating Protein and Clinicopathological Characteristics

We analyzed the differences in NKAP gene expression for 89 recurrence and 134 non-recurrence NB tissues using the ArrayExpress database. The NKAP gene in NB tissues was significantly overexpressed in the recurrence group compared with the non-recurrence group (P < 0.0001) (Figure 1A). We subsequently performed an IHC assay to investigate the relationship between NKAP expression and clinicopathological features in children with NB. We found that NKAP expression was correlated with chromosome 11q deletion in NB tissues (r = 0.42, P = 0.013). The expression of NKAP in children with NB with chromosome 11q deletion was significantly higher than in those with normal chromosome 11q (P < 0.05) (Figures 1B,C).
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FIGURE 1. Expression of NKAP in human neuroblastoma tissue. (A) Difference of NKAP gene between non-relapse group and relapse group of NB tissues. (B) Box figure of NKAP expression among different 11q aberration patterns. 11q normal and 11q deletion show a statistical difference in NKAP expression. (C) IHC analysis of NB children with tissue 11q normal and 11q deletion. *P < 0.05.




Expression of Nuclear Factor-κB Activating Protein in Various Human Neuroblastoma Cell Lines and Decreased After Small Interfering Nuclear Factor-κB Activating Protein Transfection

We detected NKAP expression in 293T, IMR-32, NB1, SK-N-SH, and SK-N-BE2 cells at the mRNA and protein levels. 293T cell is a normal cell line of human renal endothelial used for normal control. NKAP expression was higher in NB1 and SK-N-SH cell lines than in others at both the mRNA and protein levels (Figures 2A,B). To investigate the function of NKAP in NB progression, NB1 and SK-N-SH cells were transfected with siNKAP plasmid to downregulate its expression. The results of this knockdown indicated that the expression of NKAP significantly decreased at both the mRNA and protein levels after transfection with siRNA (Figures 2C,D). siRNA-1 and siRNA-2 demonstrated preponderant activity in knocking down NKAP expression and were selected for follow-up experiments.


[image: image]

FIGURE 2. Expression of NKAP in neuroblastoma cell lines and verify of knockdown efficiency of NKAP. NB1 and SK-N-SH cells were transfected with siNKAP-1, 2, and 3. Non-specific lentiviral vectors with non-specific were used as negative controls (siNC). (A) mRNA levels of NKAP were detected by quantitative real-time PCR. (B) Protein levels of NKAP were detected by Western blot. (C) Quantitative real-time PCR assay was performed to test knockdown efficiency of NKAP. (D) Western blot assay was performed to test knockdown efficiency of NKAP. All data were expressed as mean ± standard deviation of three independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05.




Knockdown of Nuclear Factor-κB Activating Protein Inhibited the Proliferation of NB1 and SK-N-SH Cells

Accelerated proliferation is one of the essential characteristics of neoplastic cells. Therefore, we investigated the role of NKAP in the tumor proliferation of NB cells in vitro. Tumor proliferation-associated proteins of PCNA and Cyclin D1 were detected by Western blot assay, whereas cell proliferation was detected by CCK-8 assay. A significant decrease in the expression of NKAP, PCNA, and Cyclin D1 in NB1 and SK-N-SH cells was detected after transfection with siNKAP compared with siNC cells (P < 0.05) (Figures 3A,B). The proliferation of NB1 and SK-N-SH cells transfected with siNKAP was also significantly inhibited compared with siNC cells (P < 0.001) (Figures 3C,D).
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FIGURE 3. Knockdown of NKAP attenuated proliferation of neuroblastoma cells in vitro and in vivo. Western blot showed that siNKAP inhibited proliferation of NB1 cell (A) and SK-N-SH cell (B) compared with siNC. Cell proliferation of NB1 (C) and SK-N-SH (D) detected by CCK8 assay. ***P < 0.001, **P < 0.01, *P < 0.05.




Knockdown of Nuclear Factor-κB Activating Protein Promoted the Apoptosis of NB1 and SK-N-SH Cells

Next, we investigated the impact of NKAP on NB1 and SK-N-SH cells apoptosis. Cell apoptosis was analyzed using a flow cytometry assay, and apoptosis-associated proteins of Bcl-2, Bax, and Caspase3 were detected by Western blot assay. The apoptosis percentage of siNKAP transfected NB1 and SK-N-SH cells was significantly higher than that of the siNC group (P < 0.001) (Figures 4A,B). Western blotting showed that siNKAP transfection promoted the expression of Bax and Caspase3 protein and reduced the expression of Bcl-2 (Figures 4C,D). This suggested that NKAP could affect the cellular apoptosis of NB, as knockdown of NKAP promoted NB1 and SK-N-SH cell apoptosis.
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FIGURE 4. Knockdown of NKAP promotes apoptosis of neuroblastoma cells. (A,B) Effect of NKAP low expression on apoptosis in NB1 and SK-N-SH cells was examined by flow cytometry assay using an Annexin V-FITC Apoptosis Detection Kit. Apoptosis-associated proteins of Bcl-2, Bax, and Caspase3 were examined by Western blot in NB1 cells (C) and SK-N-SH cells (D) after transfected with siNC, siNKAP-1, and siNKAP-2. ***P < 0.001, *P < 0.05.




Knockdown of Nuclear Factor-κB Activating Protein Inhibited the Phosphatidylinositol 3-Kinase/Protein Kinase B Signaling Pathway in SK-N-SH Cells

The PI3K/AKT signaling pathway is an important signaling pathway involved in various malignant tumors, including NB (King et al., 2015). This pathway is associated with tumor proliferation, aggressiveness, metastasis, and apoptosis. To investigate the role of NKAP in this signaling pathway, we utilized CCK-8, Western blotting, and cell apoptosis assays to verify its function. As shown in Figures 5A,B, knockdown of NKAP significantly reduced the phosphorylation of PI3K and AKT in vitro. Next, we used a gene set enrichment analysis (GSEA v2.2.3)4 to determine the enrichment score of specific signatures in the gene sets positively correlated with NKAP expression in NB profile. Samples from the NB dataset mentioned earlier were divided into high- or low-NKAP expression groups using the median as the cutoff. The results show that NKAP was positively correlated with the activation of the PI3K/AKT signaling pathway (Figure 5C). Subsequently, we activated this pathway using insulin-like growth factor 1, and Western blotting showed that siNKAP did not downregulate the expression of p-PI3K and p-AKT (Figure 5D). Cell apoptosis results showed that the apoptosis percentage of siNKAP-transfected SK-N-SH cells was significantly lower in the insulin-like growth factor 1 interference group than in the vehicle group (Figure 5E). The CCK-8 results showed that transfection with siNKAP did not reduce the proliferation of SK-N-SH cells when activating the PI3K/AKT signaling pathway (Figure 5F). Accordingly, we surmised that dysregulation of NKAP might play a significant role in the activation of the PI3K/AKT pathway in NB.
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FIGURE 5. NKAP specific function in neuroblastoma cells via activated PI3K/AKT pathway. Transfected with siNKAP significantly reduced the phosphorylations of PI3K and AKT in NB1 (A) and SK-N-SH (B) cells in vitro. (C) Gene Set Enrichment Analysis. Activation of the PI3K/AKT pathway transfected with siNKAP did not reduce the expression of p-PI3K and p-AKT in SK-N-SH cells (D), transfected with siNKAP did not promote the apoptosis of SK-N-SH cells (E), and transfected with siNKAP did not inhibit the proliferation of SK-N-SH cells (F). ***P < 0.001, **P < 0.01, *P < 0.05.




Knockdown of Nuclear Factor-κB Activating Protein Inhibited the Phosphatidylinositol 3-Kinase/Protein Kinase B Signaling Pathway in Neuroblastoma Tumor-Bearing Models

We established tumor-bearing models of SK-N-SH cells to detect the expression of NKAP protein and verify its function in the PI3K/AKT pathway by Western blotting assay in vivo. The growth curves of tumor-bearing models transfected with siNC and siNKAP were analyzed. The tumor volume of the siNKAP models was lower than that of the siNC models (Figure 6A). The growth rate of the siNKAP tumor-bearing models was significantly faster than that of the siNC models (Figure 6B). The expression of NKAP significantly decreased in SK-N-SH models after transfection with siNKAP compared with siNC (Figures 6C,D). The function results of NKAP in the PI3K/AKT pathway were consistent with the in vitro results; siNKAP transfection significantly reduced the expression of p-AKT and p-PI3K compared with siNC groups.
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FIGURE 6. (A) Xenograft models inoculation with SK-N-SH cell transfected with siNKAP or siNC. (B) Xenograft tumors of SK-N-SH cell at 33 days after inoculation with siNKAP and siNC subcutaneously and the growth curves of xenograft models. (C) Function verification of NKAP in PI3K/AKT pathway by Western blot assay in vivo. (D) Quantification of NKAP function in PI3K/AKT pathway. ***P < 0.001, *P < 0.05.




DISCUSSION

NB is one of the most common cancers in children. Although advances have been made in terms of diagnostic and therapeutic methods, the 5-year survival rate of high-risk patients with NB remains below 50% (Su et al., 2020). For these high-risk patients with NB, tumor recurrence prevention is particularly difficult. Patients who experience NB recurrence may require more intensive therapy at the early stages. Therefore, it is beneficial to develop a method for predicting NB recurrence during early phases, in addition to current imaging modalities and cytological examinations. To the best of our knowledge, this is the first study to demonstrate that NKAP expression is significantly overexpressed in the recurrence group compared with the non-recurrence group. Whether NKAP is a valuable marker for predicting NB prognosis and recurrence remains to be further explored.

NKAP plays an important role in regulating human cell functions. NKAP is a nuclear-localized protein that promotes tumor necrosis factor and interleukin-1-induced NKAP activation (Chen et al., 2003). More specifically, NKAP regulates RNA splicing and processing (Burgute et al., 2014). Su et al. (2020) reported that high plasma cell-free DNA concentration is a potential molecular marker signaling disease recurrence in high-risk patients with NB. Cell-free DNA fragments contain signals from which the tissue or cellular origin of this DNA can be derived (Snyder et al., 2016). The main source of cell-free DNA included apoptotic–hematopoietic cells. In oncological patients, most cell-free DNA is formed by the apoptosis and necrosis of tumor cells (Jahr et al., 2001).

In contrast, we found that the expression of NKAP in NB tissues was related to chromosome 11q deletion. Upregulated expression of NKAP was more frequently detected with chromosome 11q deletion in the tissue, which was consistent with chromosomal instability caused by dysregulated NKAP. Chromosome 11q deficiency was more frequently observed in high-risk patients with NB (George et al., 2007; Mlakar et al., 2017). Knockdown of NKAP causes chromosome misalignment and prometaphase arrest in human cells. NKAP is critical for chromosome alignment, as it anchors CENP-E to kinetochores. It is a novel and key regulator of mitosis, and its dysregulation may contribute to tumorigenesis by causing chromosomal instability (Li et al., 2016). Srivatsan’s study demonstrated that chromosome 11q deletion is associated with advanced stage NB and poor prognosis (Srivatsan et al., 1993). Our findings indicate that NKAP may be a significant biomarker for predicting NB recurrence. We also investigated the regulatory mechanism of NKAP in NB cells both in vivo and in vitro.

NKAP is an oncogene in various malignant tumors. In glioma, NKAP can accelerate gliomas via Notch1 signaling and is considered an important oncogenic factor (Gu et al., 2019). In hepatocellular carcinoma and breast cancer, NKAP promotes the proliferation and invasion of tumor cells through the AKT/mammalian target of the rapamycin signaling pathway (Liu et al., 2018; Song et al., 2019). Therefore, we speculated that NKAP may be plays an oncogenic role in NB tumorigenesis. CCK-8 and cytometry assays showed that knockdown of NKAP significantly inhibited proliferation and promoted apoptosis of NB1 and SK-N-SH cells in vitro. Western blot assays showed that siNKAP decreased the expression of anti-apoptotic protein Bcl-2 and the proliferation-related proteins PCNA and Cyclin D1. Inversely, siNKAP increased the expression of pro-apoptotic proteins Bax and Caspase3. Xenograft models transfected with siNKAP inhibited SK-N-SH tumor growth. These results suggest that NKAP inhibited the proliferation and promote the apoptosis in the progression of NB.

NKAP, which functions as a transcriptional repressor, is required for iNKT cell development, T cell maturation, and the acquisition of functional competency by modulating Notch-mediated transcription as well as hematopoietic stem cell maintenance and survival (Pajerowski et al., 2009, 2010; Thapa et al., 2013). The frequency and type of iNKT and natural killer cells are associated with improved outcomes in several solid and liquid malignancies, including NB. iNKT cells and natural killer cells inhibit tumor-associated macrophages and myeloid-derived suppressor cells, kill cancer stem cells and neuroblasts and robustly secrete cytokines to recruit additional immune factors (Pajerowski et al., 2010; Nair and Dhodapkar, 2017). Notably, the production of cytokines interferon-γ and interleukin-12 by the activated iNKTs and dendritic cells results in enhanced NK- and T cell-mediated antitumor responses (Nair and Dhodapkar, 2017; King et al., 2018). Similarly, in the present study, knockdown of NKAP significantly inhibited proliferation, promoted apoptosis, and changed the prognosis of patients with NB. The interaction between NKAP and iNKT cells in the progression of NB remains to be further explored.

The PI3K/AKT pathway is a critical signaling pathway involved in various malignant tumors, and it is associated with tumor proliferation, cell migration, cellular processes, physiological functions, aggressiveness, metastasis, and apoptosis (Wagner and Nebreda, 2009; Chaturvedi et al., 2018). Recently, the PI3K/AKT pathway has been identified as a novel molecular target for cancer therapy and has the potential to improve individualized cancer therapy regimens (Polivka, and Janku, 2014). PI3K/AKT acts downstream of the vascular endothelial growth factor receptor-2 signaling pathway (Simons et al., 2016), regulates NB progression, and promotes the survival of NB stem cells after radiation (Hartmann et al., 2006; Li et al., 2019). In this study, we found that siNKAP significantly reduces the phosphorylation of PI3K and AKT both in vitro and in vivo. Accordingly, we concluded that NKAP knockdown in NB cells significantly inhibits the activation of the PI3K/AKT signaling pathway, as NKAP functions as a regulator in promoting the proliferation and inhibiting the apoptosis of NB cells by activating the PI3K/AKT signaling pathway.



CONCLUSION

NKAP mediates the tumorigenesis of human NB cells by inhibited proliferation and promoted apoptosis through activating the PI3K/AKT signaling pathways, and the expression of NKAP may act as a novel biomarker for predicting recurrence and chromosome 11q deletion in patients with NB.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the online repositories. The names of the repository/repositories and accession number(s) can be found in the article/supplementary material.



ETHICS STATEMENT

This study was approved by the Research Ethics Committee of Beijing Friendship Hospital, Capital Medical University (IRB: 2018-P2-145-02). The patients/participants provided their written informed consent to participate in this study. All animal experiments were in compliance with the protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences (IMBF20200301).



AUTHOR CONTRIBUTIONS

JY and JG contributed to conception and design. JuL and MZ contributed to the acquisition of data or analysis and interpretation of data. JuL, MZ, YK, WW, JiL, JG, and JY performed the experiments. JuL, MZ, JY, and JG have been involved in drafting the manuscript or revising it critically for important intellectual content. All authors have given final approval of the version to be published.



FUNDING

This work was supported by the Fundamental Research Funds for the Central Universities (2016ZX350056): the Chinese Academy of Medical Sciences Innovation Fund for Medical Sciences (2017-I2M-1-010), the National Natural Science Foundation of China (Nos. 81771860, 81971642, and 82001860), the Beijing Natural Science Foundation (No. 7192041), the National Key Research and Development Plan (No. 2017YFC0114003), the Beijing Friendship Hospital Seed Project, Capital Medical University (YYZZ201919), and the Beijing Postdoctoral Research Foundation (2020-Z2-022).

FOOTNOTES

1https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8248/

2http://software.broadinstitute.org/gsea/index.jsp

3http://software.broadinstitute.org/gsea/msigdb/collections.jsp#H

4http://software.broadinstitute.org/gsea/index.jsp


REFERENCES

Brodeur, G. M. (2018). Spontaneous regression of neuroblastoma. Cell Tissue Res. 372, 277–286. doi: 10.1007/s00441-017-2761-2

Burgute, B. D., Peche, V. S., Steckelberg, A. L., Glockner, G., Gassen, B., Gehring, N. H., et al. (2014). NKAP is a novel RS-related protein that interacts with RNA and RNA binding proteins. Nucleic Acids Res. 42, 3177–3193. doi: 10.1093/nar/gkt1311

Chaturvedi, N. K., Kling, M. J., Coulter, D. W., McGuire, T. R., Ray, S., Kesherwani, V., et al. (2018). Improved therapy for medulloblastoma: targeting hedgehog and PI3K-mTOR signaling pathways in combination with chemotherapy. Oncotarget 9, 16619–16633. doi: 10.18632/oncotarget.24618

Chen, D., Li, Z., Yang, Q., Zhang, J., Zhai, Z., and Shu, H. B. (2003). Identification of a nuclear protein that promotes NF-kappaB activation. Biochem. Biophys. Res. Commun. 310, 720–724. doi: 10.1016/j.bbrc.2003.09.074

Cheung, N. K., Ostrovnaya, I., Kuk, D., and Cheung, I. Y. (2015). Bone marrow minimal residual disease was an early response marker and a consistent independent predictor of survival after anti-GD2 immunotherapy. J. Clin. Oncol. 33, 755–763. doi: 10.1200/JCO.2014.57.6777

Ding, Z., Yang, L., Xie, X., Xie, F., Pan, F., Li, J., et al. (2010). Expression and significance of hypoxia-inducible factor-1 alpha and MDR1/P-glycoprotein in human colon carcinoma tissue and cells. J. Cancer Res. Clin. Oncol. 136, 1697–1707. doi: 10.1007/s00432-010-0828-5

DuBois, S. G., Mody, R., Naranjo, A., Van Ryn, C., Russ, D., Oldridge, D., et al. (2017). MIBG avidity correlates with clinical features, tumor biology, and outcomes in neuroblastoma: a report from the Children’s oncology group. Pediatr. Blood Cancer 64:26545. doi: 10.1002/pbc.26545

George, R. E., Attiyeh, E. F., Li, S., Moreau, L. A., Neuberg, D., Li, C., et al. (2007). Genome-wide analysis of neuroblastomas using high-density single nucleotide polymorphism arrays. PLoS One 2:e255. doi: 10.1371/journal.pone.0000255

Gu, G., Gao, T., Zhang, L., Chen, X., Pang, Q., Wang, Y., et al. (2019). NKAP alters tumor immune microenvironment and promotes glioma growth via Notch1 signaling. J. Exp. Clin. Cancer Res. 38:291. doi: 10.1186/s13046-019-1281-1

Hartmann, W., Digon-Sontgerath, B., Koch, A., Waha, A., Endl, E., Dani, I., et al. (2006). Phosphatidylinositol 3′-kinase/AKT signaling is activated in medulloblastoma cell proliferation and is associated with reduced expression of PTEN. Clin. Cancer Res. 12, 3019–3027. doi: 10.1158/1078-0432.CCR-05-2187

Heck, J. E., Ritz, B., Hung, R. J., Hashibe, M., and Boffetta, P. (2009). The epidemiology of neuroblastoma: a review. Paediatr. Perinat. Epidemiol. 23, 125–143. doi: 10.1111/j.1365-3016.2008.00983.x

Hsu, F. C., Pajerowski, A. G., Nelson-Holte, M., Sundsbak, R., and Shapiro, V. S. (2011). NKAP is required for T cell maturation and acquisition of functional competency. J. Exp. Med. 208, 1291–1304. doi: 10.1084/jem.20101874

Ishola, T. A., and Chung, D. H. (2007). Neuroblastoma. Surg. Oncol. 16, 149–156. doi: 10.1016/j.suronc.2007.09.005

Jahr, S., Hentze, H., Englisch, S., Hardt, D., Fackelmayer, F. O., Hesch, R. D., et al. (2001). DNA fragments in the blood plasma of cancer patients: quantitations and evidence for their origin from apoptotic and necrotic cells. Cancer Res. 61, 1659–1665.

Juan Ribelles, A., Barbera, S., Yanez, Y., Gargallo, P., Segura, V., Juan, B., et al. (2019). Clinical features of neuroblastoma With 11q deletion: an increase in relapse probabilities in localized and 4S stages. Sci. Rep. 9:13806. doi: 10.1038/s41598-019-50327-5

Karin, M., and Ben-Neriah, Y. (2000). Phosphorylation meets ubiquitination: the control of NF-[kappa]B activity. Annu. Rev. Immunol. 18, 621–663. doi: 10.1146/annurev.immunol.18.1.621

King, D., Yeomanson, D., and Bryant, H. E. (2015). PI3King the lock: targeting the PI3K/Akt/mTOR pathway as a novel therapeutic strategy in neuroblastoma. J. Pediatr. Hematol. Oncol. 37, 245–251. doi: 10.1097/mph.0000000000000329

King, L. A., Lameris, R., de Gruijl, T. D., and van der Vliet, H. J. (2018). CD1d-invariant natural killer T cell-based cancer immunotherapy: alpha-Galactosylceramide and beyond. Front. Immunol. 9:1519. doi: 10.3389/fimmu.2018.01519

Li, T., Chen, L., Cheng, J., Dai, J., Huang, Y., Zhang, J., et al. (2016). SUMOylated NKAP is essential for chromosome alignment by anchoring CENP-E to kinetochores. Nat. Commun. 7:12969. doi: 10.1038/ncomms12969

Li, Z., Gao, W., Fei, Y., Gao, P., Xie, Q., Xie, J., et al. (2019). NLGN3 promotes neuroblastoma cell proliferation and growth through activating PI3K/AKT pathway. Eur. J. Pharmacol. 857:172423. doi: 10.1016/j.ejphar.2019.172423

Liu, J., Wang, H., Yin, Y., Li, Q., and Zhang, M. (2018). NKAP functions as an oncogene and its expression is induced by CoCl2 treatment in breast cancer via AKT/mTOR signaling pathway. Cancer Manag. Res. 10, 5091–5100. doi: 10.2147/CMAR.S178919

Ma, Q., Hou, L., Gao, X., and Yan, K. (2020). NKAP promotes renal cell carcinoma growth via AKT/mTOR signalling pathway. Cell Biochem. Funct. 38, 574–581. doi: 10.1002/cbf.3508

Mlakar, V., Jurkovic Mlakar, S., Lopez, G., Maris, J. M., Ansari, M., and Gumy-Pause, F. (2017). 11q deletion in neuroblastoma: a review of biological and clinical implications. Mol. Cancer 16:114. doi: 10.1186/s12943-017-0686-8

Nair, S., and Dhodapkar, M. V. (2017). Natural killer T cells in cancer immunotherapy. Front. Immunol. 8:1178. doi: 10.3389/fimmu.2017.01178

Pajerowski, A. G., Nguyen, C., Aghajanian, H., Shapiro, M. J., and Shapiro, V. S. (2009). NKAP is a transcriptional repressor of notch signaling and is required for T cell development. Immunity 30, 696–707. doi: 10.1016/j.immuni.2009.02.011

Pajerowski, A. G., Shapiro, M. J., Gwin, K., Sundsbak, R., Nelson-Holte, M., Medina, K., et al. (2010). Adult hematopoietic stem cells require NKAP for maintenance and survival. Blood 116, 2684–2693. doi: 10.1182/blood-2010-02-268391

Polivka, J. Jr., and Janku, F. (2014). Molecular targets for cancer therapy in the PI3K/AKT/mTOR pathway. Pharmacol. Ther. 142, 164–175. doi: 10.1016/j.pharmthera.2013.12.004

Salazar, B. M., Balczewski, E. A., Ung, C. Y., and Zhu, S. (2016). Neuroblastoma, a paradigm for big data science in pediatric oncology. Int. J. Mol. Sci. 18:37. doi: 10.3390/ijms18010037

Simons, M., Gordon, E., and Claesson-Welsh, L. (2016). Mechanisms and regulation of endothelial VEGF receptor signalling. Nat. Rev. Mol. Cell Biol. 17, 611–625. doi: 10.1038/nrm.2016.87

Snyder, M. W., Kircher, M., Hill, A. J., Daza, R. M., and Shendure, J. (2016). Cell-free DNA comprises an in vivo nucleosome footprint that informs its tissues-of-origin. Cell 164, 57–68. doi: 10.1016/j.cell.2015.11.050

Song, T., Liu, J. Y., and Yang, J. J. (2019). NKAP plays an oncogenic function partly through AKT signaling pathway in hepatocellular carcinoma. Neoplasma 66, 792–800. doi: 10.4149/neo_2018_181212N957

Srivatsan, E. S., Ying, K. L., and Seeger, R. C. (1993). Deletion of chromosome 11 and of 14q sequences in neuroblastoma. Genes Chromosom. Cancer 7, 32–37. doi: 10.1002/gcc.2870070106

Su, Y., Wang, L., Jiang, C., Yue, Z., Fan, H., Hong, H., et al. (2020). Increased plasma concentration of cell-free DNA precedes disease recurrence in children with high-risk neuroblastoma. BMC Cancer 20:102. doi: 10.1186/s12885-020-6562-8

Thapa, P., Das, J., McWilliams, D., Shapiro, M., Sundsbak, R., Nelson-Holte, M., et al. (2013). The transcriptional repressor NKAP is required for the development of iNKT cells. Nat. Commun. 4:1582. doi: 10.1038/ncomms2580

Wagner, E. F., and Nebreda, A. R. (2009). Signal integration by JNK and p38 MAPK pathways in cancer development. Nat. Rev. Cancer 9, 537–549. doi: 10.1038/nrc2694

Whittle, S. B., Smith, V., Doherty, E., Zhao, S., McCarty, S., and Zage, P. E. (2017). Overview and recent advances in the treatment of neuroblastoma. Expert Rev. Anticancer Ther. 17, 369–386. doi: 10.1080/14737140.2017.1285230


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Liu, Zhang, Kan, Wang, Liu, Gong and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 28 January 2021
doi: 10.3389/fcell.2020.577125






[image: image2]

Development of a Metastasis-Related Immune Prognostic Model of Metastatic Colorectal Cancer and Its Usefulness to Immunotherapy

Zhiwen Luo, Xiao Chen, Yefan Zhang, Zhen Huang, Hong Zhao, Jianjun Zhao, Zhiyu Li, Jianguo Zhou, Jianmei Liu, Jianqiang Cai and Xinyu Bi*

Department of Hepatobiliary Surgery, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China

Edited by:
Gennaro Ilardi, Federico II University Hospital, Italy

Reviewed by:
Rosa Maria Di Crescenzo, Federico II University Hospital, Italy
 MinHua Zheng, Shanghai Jiao Tong University, China

*Correspondence: Xinyu Bi, beexy1971@163.com

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Cell and Developmental Biology

Received: 28 June 2020
 Accepted: 30 October 2020
 Published: 28 January 2021

Citation: Luo Z, Chen X, Zhang Y, Huang Z, Zhao H, Zhao J, Li Z, Zhou J, Liu J, Cai J and Bi X (2021) Development of a Metastasis-Related Immune Prognostic Model of Metastatic Colorectal Cancer and Its Usefulness to Immunotherapy. Front. Cell Dev. Biol. 8:577125. doi: 10.3389/fcell.2020.577125



Background: Post-surgical recurrence of the metastatic colorectal cancer (mCRC) remains a challenge, even with adjuvant therapy. Moreover, patients show variable outcomes. Here, we set to identify gene models based on the perspectives of intrinsic cell activities and extrinsic immune microenvironment to predict the recurrence of mCRC and guide the adjuvant therapy.

Methods: An RNA-based gene expression analysis of CRC samples (total = 998, including mCRCs = 344, non-mCRCs = 654) was performed. A metastasis-evaluation model (MEM) for mCRCs was developed using the Cox survival model based on the prognostic differentially expressed genes between mCRCs and non-mCRCs. This model separated the mCRC samples into high- and low-recurrence risk clusters that were tested using machine learning to predict recurrence. Further, an immune prognostic model (IPM) was built using the COX survival model with the prognostic differentially expressed immune-related genes between the two MEM risk clusters. The ability of MEM and IPM to predict prognosis was analyzed and validated. Moreover, the IPM was utilized to evaluate its relationship with the immune microenvironment and response to immuno-/chemotherapy. Finally, the dysregulation cause of IPM three genes was analyzed in bioinformatics.

Results: A high post-operative recurrence risk was observed owing to the downregulation of the immune response, which was influenced by MEM genes (BAMBI, F13A1, LCN2) and their related IPM genes (SLIT2, CDKN2A, CLU). The MEM and IPM were developed and validated through mCRC samples to differentiate between low- and high-recurrence risk in a real-world cohort. The functional enrichment analysis suggested pathways related to immune response and immune system diseases as the major functional pathways related to the IPM genes. The IPM high-risk group (IPM-high) showed higher fractions of regulatory T cells (Tregs) and smaller fractions of resting memory CD4+ T cells than the IPM-low group. Moreover, the stroma and immune cells in the IPM-high samples were scant. Further, the IPM-high group showed downregulation of MHC class II molecules. Additionally, the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm and GDSC analysis suggested the IPM-low as a promising responder to anti-CTLA-4 therapy and the common FDA-targeted drugs, while the IPM-high was non-responsive to these treatments. However, treatment using anti-CDKN2A agents, along with the activation of major histocompatibility complex (MHC) class-II response might sensitize this refractory mCRC subgroup. The dysfunction of MEIS1 might be the reason for the dysregulation of IPM genes.

Conclusions: The IPM could identify subgroups of mCRC with a distinct risk of recurrence and stratify the patients sensitive to immuno-/chemotherapy. Further, for the first time, our study highlights the importance of MHC class-II molecules in the treatment of mCRCs using immunotherapy.

Keywords: immune prognostic model, immunotherapy, disease recurrence, metastatic colorectal cancer, bioinformatics, real-world cohort


INTRODUCTION

Colorectal cancer is among the most commonly diagnosed cancers and a leading cause of cancer-related deaths globally. Further, during the development of CRC, 40–50% cases show metastasis (mCRC) (Reissfelder et al., 2009), especially to the liver, which accounts for the highest morbidity and mortality in colorectal cancer (Amano et al., 2014; Leung et al., 2016).

Resection of metastatic lesions is considered the only curative treatment for mCRC and increases the 5-year survival rate to 30–50% (Fong, 1999; Reissfelder et al., 2009), although only in selected cases. Despite the advances in treatment modalities, such as neoadjuvant or adjuvant chemotherapy (Sadot et al., 2015; Kim et al., 2019), the recurrence rate of mCRC within 2 years is almost 50% (Ryuk et al., 2014; Xiong et al., 2018). Thus, the recurrence of mCRC is heterogeneous. Therefore, several criteria, such as the Fong's clinical risk score (CRS), have been constructed to select mCRC cases with a better prognosis after surgery. These criteria, which are mainly based on radiological and clinicopathological parameters, such as size, number of tumors, and response to neoadjuvant chemotherapy, can predict prognosis after resection (Fong, 1999; Wang et al., 2017). However, the prognostic factors landscape for predicting the outcome of mCRC is changing (Spolverato et al., 2013). During the past few decades, biological, and genomic alterations have been studied in cancer cells to identify subgroups with specific prognoses and distinct treatment responses and to find potential drug targets (Volinia and Croce, 2013; Xiong et al., 2018). Further, numerous prognosis-predicting models are now relying on combining the clinicopathological factors with tumor-specific molecular markers to aid in the clinical decision-making process by the cumulative assessment of multiple tumor factors within a single scoring system. Although it is known that the understanding that malignant phenotype of cancer cells is determined by their intrinsic activities, surroundings, and the recruitment and activation of immune cells in the tumor-related microenvironment has increased (Ben-Baruch, 2003; Zhang et al., 2016; Xiong et al., 2018), existing prediction models consider the role of intrinsic factors only. Thus, it is unclear whether these models would comprehensively represent the malignancy of mCRC from the perspective of extrinsic factors. Moreover, most of the existing models have been unable to explain the biology of cancers accurately and have failed to be translated into useful therapeutic approaches.

Further, immune diseases could promote the development and progression of cancer. The cancer cells can stimulate a specific immune response, thus enriching an appropriate microenvironment for their growth (Long et al., 2019). Moreover, the host's immune status can alter the function and composition of the tumor-infiltrating cells (TIC) and determine the clinical outcome. For instance, it has reported that immune-related TIC could predict the overall survival of cancer (Long et al., 2019), and the immune microenvironment could determine the clinical outcome in CRC patients (Xiong et al., 2018; Ye et al., 2019). However, few studies have systematically focused on mCRC, this progressive CRC subtype, so the relationship of its immune phenotype with its recurrence after surgery is still unclear. Here, we hypothesized that some recurrence-related genes in mCRC might interact with immune-related genes, which could elicit a significant immune response and provide an adequate microenvironment for the development and progression of mCRC. Further, such a microenvironment could change the response to adjuvant therapy, to prompt the post-operative recurrence of mCRC. Therefore, there might be a gene signature to stratify the specific malignant phenotypes, representing the altered intrinsic activities of the tumor cells and the tumor-related microenvironment comprehensively, thus predicting the recurrence risk of mCRC.

Therefore, we set to identify a gene model to elucidate and predict recurrence in mCRC patients.



MATERIALS AND METHODS


Data Acquisition

The data in this manuscript was composed of two parts from Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) and with 942 cases in GEO as reported in Acquisition of the Microarray Data and 56 cases in TCGA as reported in Acquisition of the RNA-Sequencing Data.



Acquisition of the Microarray Data

The gene expression profile matrix files from GSE72968 and GSE72969 based on GPL570 (22 M0 and 102 M1 samples), GSE39582 based on GPL570-55999 (376 M0 and 54 M1 samples), GSE41258 based on GPL96 (125 M0 and 88 M1 samples), GSE81558 based on GPL15207 (5 M0 and 18 M1 samples), and GSE71222 based on GPL570 platform (126 M0 and 26 M1 samples) were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) to analyze the different colorectal cancer samples. The entire gene expression data were log2 transformed, and average RNA expression values were considered in case of duplicate data. Next, only genes with an average expression value >1 was retained, while the low-abundance RNA reads were discarded. Because The M1 colorectal cancer samples from four datasets, viz. GSE72968 and GSE72969 (n = 102) and GSE39582 (n = 54) and GSE41258 (n = 88), included survival information, GSE72968 and GSE72969 (n = 102) were integrated into the training cohort, while GSE39582 (n = 54) and GSE41258 (n = 88) were integrated into the MEM validation cohort. The sva package (version: 3.30.1; http://bioconductor.org/packages/release/bioc/html/sva.html) was used to eliminate batch effects, and the scale method of the limma R package (Version 3.38.3; http://www.bioconductor.org/packages/release/bioc/html/limma.html) helped in normalizing the data.



Acquisition of the RNA-Sequencing Data

Gene expression data and the corresponding clinical datasheets for 56 mCRC samples were obtained from The Cancer Genome Atlas (TCGA) website (https://portal.gdc.cancer.gov/repository) (up to May 1, 2019) as the TCGA mCRC cohort. The sequencing data were obtained using the Illumina HiSeq_RNA-Seq and Illumina HiSeq_miRNA-Seq platforms. The analysis reported herein completely satisfies the TCGA publication requirements (http://cancergenome.nih.gov/publications/publicationguidelines). The gene symbols were annotated based on the Homo_sapiens.GRCh38.91.chr.gtf file (http://asia.ensembl.org/index.html). Log2 transformation was performed for all gene expression data. The function of the trimmed mean of M values (TMM) normalization method of the edgeR package (Version 3.24.3; http://www.bioconductor.org/packages/release/bioc/html/edgeR.html/) of the R software (Version 3.5.2; https://www.r-project.org/) was applied to normalize the data.



Patients in the CICAMS CRLM Cohort and Sample Collection

From January to August 2016, a total of 60 frozen, surgically resected tumor tissues were obtained from patients with pathological diagnosis of colorectal cancer liver metastasis at the National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College. Total RNA was extracted from these frozen samples using TRIzol reagent (Thermo, #15596-018) according to the standard protocols. Then, total RNA samples were reverse transcribed to single-stranded complementary DNA (cDNA) using a Prime Script RT reagent kit (Promega, # A5001). The cDNA samples were prepared for quantitative real-time polymerase chain reaction (qRT-PCR). This project was approved by the Institutional Review Boards of the National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, and the requirement for informed consent was waived due to the study's retrospective nature. qRT-PCR was used to detect the expression of the IPM genes in frozen tissue samples from patients with mCRC. qRT-PCR was performed using Bestar qPCR MasterMix (DBI Bioscience, #DBI-2043) and was assessed by Agilent Mx3000. The relative abundance of mRNA for each of the three genes was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and z-score transformed. The primer sequences used to amplify the three genes are shown below.


[image: Table]



Analysis of Differentially Expressed Genes to Identify Genes Involved in Metastasis

We comprehensively compared the M1 and M0 colorectal cancer samples to identify differentially expressed genes (DEGs) using the robust rank aggregation (RobustRankAggreg) R package, and the thresholds were set as |log2-fold change (FC)| > 1.0 and false discovery rate (FDR) <0.05.



Development and Validation of MEM

The expression profiles of the DEG obtained from the training cohort were analyzed to build a MEM using the following methods. Univariate, least absolute shrinkage and selection operator (LASSO), and multivariate Cox regression analyzes were employed to investigate the correlation between progression-free survival (PFS) of patients and the expression levels of each DEG. The expression of genes was considered statistically significant when the P < 0.05 in the univariate Cox regression analysis. For highly correlated genes, the traditional Cox regression model could not be used directly; thus, LASSO with L1-penalty, a popular method for determining interpretable prediction rules that handle the collinearity problem, was used. For the LASSO-penalized Cox regression selection operator, we subsampled the dataset with 1,000 times replacement and selected the markers with repeat occurrence frequencies above 900. The tuning parameters were determined based on the expected generalization error estimated from 10-fold cross-validation and information-based criteria, Akaike Information Criterion/Bayesian Information Criterion (AIC/BIC), and the largest value of lambda was adopted such that the error was within one standard error of the minimum, called “1 – se” lambda. Finally, a multivariate Cox regression analysis was conducted to assess the contribution of a gene as an independent metastasis factor correlated with PFS. A stepwise method was employed to further select the best model. A three-gene-based metastasis risk score was established based on a linear combination of the regression coefficient derived from the multivariate Cox regression model (β), multiplied with its expression level. The Metastatic Index (MI) was calculated as, MI = (β1*expression level of BAMBI) + (β2* expression level of F13A1) + (β3*expression level of LCN2). The optimal cutoff value was determined using the X-tile 3.6.1 software (Yale University, New Haven, CT, USA). The thresholds for the scores obtained from the MEM applied to classify patients into low- and high-recurrence risk clusters were defined as the scores that yielded the largest χ2-value in the Mantel–Cox test. The training patients with survival data were separated into low- and high-recurrence risk clusters based on the optimal cutoff value. The Kaplan–Meier (K–M) survival curves for cases with low or high metastasis risk were generated. The time-dependent receiver operating characteristic (ROC) curve analyses were performed to evaluate the predictive power, and the validation cohort was used to confirm the outcome of MEM. Five representative supervised machine learning (ML) algorithms, including decision tree (DT), random forest (RF), supporting vector machine (SVM), neural network (NN), and a conventional logistic regression (LR) algorithm were used to test the potential of MEM to predict the recurrence of mCRC.

Based on the MEM criteria, gene set enrichment analysis (GSEA) was used to determine whether immune pathways in different mCRC clusters differ from each other according to corresponding immune-related genes. The additional details have been provided in Supplementary Materials.



Development and Validation of MEM-Related IPM

DEG analysis was used to find the differentially expressed immune genes. In order to investigate the function of the MEM-related immune genes, we constructed an IPM to reveal the significance of the MEM in predicting the recurrence of mCRC. The prognostic value of differentially expressed immune genes for predicting PFS was defined using univariate Cox regression analysis, where P < 0.05 was considered a significant association. Next, LASSO was used to identify the key immune prognostic genes. Finally, an IPM was constructed utilizing the regression coefficients derived from the multivariate Cox regression analysis to multiply the expression level of each immune gene. The X-tile 3.6.1 software was recruited to determine the optimal cutoff for mCRC patients classified into low- and high-recurrence risk groups. The log-rank test and K–M survival analyzes were used to assess the predictive ability of MEM-related IPM, which were validated in the TCGA mCRC cohort.



GO Terms Semantic Analysis to Identify Hub Gene

We used a GOSemSim R package (http://www.bioconductor.org/packages/release/bioc/html/GOSemSim.html) to perform a semantic similarity measure and predict the function, position, interaction, and correlation of the hub gene from the MEM and IPM genes identified in our analysis.



Estimation of the Immune Environment

Cell-Type Identification by Estimating Relative Subsets of Known RNA Transcripts (CIBERSORT) deconvolution analysis was performed to estimate and elucidate the fractions of 22 human hematopoietic cell phenotypes in IPM subtypes. Further, the Estimation of Stromal and Immune cells in Malignant Tumor tissues Using Expression Data (ESTIMATE) algorithm was used to quantitate the infiltration of stroma and immune cells in IPM low- and high-risk groups.



Expression of HLA Subtype Genes Between the IPM Groups

Before recognition by T cells, the tumor antigen must be processed and combined with major histocompatibility complex (MHC) class I molecules. Thus, the expression of the human leukocyte antigen (HLA) can affect T-cell recognition of tumor antigen (Rooney et al., 2015) and influence the local immune status. Therefore, we analyzed the expression of all HLA subtype genes between low- and high-risk IPM groups using the Wilcoxon test.



Immuno- and Chemotherapeutic Response

The TIDE algorithm and subclass mapping analysis were utilized to predict the response of IPM risk groups to immune checkpoint blockades, as described previously (Hoshida et al., 2007; Jiang et al., 2018). Further, we analyzed the largest publicly available pharmacogenomics database to predict the chemotherapeutic response for each sample [the Genomics of Drug Sensitivity in Cancer (GDSC), https://www.cancerrxgene.org/]. Our prediction process was realized by “pRRophetic” package (Geeleher et al., 2014).



Independence and Importance of the IPM From Traditional Clinical Features

All samples with complete clinical information, including age, gender, tumor location, tumor, node, and metastasis (TNM) stage system, regimen, PFS, and OS, were subjected to subsequent analyzes. Further, univariate and multivariate Cox regression analyzes were conducted to validate whether the predictions of the prognostic model were independent of traditional clinical features for patients with mCRC. A decision curve analysis (DCA) was used to compare the prediction performance of IPM with traditional clinical features.



The Clinical Value of IPM in a Real-World Cohort (CICAMS CRLM Cohort)

IPM risk score of each patient was calculated with the expression of CDKN2A, SLIT2, and CLU based on IPM formula. By using the X-tile program, the optimal cutoff of risk score was determined to stratify patients at low or high risk for IPM. Continuous variables were transformed into categorical ones based on their cutoff value for recurrence within 6 months in ROC. All variables were presented as frequency (%). The association of clinicopathological factors with IPM risk levels was assessed by means of logistic regression analysis. Variables significant on bivariate analysis were subsequently included in the multivariable logistic regression model, and a stepwise selection method was used (input selection method). The prognostic value of IPM was tested by K–M analysis in CICAMS colorectal liver metastasis (CRLM) cohort.



Investigate the Upstream Potential Reason for the Dysregulation of Three IPM Genes

Transcription factor (https://amp.pharm.mssm.edu/chea3/#top) enrichment analyses was performed to identify putative transcription factors involved in regulating three IPM immune genes in core pathway analysis using interactions experimentally verified in human tissues. The putative transcription factor was investigated preliminarily by bioinformatics.



Statistical Analysis

All statistical tests were executed in RStudio software (running environment R 3.5.2), GraphPad Prism 8.0, SPSS 25, and Xtile 3.6.1. The R packages used in this study were survival, forestplot, glmnet, rms, foreign, survminer, regplot, stdca, timeROC, caret, mice, randomForest, ROCR, e1071, kernlab, rpart, pec, party, doMC, randomForestSRC, sva, edgR, GOSemsim, RobustRankAggreg, pRRophetic, ggplot2, cowplot, pheatmap, ggDCA, and so on. For all statistical analyzes, a P < 0.05 was considered statistically significant.




RESULTS


Differentially Expressed Genes to Identify Genes Involved in Metastasis

There were 53 (32 upregulated, 21 downregulated) differentially expressed genes between American Joint Committee on Cancer (AJCC) M1 stage colorectal cancers vs. AJCC M0 stage colorectal cancers from a comprehensive analysis of the microarray datasets with RobustRankAggreg methods (Figure 1A, Supplementary Table 1).
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FIGURE 1. Development and validation of the metastasis evaluation model (MEM). (A) American Joint Committee on Cancer (AJCC) M1 stage colorectal cancer samples and AJCC M0 stage colorectal cancer samples comprehensively compared to identify differentially expressed genes (DEGs) using robust rank aggregation (RobustRankAggreg) R package, and the thresholds were |log2-fold change (FC)| >1.0 and false discovery rate (FDR) <0.05. (B–D) Univariate Cox, least absolute shrinkage and selection operator (LASSO), and multivariate Cox regression analyses were employed to investigate the correlation between the patient's progression-free survival (PFS) and DEGs of M1 colorectal cancer. (E) The optimal cutoff value (−0.2) of the MEM level found using X-tile 3.6.1 software (Yale University, New Haven, CT, USA). (F) Time-dependent receiver operating characteristic curve (ROC) analysis conducted to evaluate the predictive power of the prediction model. (G) The Kaplan–Meier (K–M) survival curves for cases with a low or high metastasis risk in training cohort produced to show MEM's prediction ability (P < 0.0001). (H). The K–M survival curves for cases with a low- or high-metastasis risk in the MEM validation cohort approve MEM's prediction ability (P = 0.034).




The MEM Predicts the PFS of mCRC Patients After Surgery

In the training cohort (N = 102), with three prognostic metastasis-related genes, BAMBI, F13A1, and LCN2 (Figures 1B–D), MEM was used for stratifying the mCRC into high- and low-recurrence risk clusters with a forum, MEM level = (0.2613* normalized expression level of BAMBI) + (−0.3311* normalized expression level of F13A1) + (0.2836 * normalized expression level of LCN2). The X-tile diagrams produced the optimal cutoff value (=0.2) for the MEM level (Figure 1E). Thirty-seven patients with mCRC (MEM level > 0.2) were classified as MEM-high risk cluster, while the other 65 (MEM level ≤ 0.2) were assigned to the low-risk cluster. The AUCs for MEM were 0.68, 0.646, and 0.71 for 0.5, 1, and 2-year PFS rates, respectively, indicating high sensitivity and specificity for MEM (Figure 1F). The K–M PFS curves of these clusters were significantly different (P < 0.0001; Figure 1G). Further, in the validation cohort, MEM could stratify different risk clusters with the same cutoff value (Figure 1H). Moreover, the five machine learning variable evaluators suggested MEM as the top-ranked among common clinicopathological characteristics, such as the T/N stage in the AJCC stage system (Figure 2A), indicating high predictive performance and good clinical value of MEM.
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FIGURE 2. (A) Five machine learning variable evaluators to test metastasis evaluation model's (MEM's) predictive importance for 1-year recurrence. MEM ranked above the other common clinicopathological characteristics such as the American Joint Committee on Cancer (AJCC) stage. (B) MEM-high-risk metastatic colorectal cancers (mCRCs) suppressed in immune-related biological processes.




GSEA Predicts a Positive Association Between Immune Phenotype and MEM Subgroups

While the pathogenic role of the three MEM genes in cancer prognosis has been demonstrated previously, their combined effect on the immune profile of mCRC has not been studied. The GSEA analysis of mCRC samples indicated that the MEM low-recurrence risk cluster (MEM-low) was significantly enriched with 292 biological processes, including 33 immune-related biological processes, of which 4 classic immune processes were ACTIVATION OF IMMUNE RESPONSE, HUMORAL IMMUNE RESPONSE MEDIATED BY CIRCULATING IMMUNOGLOBULIN, IMMUNE RESPONSE REGULATING CELL SURFACE RECEPTOR SIGNALING PATHWAY, and REGULATION OF T HELPER 1 TYPE IMMUNE RESPONSE (Figure 2B, Supplementary Table 2). However, the MEM high-recurrence risk cluster (MEM-high) was enriched only in four immune-related biological processes. Thus, MEM-low mCRC could be considered to have a more activated immune phenotype (Supplementary Table 2).



IPM Predicts the PFS of mCRC Based on Immune Status

Considering that the recurrence risk might be related to the immune status, with immune genes in the above differentially enriched GSEA processes, we identified three prognostic immune-related genes, viz. CDKN2A, SLIT2, and CLU (Figures 3A–D). Further, we developed an IPM to predict PFS of mCRC patients (IPM risk score = normalized expression level of CDKN2A * 2.544 + normalized expression level of SLIT2 * (−1.327) + normalized expression level of CLU * (−1.5929). The Xtile software derived a cutoff point (0.4) in the training cohort to classify patients into IPM-low- and high-recurrence risk groups across all mCRC cases (Figure 3E). The AUCs for PFS were 0.68, 0.646, 0.71, 0.70, and 0.692 at 6 months, 1, 2, 3, and 5 years, respectively (Figure 3F). The IPM high-risk group had a shorter PFS than the low-risk group (Figure 3G). Moreover, in the TCGA mCRC validation cohort, the IPM risk score could also stratify different risk groups with its best cutoff value (−0.3) (Figure 3H).
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FIGURE 3. Development and validation of immune prognostic model (IPM). (A) Immune-related genes in the immune biological process of gene set enrichment analysis (GSEA) results compared between metastasis evaluation model (MEM)-low and MEM-high risk clusters. (B,C) Least absolute shrinkage and selection operator (LASSO) and multivariate Cox regression analyses were employed to investigate the correlation between the patient progression-free survival (PFS) and immune-related differentially expressed genes (DEGs). (D) A heat map shows the expression of SLIT2, CDKN2A, and CLU in the IPM level. (E) The optimal cutoff value (0.4) of the IPM score found using X-tile 3.6.1 software (Yale University, New Haven, CT, USA). (F) Time-dependent receiver operating characteristic (ROC) curve analysis was conducted to evaluate the predictive power of the prediction model. (G) The K–M survival curves for cases with a low or high metastasis risk in training cohort produced to show IPM's prediction ability (P < 0.0001). (H) The K–M survival curves for cases with a low- or high-recurrence risk in the Cancer Genome Atlas (TCGA) validation cohort approve IPM's prediction ability (P = 0.047).


Further, the GSEA between the 83 IPM low-risk and 19 IPM high-risk mCRC in the training cohort revealed that the low-risk group was associated with 35 immune-related biological processes, such as (the top 5): GO_HUMORAL_IMMUNE_RESPONSE (NES = 2.54,size = 144), GO_ADAPTIVE_IMMUNE_RESPONSE_BASED_ON_SOMATIC_RECOMBINATION_OF_
IMMUNE_RECEPTORS_BUILT_FROM_IMMUNOGLOBULIN_SUPERFAMILY_DOMAINS(NES = 2.51, size = 123), GO_HUMORAL_IMMUNE_RESPONSE_MEDIATED_BY_CIRCULATING_IMMUNOGLOBULIN (NES = 2.49, size = 38), GO_ADAPTIVE_IMMUNE_RESPONSE (NES = 2.48, size = 246), GO_ACTIVATION_OF_IMMUNE_RESPONSE (NES = 2.42, size = 380) (P < 0.05; Figure 4A, Supplementary Table 3). On the contrary, the IPM high-risk mCRC did not associate with any immune-related processes. Hence, IPM could indicate the local immune status of mCRC, where an intense immune phenotype associated with low-risk mCRC and a weakened immune phenotype with high-risk mCRC.
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FIGURE 4. (A) The local immune status may confer an intense immune phenotype in the IPM-low-risk group and a weakened immune phenotype in the IPM-high-risk group. (B) Within and between groups, the proportion of immune cells in metastatic colorectal cancers (mCRCs) varies. Therefore, variations in the proportions of tumor-infiltrating immune cells might represent an intrinsic feature that could characterize individual differences. (C) Proportions of some subpopulations of tumor-infiltrating immune cells are correlated. (D) The samples of IPM low- and high-risk mCRCs patients clearly separated into two discrete groups based on principal component analysis, indicating that two groups are distinctly different in immune infiltrating cells. (E) IPM high-recurrence risk mCRCs are at immunosuppression status. (F) The Estimation of Stromal and Immune cells in Malignant Tumor tissues Using Expression Data (ESTIMATE) algorithm showing that the stroma and immune cells infiltration in IPM high-risk groups are less than those in the low-risk group. (G) The IPM high-risk mCRCs have significantly higher proportions of Tregs and lower proportions of resting memory CD4+ T cells.


In the GO and KEGG enrichment analysis, the immune genes related to IPM in the training cohort were mainly enriched in the immune response biological process and immune system disease pathway (Figures 4E, 5A). Additionally, the human leukocyte antigen DR isotype (HLA-DR) was found to be downregulated in the IPM-low group (Figure 5B). According to HLA-DRA's alteration and considering it belongs to HLA family, the expression of the HLA can affect T-cell recognition of tumor antigen (Rooney et al., 2015) and influence the local immune status. Therefore, we analyzed the expression of all HLA subtype genes between low- and high-risk IPM groups and found that the expression of MHC class I molecules (HLA-A, HLA-B, and HLA-C) were not significantly different, whereas the MHC class II molecules, HLA-DR, HLA-DP, and HLA-DQ were all downregulated in the IPM high-risk group (Figure 5C), indicating the ignored function of MHC class II molecules in mCRC's immune status.
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FIGURE 5. (A) Immune differentially expressed genes (DEGs) in the immune prognostic model (IPM) criterion. The immune genes are differentially expressed between the groups at IPM low risk and high risk for metastatic colorectal cancers (mCRCs) (P < 0.05) and 12 genes identified and subjected to KEGG analyses to find that the immune genes related to the IPM in the training dataset are mainly enriched in the immune response and immune system diseases pathway. (B) HLA-DRA is downregulated in IPM-high group mCRCs. (C) Major histocompatibility complex (MHC) class-II molecules are all downregulated in IPM-high group mCRCs.




Immune Landscape of IPM Groups

Our analysis suggested that the proportion of immune cells in mCRC varies within and between the groups (Figure 4B), and the proportions of some subpopulations of tumor-infiltrating immune cells are correlated (Figure 4C), indicating that changes in the proportion of TICs may represent intrinsic characteristics that can describe the individual differences. Moreover, the IPM high-risk mCRC showed significantly higher infiltrating proportions of Tregs, T follicular helper cells, and resting dendritic cells, and lower proportions of CD4+ memory T cells and resting macrophages (M0), than the low-risk mCRC patients (P < 0.05; Figure 4G). Additionally, the ESTIMATE algorithm showed lesser infiltration of stroma and immune cells in the IPM high-risk group than in the IPM low-risk group (P = 0.000167 and P = 0.001, respectively), attributing the immunosuppressive microenvironment to poor outcomes in high-risk patients (Figure 4F). Furthermore, the samples of IPM groups could be divided into two discrete spot groups based on the principal component analysis (Figure 4D). Therefore, these results indicate that an abnormal immune infiltration and its heterogeneity in mCRC samples can be used as prognostic indicators and immunotherapy targets and have important clinical significance. Furthermore, the risk of mCRC recurrence was related to the immune phenotype.



Sensitivity of the IPM Subtypes to Immuno-/Chemotherapy

The TIDE algorithm was employed to predict the likelihood of response to anti-PD-1 and anti-CTLA-4 immunotherapy, although the results demonstrated no difference in response to immunotherapy between the IPM-low (39/83) and IPM-high (7/19) samples (P = 0.456). Considering the lower accuracy of predicting the response in colorectal cancers than in melanomas (as described in the TIDE introduction), we utilized a subclass mapping algorithm to compare the RNA profiles of the IPM-risk groups with another published dataset containing 47 cases of melanoma that responded to anti-PD-1 and anti-CTLA-4 immunotherapies (Roh et al., 2017). The results revealed that the IPM-low group was more likely to respond to anti-CTLA-4 immunotherapy (Bonferroni-corrected P = 0.005), but the IPM-high group was not sensitive to these immune checkpoint inhibitors (Figure 6A). Further, the IC50 values of the IPM-low and IPM-high groups were predicted with the GDSC data, and our analysis indicated no targeted drugs with a significant response sensitivity against the IPM-high group (Figure 6B).
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FIGURE 6. Differential putative chemotherapeutic and immunotherapeutic response. (A) The immune prognostic model (IPM)-low group has a more promising response to anti-CTLA-4 therapy (Bonferroni corrected P = 0.005). (B) IPM-low group is more sensitive to targeted drugs.




The Correlation Between Immune Checkpoint Modulators and IPM Recurrence Risk Groups

Immune checkpoint proteins play a vital role in cancer immunotherapy. The difference in immune checkpoint modulators between IPM low- and high-risk groups with mCRC was estimated. Modulators B7H3, LAG3, TIM-3, CTLA-4, PD-1, and IDO were not significantly different between the two IPM recurrence risk groups (P > 0.05; Figures 7A–G), but PD-L1 was different significantly (P = 0.02; Figure 7H), indicating that the suppressed immune status might not be mainly influenced to immune checkpoint modulators.
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FIGURE 7. Expression of immune inhibiting factors between two immune prognostic model (IPM) recurrence risk groups. The TMB (A), and the expression levels of PD-1 (B), CTLA-4 (C), LAG3 (D), IDO (E), EZH2 (F), and B7H3 (G) were not significantly different between the two IPM recurrence risk groups (P > 0.05), but PD-L1 (H) was differently significant (P = 0.02).




The IPM Is Independent of Conventional Clinical Characteristics With Better Net Benefits in Clinical Practice

The univariate and multivariate Cox regression analyzes were conducted to explore whether the prognostic value of the IPM was independent of other clinical factors in the training cohort. After adjusting for clinical characteristics, the IPM continued to be an independent prognostic factor, thus confirming its robustness for predicting the recurrence of mCRC (Figure 8A). Additionally, the multivariate Cox regression analysis indicated that the IPM was significantly correlated with the survival information (P < 0.001) and the highest median risk score (HR = 8.45, 95% CI = 3.987–17.90) (Figure 8A). Furthermore, the DCA compared the net benefits of the IPM and conventional clinical characteristics (Figure 8B). Collectively, these results indicated that the IPM was independent of conventional clinical characteristics and performed better than conventional clinical characteristics to predict survival.


[image: Figure 8]
FIGURE 8. The immune prognostic model (IPM) is independent of conventional clinical characteristics with better net benefits in clinical practice. (A) The multivariate Cox regression analysis indicated that the IPM was significantly correlated with the survival information (P < 0.001) and the highest median risk score (HR = 8.45, 95% CI = 3.987–17.90). (B) The net benefits of the IPM outperforms other conventional clinical characteristics.




IPM Stratifies a Refractory CRLM Subtype in a Real-World Cohort

To evaluate the robustness of IPM in predicting the risk of tumor recurrence for patients with mCRCs in clinical practice, we used qRT-PCR to further validate the specific signature in an independent cohort consisting of frozen tissue samples from 60 patients with CRLMs. The detail of clinical characteristics of this independent cohort are shown in Table 1. Using the same formula, the risk score of each patient was calculated. Patients were also divided into high- and low-risk groups (N = 32 and 28, respectively) by the given risk score, and the cutoff point was chosen through optimized risk value (−0.5). A difference trend in PFS was found between the high- and low-risk group although without significance (P = 0.216; Figure 9A). The Kaplan-Meier curve shows the prognostic relation with expression of CLU (HR = 0.5, P = 0.039), SLIT2 (HR = 1.46, P = 0.24) and CDKN2A (HR = 1.35, P = 0.397) (Figure 9B). Further, when applied for subcategories of patients with commonly known high-recurrence risk [liver metastasis number >3, high preoperative carcinoembryonic antigen (CEA), and non-R0 resection] at the time of diagnosis, the risk score was predictive of significantly different PFS (P < 0.05; Figures 9C–H). Subsequently, we explored its relationship with clinicopathological variables. IPM risk score was significantly higher in patients with more than 2 liver segments suffered (P = 0.024, Figure 9I). We found that high-risk patients had a significant non-response to chemotherapy than the low-risk group in CICAMS CRLM cohort (P = 0.056, Figure 9J; P = 0.03, Table 1).


Table 1. Comparison of baseline characteristics and operative variables between patients with IPM low-risk and IPM high-risk in CICAMS CRLM cohort.
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FIGURE 9. Immune prognostic model (IPM) stratifies a refractory colorectal liver metastasis (CRLM) subtype in a real-world cohort (CICAMS CRLM cohort). (A) A difference trend in PFS was found between the high- and low-risk group although without significance (P = 0.216). (B) K–M survival curves of three IPM genes. (C–H) When applied for subcategories of patients with commonly known high-recurrence risk [liver metastasis number >3, high preoperative carcinoembryonic antigen (CEA), and non-R0 resection] at the time of diagnosis, the IPM risk score was predictive of significantly different PFS (P < 0.05). (I) IPM risk score was significantly higher in patients with more than 2 liver segments suffered (P = 0.024). (J) The relation between IPM risk score and Chemotherapy response, and non-response group tends to have a higher IPM risk score (P = 0.056).




SLIT2 Functions as the Hub Gene in Immune-Related Recurrence of mCRC

We constructed a correlation web with these six genes based on the information from published papers (Figure 10A), where they communicate with three genes (TGFβR1, UBC, and MDM2), revealing the possible recurrence mechanism of mCRC after integrated treatment using surgery and adjuvant chemotherapy. Further, the GOSemSim analysis identified SLIT2 to interact with the other five key genes frequently, indicating it to be strongly associated with recurrence in mCRC and to communicate via multiple interactions and function as the hub gene (Figure 10B). We finally constructed a Bayesian network (BN) graph to show MEM and IPM, using two related gene signatures for the recurrence prediction of mCRCs (Figure 10C).


[image: Figure 10]
FIGURE 10. (A) A correlation web with these six genes based on the information from published papers is built, where they communicate with three genes (TGFβR1, UBC, and MDM2). (B) The GOSemSim analysis identified SLIT2 to interact with the other five key genes frequently. (C) Bayesian network (BN) graph showing metastasis evaluation model (MEM) and immune prognostic model (IPM), using two related gene signatures for the recurrence prediction of metastatic colorectal cancers (mCRCs).




Homeobox Gene MEIS1 Identified as Transcription Factors of IPM Genes in mCRC

To investigate upstream regulation of the three IPM genes (CDKN2A, SLIT2, and CLU) showing prognostic efficacy, we performed bioinformatics enrichment analysis to identify putative transcription factors involved in regulating IPM genes expression. A total of 19 transcription factors (ZNF503, KLF4, PLAGL1, PAX6, TP63, HOXB6, MEIS1, GATA2, SIX1, EPAS1, CTCF, NR0B1, SOX2, ESR1, HEY1, HOXC6, FOXC1, WT1, and LHX2) were identified to be shared by three genes, with all but CTCF used for further analysis because there is no CTCF probe in the available data. We found that MEIS1 showed a stronger correlation with IPM risk score relative to the other transcription factors (Rho value = −0.55). Moreover, MEIS1 showed a positive correlation with SLIT2 and CLU expression and a negative correlation with CDKN2A (Figure 11A). Additionally, expression profiles and survival analyses revealed that MEIS1 level was significantly downregulated in tumor tissue relative to solid tissue normal (P < 0.001; Figure 11C), with decreased MEIS1 level associated with worse PFS (HR < 0.55, P = 0.005; Figure 11B) in mCRC. Furthermore, we preliminarily used methylation data in TCGA to investigate the downregulation cause of MEIS1 in colon cancer and found that the expression of MEIS1 has a negative association with MEIS1 methylation (Figure 11D); what is more, MEIS1 methylation was more in tumor than normal tissue in colon cancer (P < 0.001; Figure 11E). Therefore, we hypothesized that MEIS1 works as a transcription factor that mediates IPM genes and that, with methylated, MEIS1 was downregulated, which could not thoroughly stimulate the expression of favored IPM genes (SLIT2 and CLU), while that releases the expression of unfavored IPM gene (CDKN2A), thereby contributing to the initiation, development, and progression of colon cancer and worse prognosis.


[image: Figure 11]
FIGURE 11. MEIS1 identified as transcription factors of immune prognostic model (IPM) genes in metastatic colorectal cancer (mCRC). (A) Putative transcription factors involved in regulating IPM genes expression; only MEIS1 showed a positive correlation with SLIT2 and CLU expression and a negative correlation with CDKN2A simultaneously (P < 0.05). (B) Decreased MEIS1 level associated with worse progression-free survival (PFS) (HR < 0.55, P = 0.005). (C) MEIS1 level was significantly downregulated in the tumor tissue relative to the solid tissue normal (P < 0.001). (D) Expression of MEIS1 has a negative association with MEIS1 methylation (P < 0.05). (E) MEIS1 methylation was more in tumor than the normal tissue in colon cancer (P < 0.001).





DISCUSSION

Accumulating evidence suggests that bioinformatics analysis would be an effective method to find novel molecular biomarkers in early diagnosis, therapeutic process monitoring, and prognostic evaluation of cancer. Recurrence of mCRC after surgery remains a challenge, even with adjuvant chemotherapy. Moreover, the outcomes of mCRC are heterogeneous, and predicting models have failed to explain recurrence from the perspective of intrinsic cell activities and extrinsic immune microenvironment. Therefore, gene signatures with explainable recurrence associations might be of considerable benefit to the medical community.

Here, we identified two interactive gene signatures that predicted mCRC recurrence values. Further, IPM could help understand recurrence from intrinsic and extrinsic factors perspectives and identify responders of immune checkpoint inhibitors (ICIs) and chemotherapy. Moreover, it highlighted the suppression of MHC class II as the main reason for non-responsiveness. Further, in a real-world cohort, we validated these findings in specimen experiment in vitro. With preliminary bioinformatics investigation, we found a potential upstream dysregulation cause of IPM genes. Finally, this study produced preclinical evidence for inhibiting CDKN2A and activating MHC class II in the immunotherapy of mCRC. In conclusion, our study embraced many hints for futural researches on the field of immune suppression in mCRCs. Moreover, this kind of study can be used as a reference for understanding other cancers' predicting gene models to filter out the models with predicting performance as well as biological mechanism meaning.

First, our results indicate a feasible therapeutic strategy to shape the immune microenvironment and improve the post-operative prognosis of mCRC and may also allow the selection of patients for surgery-based integrated therapy. Three metastasis-related genes (BAMBI, F13A1, and LCN2) and three immune-related genes (CDKN2A, SLIT2, and CLU) serve as the two gene models, which together may provide better performance than alone, depending on their prognostic significance and immune properties. The BAMBI (Vanhara and Souček, 2013), LCN2 (Wang and Zeng, 2014), F13A1 (Vairaktaris et al., 2007), CDKN2A (Exner et al., 2015), SLIT2 (Chen et al., 2013), and CLU (Shapiro et al., 2015) were reported to individually play a role in cancer development and progression. In our study, the high expression of CDKN2A was associated with unfavorable immuno-phenotype in patients with mCRC, which is in contrast to its known role as a tumor suppressor gene. A plausible explanation is that from an immune perspective, CDKN2A encodes several transcript variants to regulate the macrophage apoptotic process (González-Navarro et al., 2010) and downregulates B-cell proliferation to influence the humoral immune response. In addition to these, CDKN2A was confirmed in single-cell sequencing as one of the characteristic markers of some immune infiltrating cells, such as exhausted CD4+ T cell (Zheng et al., 2017), regulatory T (Treg) cell (Zheng et al., 2017), and natural killer T (NKT) cell (Young et al., 2018). Therefore, our study also inferred that the high expression of CDKN2A influences the immune microenvironment, downregulates the immune activity, and thus promotes the recurrence in mCRC. Moreover, this is possibly the first analysis to indicate an association of high expression of F13A1 with a favorable prognosis in mCRC.

Second, our results indicate a high-recurrence risk of mCRC associated with its immunosuppression, which correlates with the downregulation of MHC class II molecules, high infiltration of Treg cells, and low levels of resting memory CD4+ T cells reservation.

Next, the MEM indicated a suppressed local immune state in high recurrence risk mCRC, and hence, we investigated a MEM-related IPM immune gene signature to elucidate how it might affect the expression of immune genes. Our IPM analysis showed that the low-recurrence risk group had an activated immune response, while the high-risk group was associated with an exhausted immune state. Additionally, the ESTIMATE algorithm validated this finding, suggesting that the stroma and infiltration of immune cells in the IPM high-risk group were less than those in the low-risk group. In the Gene Ontology (GO) and KEGG analysis, the two IPM groups differed at the immune pathway enrichment level, confirming the downregulation of immune response genes in high-recurrence risk mCRC. Furthermore, the IPM high-risk group showed higher fractions of Tregs and lower resting memory CD4+ T cells. Previous studies with metastatic melanoma have shown that the infiltration of CD8+ T cells in tumors and tumor margins positively correlates with a good prognosis (Tumeh et al., 2014). However, the CD8+ T cells contains multiple subpopulations, and even if CD8+ T cells infiltrate the tumor tissue, the Tregs in the tumor may lead to no response to treatment (Ngiow et al., 2015). Previous studies have confirmed that CD4+ T cells, upon differentiation, may acquire various functions, including blocking cytotoxic NK cells and activating CD8+ T cells, suppressing harmful immunological reactions to self- and foreign antigens, and aiding CD8+ T cells in tumor rejection (Crouse et al., 2015; Rosenberg and Huang, 2018; Long et al., 2019). Moreover, the cancer immunoediting hypotheses suggest that antitumor immune response during cancer development and progression is evaded by selecting fewer immunogenic cancer cells (immune selection) and establishing immunosuppressive networks (immune escape) (Long et al., 2019). Cancer cells have several immunosuppressive mechanisms, including increasing the levels of various immunosuppressive cells, such as Treg cells and macrophages, elevating levels of various immunosuppressive molecules, and decreasing the expression of cancer antigens, which together result in the dysfunctioning of CD8+ T cells to recognize cancer cells (Pardoll, 2012; Long et al., 2019). However, expression of PD-L1 was found to be decreased in the high-recurrence risk group, although PD-1, CTLA-4, LAG3, IDO1, EZH2, and B7H3, were not differentially expressed in this subtype. Additionally, the tumor mutation burden in the TCGA validation cohort was not altered in the two IPM groups. Therefore, to a certain extent, altered infiltrations of Tregs and resting memory CD4+ T cells could indicate a high-risk recurrence of mCRC, although it might not be the most important factor; meanwhile, such mCRC may belong to a refractory subtype. Furthermore, as indicated in drug-sensitivity data mining, the IPM-low group was more likely to have a positive response to anti-CTLA-4 immunotherapy, while the IPM-high group showed no sensitivity to these ICIs. Moreover, we observed the IPM-high group to present more therapy resistance than the IPM-low group. However, we do not know the cause for the IPM-high risk group to be the refractory mCRC subtype.

Further investigation into immune-related DEG in the IPM-high risk group found HLA-DRA, a component of the MHC class II, which plays a crucial role in regulating immune response with CD4+ T cells, to be downregulated in the high-recurrence risk mCRC. Given the disorders of CD4+ T cells in the IPM high-risk group, we speculated that its helper immune response might be affected. Therefore, we assessed the expression of HLA in the low- and high-risk IPM groups. Our analysis implicated the expression of the MHC class-II molecules, viz. HLA-DR, HLA-DP, and HLA-DQ, to be downregulated in the IPM high-risk group compared to the low-risk group but with no changes in MHC class-I molecules. These MHC class-II molecules participate in the activation of CD4+ T cells as a helper for CD8+ T cells in antitumor response. The MHC class-II neoantigens may shape the tumor immunity and response to immunotherapy, indicating the ignored MHC-II neoantigens and CD4+ T cells as key factors that influence the response to immunotherapy (Alspach et al., 2019). Moreover, while the average objective response rate (ORR) of immune checkpoint inhibitor therapy has been estimated as 30%, the IPM high-risk group showed it as 70% (non-responsive mCRC) (Haslam and Prasad, 2019). This indicates that the immune response activated by effector T cells alone may not be enough to eliminate tumors; else, the average ORR of ICI therapy would not have been 30% (Haslam and Prasad, 2019). Furthermore, an experiment used algorithmic simulation prediction to find newer MHC class-II restricted antigen named mITGB1, and an MHC class-I neoantigen, mLAMA4, which can only be recognized by helper T cells and effector T cells, respectively. Their analysis indicated that cancer cells expressing mITGB1 or mLAMA4 alone could not induce an anticancer immune response, whereas their combined expression could decline tumor growth rates, probably via activating immune response (Ott et al., 2017).

Therefore, the IPM-high risk group was attributed to the disorders of MHC class-II molecules and CD4+ T cells infiltration. Further, our IPM could help predict the recurrence of mCRC, and the stratification of refractory mCRC may provide newer insights such as the activation of the MHC class-II may support treatment with ICIs and lead to better prognosis in mCRC.

Next, increasing evidence from clinical trials indicate that combined immunotherapies may enhance the response of cancer patients, as observed especially for gastrointestinal tumors that are characterized by a complex matrix, and considerable molecular and immunological differences (Wang et al., 2019). Since CDKN2A with an HR > 1 is a key contributor of high-risk mCRC and CDKN2A was confirmed as one of the characteristic markers of some immune infiltrating cells, such as exhausted CD4+ T cell (Zheng et al., 2017), regulatory T (Treg) cell (Zheng et al., 2017), and natural killer T (NKT) cell (Young et al., 2018). CDKN2A is highly expressed in the IPM high-risk group; we identified this kind of refractory CRLM. Besides, IPM high-risk group has more regulatory T (Treg) cell infiltration. In addition, our results indicate a high-recurrence risk of mCRC associated with its immunosuppression, which correlates with the downregulation of MHC class-II molecules, high infiltration of Treg cells, and low levels of resting memory CD4+ T cells reservation. Combined with the literature review, we could infer that exhausted CD4+ T cells might also highly infiltrate in IPM high-risk groups. Therefore, we hypotheses that an anti-CDKN2A agent along with activation of MHC class-II molecules might prevent immune status from regulatory T (Treg) cell inhibiting as well as exhausted CD4+ T cell's incapability. Thus, it could reverse the unfavorable prognosis of the IPM high-risk group, which meets an urgent clinical need in therapy design, representing the transformation value of our findings. However, this treatment modality should be thoroughly investigated for all mCRC cases to avoid recurrence in the future.

Finally, we observed the IPM be independent of conventional clinical characteristics with better clinical decision value, which enabled the construction of an interactive network using six genes and led to the identification of SLIT2 as a hub gene. Further, we also constructed a BN graph for clinical practice. To widen the hints of this study, we found the potential upstream regulators attributing to the alteration of IPM risk score, and MEIS1's methylation was identified. Former studies (Zhu et al., 2017) have reported that MEIS1 overexpression could induce non-apoptotic cell death of ccRCC cells via decreasing the levels of prosurvival regulators Survivin and BCL-2, and MEIS1 attenuates in vitro invasion and migration of ccRCC cells with downregulated epithelial–mesenchymal transition (EMT) process. However, MEIS1's function in colorectal cancer still needs further research. Additionally, MEM and its related IPM helped define malignant phenotypes of cancer cells from their intrinsic activities and the immune stromal infiltrating cells activated in the mCRC-related microenvironment.

However, our study has certain limitations. First, it is retrospective in design, and thus, the results should be further confirmed by prospective studies. Although our study had a large number of mCRC samples, the training cohort of 102 samples and two validation cohorts (N1 = 142, N2 = 56) are still a small-scale dataset. Additionally, detailed clinicopathological characteristics of each sample were not available; thus, the Fong's CRS criteria could not be utilized to confirm the accuracy of MEM and IPM in our study. In addition, the functional and mechanistic hypothesis should be conducted to support the clinical application of the IPM three genes individually and in combination.

In summary, for the first time, we identified and validated an IPM that is based on three immune genes and has independent prognostic significance especially for refractory mCRC patients, which improves the perspective of the current CRS system and reflects the overall intensity of the immune response in the mCRC microenvironment. This study is also the first to investigate the mechanism difference in clinically difficultly labeled metastasis risk level with developing MEM model. Furthermore, it highlighted for the first time the suppression of MHC class II as the main reason for non-responsiveness to immunotherapy. In addition to these, this study tried to find a potential upstream dysregulation cause of IPM genes for a widened hint for future study. Finally, this study produced preclinical evidence for inhibiting CDKN2A and activating MHC class II in the immunotherapy of mCRC. Last but not the least, this study can be used as a reference for understanding other cancers' predicting gene models to filter out the models with predicting performance as well as biological mechanism meaning.



CONCLUSIONS

In summary, for the first time, our study found the post-operative recurrence of mCRC to be strongly correlated to the immune microenvironment using a high-throughput analysis. Moreover, IPM could identify subgroups of mCRC with different recurrence risks and stratify the mCRC samples sensitive to immuno-/chemotherapy with biologically explainable evidence. Furthermore, our analysis also highlights the importance of MHC class-II molecules in immunotherapy of mCRC.
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Objectives: Complement 1q binding protein (C1QBP/HABP1/p32/gC1qR) has been found to be overexpressed in triple-negative breast cancer (TNBC). However, the underlying mechanisms of high C1QBP expression and its role in TNBC remain largely unclear. Hypoxia is a tumor-associated microenvironment that promotes metastasis and paclitaxel (PTX) chemoresistance in tumor cells. In this study, we aimed to assess C1QBP expression and explore its role in hypoxia-related metastasis and chemoresistance in TNBC.

Materials and Methods: RNA-sequencing of TNBC cells under hypoxia was performed to identify C1QBP. The effect of hypoxia inducible factor 1 subunit alpha (HIF-1α) on C1QBP expression was investigated using chromatin immunoprecipitation (ChIP) assay. The role of C1QBP in mediating metastasis, chemoresistance to PTX, and regulation of metastasis-linked vascular cell adhesion molecule 1 (VCAM-1) expression were studied using in vitro and in vivo experiments. Clinical tissue microarrays were used to verify the correlation of C1QBP with the expression of HIF-1α, VCAM-1, and RELA proto-oncogene nuclear factor-kappa B subunit (P65).

Results: We found that hypoxia-induced HIF-1α upregulated C1QBP. The inhibition of C1QBP notably blocked metastasis of TNBC cells and increased their sensitivity to PTX under hypoxic conditions. Depletion of C1QBP decreased VCAM-1 expression by reducing the amount of P65 in the nucleus and suppressed the activation of hypoxia-induced protein kinase C-nuclear factor-kappa B (PKC-NF-κB) signaling.

immunohistochemistry (IHC) staining of the tissue microarray showed positive correlations between the C1QBP level and those of HIF-1α, P65, and VCAM-1.

Conclusion: Targeting C1QBP along with PTX treatment might be a potential treatment for TNBC patients.

Keywords: hypoxia, TNBC, C1QBP, metastasis, chemoresistance
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GRAPHICAL ABSTRACT. In TNBC cells, the inhibition of C1QBP suppresses PKC–NF-κB signaling in cytoplasm, upregulating Iκβα expression, thereby decreasing the VCAM-1 expression by lowering p65 level in nucleus in normoxic conditions. When TNBC cells are exposed to hypoxic conditions, HIF-1α upregulates C1QBP expression. The inhibition of C1QBP notably suppresses the activation of hypoxia-induced PKC–NF-κB signaling and decreases VCAM-1 level, resulting in metastasis blocking and PTX drug chemoresistance decreasing of TNBC cells.




INTRODUCTION

Based on data from the Global Cancer Statistics, breast cancer is one of most commonly diagnosed cancers (comprising 24.2% of cancers in women) and a major cause of death in women (15% of total mortalities); the incidence of breast cancer is continuously increasing, with 18 million people worldwide currently affected each year (Bray et al., 2018; Cruz et al., 2019).

Triple-negative breast cancer (TNBC) is a subtype that accounts for 15–20% of all breast cancer cases (Sharma, 2018). Patients with this subtype lack the estrogen receptor, progesterone receptor, and amplified expression of human epidermal growth factor receptor 2, indicating that no conventional targeted or endocrine therapy is available and chemotherapeutic agents are the only viable options for treating this disease (Cai et al., 2019; Yu et al., 2019). The overall survival of TNBC patients is shorter than that of patients suffering from other subtypes of breast cancer (Khan et al., 2019). Metastasis and resistance to chemotherapy are critical factors that reduce the survival of patients with TNBC (Jyotsana et al., 2019; Khan et al., 2019). TNBC cells can easily migrate from the invasive front to distant sites via capillaries and become engrafted into new microenvironments (Clevers and Nusse, 2012). Paclitaxel (PTX) is currently the most common chemotherapeutic agent for treating metastatic or non-metastatic breast cancer, especially for TNBC (Liu et al., 2017; Yan et al., 2018). Although TNBC cells are more sensitive to chemotherapy (Shetti et al., 2019), they usually metastasize and develop chemoresistance after a period of PTX treatment (Liu et al., 2017).

Intratumoral hypoxia is a common and characteristic microenvironment found in advanced cancers (Xiang et al., 2014). The average pressure of oxygen in primary breast cancers is 10 mm Hg, equivalent to 1.4% (v/v) O2; in contrast, the oxygen pressure in normal breast tissue is 65 mm Hg [9.3% (v/v) O2] (Vaupel et al., 2007; Zhang et al., 2016). Hypoxia-inducible factors (HIFs) are a family of essential master transcription factors that stimulate changes in gene expression in response to hypoxia (Semenza, 2012). It has been unequivocally established that HIFs promote metastasis (Xiang et al., 2014), PTX chemoresistance (Yan et al., 2018), and the expansion of breast cancer stem-like cells (Lu et al., 2015; Zhang et al., 2016) in TNBC. Thus, it is imperative to develop new therapeutic targets to reduce tumor metastasis and strengthen the combined treatment for hypoxia-induced sensitivity to TNBC chemotherapy.

Complement 1q binding protein (C1QBP) belongs to the hyaluronic acid family, and the mature protein, comprising 209 amino acids, resides in the cytoplasm, mitochondria, and membrane of mammalian cells. It is an important evolutionarily conserved multifunctional protein that is involved in multiple biological processes and specifically binds to the extracellular matrix (Kim et al., 2011; Feichtinger et al., 2017). An increasing number of studies have shown that this protein is closely associated with the development of malignant tumors (Saha et al., 2014; Li et al., 2017; Shi et al., 2017; Xie et al., 2019). We have previously reported high levels of C1QBP in breast cancer tissues compared to those in normal breast tissues (Chen et al., 2009); C1QBP overexpression was correlated with enhanced tumor metastasis to the lymph nodes of TNBC patients, which can serve as an independent prognostic indicator (Wang et al., 2015); silencing C1QBP suppresses the ability of TNBC cells to metastasize and inhibits their proliferation both in vitro and in vivo, suggesting that C1QBP promotes the progression of cancer in patients with TNBC (Niu et al., 2015).

Fogal et al., 2008 first observe that C1QBP, which acts as a mitochondrial surface protein, is primarily localized in hypoxic/nutrient-deprived regions within tumors (Fogal et al., 2008). Moreover, they further demonstrate that C1QBP is capable of promoting viability and tumorigenicity of breast cancer cells by regulating oxidative phosphorylation and opposing the shift of cell metabolism toward glycolysis, highly indicating that C1QBP may serve as a promising target for diagnosis and therapy for breast cancer (Fogal et al., 2010). Therefore, based on their important findings, the reasons behind the overexpression of C1QBP under hypoxia and its role in the tumorigenicity of TNBC need to be elucidated.

In this report, we showed that hypoxia induced the overexpression of C1QBP. Depletion of C1QBP downregulated the expression of vascular cell adhesion molecule 1 (VCAM-1) via the NF-κB signaling cascade. Moreover, we delineated novel functions of C1QBP in the migration, invasion, and drug resistance of TNBC cells. Further analysis of tissue specimens confirmed the correlation between the levels of C1QBP, hypoxia inducible factor 1 subunit alpha (HIF-1α), VCAM-1, and RELA proto-oncogene nuclear factor-kappa B subunit (P65) in TNBC patients, suggesting targeting C1QBP in the presence of PTX is a potential avenue for advanced therapy against TNBC.



MATERIALS AND METHODS


Patient and Tissue Samples

All clinical samples in this study were collected from patients who had undergone surgery at the Harbin Medical University Cancer Hospital between January 2007 and December 2007. Prior to the survey, none of the patients had received radiation or chemotherapy. Tissue microarrays comprising 271 primary breast carcinoma tissues were performed. The Medical Ethics Committee of Harbin Medical University Cancer Hospital approved this study and all relevant information was provided to the participants (the ethics certification numbers: KY2016-34). The clinical pathological features of the patients are shown in Tables 1, 2.


TABLE 1. Distribution of selected variables in breast cancer cases.
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TABLE 2. Summary of the clinicopathologic features of breast cancer studied.

[image: Table 2]


Immunohistochemistry

Tissue microarrays were incubated at 55°C overnight and then treated with dewaxed solution using concentration gradients of xylene and alcohol. After washing with pure water, microarrays were treated with 0.01 mol/L ethylene diamine tetraacetic acid (EDTA, pH 8.0) or citrate buffer (pH 6.0), and were then exposed to heat-induced epitope retrieval (100°C) for 5 min. After treatment with 3% H2O2 for 30 min, the slides were incubated with primary antibodies against C1QBP (BOSTER, catalog No. BM5284, 1:50 dilution), HIF-1α (Abcam, ab1, 1:50 dilution), P65 (BOSTER, catalog No. BA0610, 1:50 dilution), VCAM-1 (Abcam, ab134047, 1:50 dilution), and ki67 (Bioss, bs-233104R, 1:100 dilution) overnight at 4°C. The tissue microarrays were subsequently incubated with secondary antibodies (ZSGB-BIO, Goat anti-Rabbit IgG, PV-6001; ZSGB-BIO, Goat anti-Mouse: PV-6002) 28°C for 1 h. After washing with phosphate-buffered saline (PBS), target proteins were stained using 3,3′-diaminobenzidine (ZSGB-BIO: ZLI-9018 and K152317J) and counterstained with hematoxylin. Based on the intensity and degree of staining, the sections were analyzed and scored by two independent pathologists (double-blind). The final score was the product of the staining intensity scores (0: negative; 1: weak; 2: moderate; 3: strong) and staining area scores (0: 0–5%; 1: 6–25%; 2: 26–50%; 3: 51–75%; and 4: above 76%). Final score less than or equal to 4 was considered as low expression. Final score greater than or equal to 6 was considered as high expression (Niu et al., 2015; Lei et al., 2020).



Cell Culture

We cultured Hs578T and EA.hy926 cells in Dulbecco’s modified Eagle medium (DMEM). Human umbilical vein endothelial cells (HUVECs) were cultured in Endothelial Cell Medium (ScienCell, Catalog No.: 1001). MDA-MB-468 cells were cultured in Roswell Park Medium Institute (RPMI)-1640 medium. All media were supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin. The cultures were incubated in a 5% CO2 and 95% air incubator [20% (v/v) O2]. A modular incubator chamber (Invivo2 1000) provided hypoxic conditions for the experiments (cells were placed in a mixture of 1% O2, 5% CO2, and 94% N2). All cell lines were verified using STR detection.



Generation of C1QBP-Knockdown, HIF-1α-Knockdown, and ATP Binding Cassette Subfamily B Member 1-Overexpression Cell Lines

Synthetic small interfering RNAs (siRNAs) specific to C1QBP and HIF-1α mRNAs were designed and synthesized (GenePharma, Shanghai, China). Cells were transfected with siRNA duplexes using INTERFERin (Polyplus, 409-10) as per the kit instructions. The sequences of the siRNAs against C1QBP were as follows: si1 (5′–3′: CCUUGUGUUGGACUGUCAUTT, AUGACAGUCCAACACAAGGTT), si2 (5′–3′: CCACCUAAUG GAUUUCCUUTT, AAGGAAAUCCAUUAGGUGGTT), and si3 (5′–3′: GGAGCACCAGGAGUACAUUTT, AAUGUACUCCU GGUGCUCCTT). The sequences of the siRNAs against HIF-1α were (5′–3′): GCCGAGGAAGAACUAUGAATT and UUCAUAGUUCUUCCUCGGCTT. The HIF-1α inhibitor was purchased from MCE (2-Methoxyestradiol Cat. No. HY-12033, Shanghai, China). Lentiviral vectors for the shRNA against C1QBP and HIF-1α were obtained from OBiO (Shanghai, China) based on the siRNA sequences provided above. After infecting the cells with the lentiviral vectors containing the shRNAs, puromycin (0.5 mg/ml) was added to each transduced cell to enable the selection of the lentiviral vector, according to the kit protocol. ATP binding cassette subfamily B member 1 (MDR1)-overexpressed plasmid was synthesized (Genechem, Shanghai, China). MDA-MB-468 cells were transfected with 10ug MDR1-OE plasmid duplexes using jetPRIME (Polyplus, PT-114-15) as per the kit instructions.



Quantitative Real-Time PCR

TRIzol reagent (Invitrogen, No. 15596-026) was used to extract total RNA, which was then transcribed into cDNA using the Transcriptor cDNA Synthesis kit (Roche; No. 4897030001). The mRNA levels were determined using real-time PCR with the SYBR Green Master kit (Roche; No. 4193914001). The cycling conditions were 95°C for 10 min followed by 40 cycles of 95°C for 15s and 60°C for 35s. The cycle threshold (CT) of the target gene was normalized using the β-actin mRNA levels using the 2–ΔΔCt method with minor revisions, which provided the relative gene expression (Xu et al., 2019). The sequences of the primers used were as follows:
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Western Blot

The cells were lysed in RIPA buffer (Beyotime Biotechnology, P0013B) containing protease inhibitor (Beyotime Biotechnology, P1045) for 30 min at 4°C. The lysates were clarified by centrifugation at 14,000 × g for 15 min at 4°C. Protein concentrations were determined using the BCA protein assay kit (Beyotime Biotechnology, P0012). Total proteins from each sample were separated using a precast 10% polyacrylamide-sodium dodecyl sulfate gel followed by blotting on polyvinylidene fluoride membranes. The membranes were blocked using 5% skim milk at 28°C for 1 h followed by overnight incubation with primary antibody at 4°C to detect the target protein. Primary antibodies included C1QBP (Abcam, ab24733, 1:1,000 dilution), HIF-1α (Novus, NB100-105, 1:500 dilution), VCAM-1 (CST, #13662, 1:1,000 dilution), the protein kinase C (PKC) isoform antibody sampler kit (CST, #9960, 1:1,000 dilution), and NF-κB pathway sampler kit (CST, #9936, 1:1,000 dilution). The membranes were incubated with anti-rabbit or anti-mouse secondary antibodies at room temperature for 1 h after washing with PBS containing Tween 20. The bands were observed using BeyoECL Star (Beyotime Biotechnology, P0018AS). Each protein was normalized to β-actin (Absin, abs132964, 1:1,000 dilution) or β-tubulin (SantaCruz, KM9002T, 1:1,000 dilution) levels. Cytoplasmic and nuclear protein extraction was performed using the Minute Cytoplasmic and Nuclear Extraction Kit (No. SC-003) following manufacturer’s instructions; the nuclear protein samples were normalized to the LaminB protein levels (Absin, abs131244).



Transwell Assay

The transwell assay was performed in a 24-well plate to detect migration and invasion (Costar 3422, Corning, NY, United States). A polycarbonate membrane (8 μm pore size) separated the upper and lower compartments. In the upper chamber, cells (Hs578T: 5 × 104 cells and MDA-MB-468: 1 × 105 cells) were resuspended in DMEM or RPMI medium containing free FBS. DMEM or RPMI containing 20% FBS was added to the lower chamber. For invasion analysis, chamber inserts were included containing 200 mg/ml matrigel, and dried under sterile conditions, after which, cells were plated in the top chamber. Mitomycin C was added as 0.5 μg/ml (M5353, Sigma, United States). Following 48 h of incubation at 37°C, the membrane was rinsed using a PBS-soaked cotton swab and the lower side of the membrane was immobilized using 4% formaldehyde for 1 h; staining was performed overnight using crystal violet and the number of stained cells was counted under a light microscope.



Cell Viability Assay

MDA-MB-468 (3.0 × 103 cells per well) or Hs578T cells (1.0 × 103 cells per well) were seeded in 96-well plates in media. Cell viability was measured using the MTS (Promega, G3580) assay. Cells were treated with siRNA/shRNA/HIF-1α inhibitor under normoxia or hypoxia. Absorption at 450 nm was measured 1 h after addition of MTS reagent to cells, followed by the measurement of absorbance at 450 nm at 0, 24, 48, and 72 h. MDA-MB-468 cells were inoculated into 96-well plates (3.0 × 104 cells per well) and C1QBP expression was silenced. Cells were treated with PTX (0–100 nmol/L) for 24 h followed by the measurement of absorbance at 450 nm to determine the IC50 values of PTX (Solarbio, Cat No. IP0020) under normoxic (20% O2) or hypoxic conditions (1% O2). Following this, MTS assay data was analyzed to obtain the cell growth inhibition rates exposed to different PTX concentrations. Different PTX concentrations were transformed into base-10 logarithmic scale. Graphpad software was used to analyze the data by XY analyses (nonlinear regression-curve fit and then log (inhibitor) vs. normalized response-variable slope) and estimate IC50 values. We used the following formula to estimate resistance index: Resistance index (RI) of control group = IC50 (control)/IC50 (control). RI of shC1QBP group = IC50 (shC1QBP)/IC50 (control) (Yan et al., 2018).



Xenograft Studies

MDA-MB-468-control and MDA-MB-468-sh3 cells were transfected with luciferase-containing lentivirus vectors (LV004, constructed by Hanbio company, Shanghai, China). In vivo experiments were performed with 4–6 week old female NPG mice (Vitalstar Biotechnology, Beijing, China). Mice were injected 1 × 107 cells subcutaneously and 5 × 106 cells intravenously into the tail vein. 37 NPG mice were used for the in vivo studies. For the subcutaneous group, there were 11 mice in control group, including 6 in saline group and 5 in PTX group; 10 mice in shC1QBP group, including 6 in saline and 4 in PTX group, respectively. For the tail vein group, there were 8 mice in control group, including 4 in saline group and 4 in PTX group; 8 mice in shC1QBP group, including 4 in saline group and 4 in PTX group, respectively. For the subcutaneous injection group, we divided the mice randomly into two groups when the average tumor volume reached 150 mm3. One group of mice was administered PTX intraperitoneally (Voloshin et al., 2011) (H20020543, 0.5 ml; 20 mg) at a dose of 15 mg/kg, and the control group was administered an equal volume of saline. Tumor volumes after each administration (measured on day 0, day 4, and day 8) were measured. The inhibition rate of tumor growth was calculated as (%) = (Mean tumor volume of saline group - Mean tumor volume of PTX group)/Mean tumor volume of saline group × 100% (Yun et al., 2019; Zhou et al., 2020). Mice were euthanized, tumors removed and photographed. Tumor tissues were embedded in paraffin for pathological examination and hematoxylin-eosin (HE) staining. For the intravenous injection group, we performed luciferase imaging 30 days after injection. Mice were randomly divided into two groups and treated similarly to those in the subcutaneous injection group. All mice were euthanized after the end of treatment and their lungs removed for counting the colonized nodules.



Transcriptome Sequencing

We sequenced the transcriptome from the treated Hs578T and MDA-MB-468 cells (Hs578T cells: siNC, si1, si2, si3; MDA-MB-468 cells: normoxia, hypoxia) using the Illumina HiSeq Platform. We isolated mRNAs from the total RNA using the oligo (dT) method. Subsequently, mRNAs were fragmented under optimal conditions. First strand and second strand cDNAs were synthesized. We purified and resolved the cDNA fragments using EB buffer for end repair and single nucleotide (adenine) insertion. We then attached the cDNA fragments to adaptors and appropriately sized cDNA fragments were used for PCR amplification. The Agilent 2100 Bioanalyzer and ABI StepOne Plus real-time PCR system were used for quantification and understanding the quality of the libraries. First, low quality reads were filtered out to obtain clean reads and we discovered that more than 20% of base qualities were lower than 10. They included reads with adaptors and unknown bases (more than 5% were “N” bases). The clean reads were then mapped onto a reference genome. This was followed by the prediction of novel genes, and the detection of single nucleotide polymorphisms, insertions and deletions, and spliced gene variants. Finally, we identified the differentially expressed genes among samples and performed clustering analysis with functional annotations.



Cell–Cell Adhesion Assay

EA.hy926 cells (2 × 104 cells) were stimulated using tumor necrosis factor α (TNFα) (Sino Biology, 10602-HNAE, 1,000 U/ml) for 24 h in 96-well plate. Hs578T (siNC and si3-treated) and MDA-MB-468 (siNC and si3-treated) cells (5 × 104 cells/200 μl) were added to the EA.hy926 cells in each well the following day, and incubated at 37°C for 45 min. Cells were washed twice with FBS-supplemented DMEM. We then added 100 μl of 0.25% rose bengal (RB, Sigma, 3,30,000) per well and incubated at room temperature for 5 min. Cells were washed twice with FBS-supplemented DMEM, followed by the addition of 200 μl of a PBS-ethanol solvent (PBS: 95% ethanol solution at a ratio of 1:1) per well. The cells were then incubated at room temperature for 30 min and the absorbance was measured at 570 nm (Gamble and Vadas, 1988).

HUVECs were seeded in each well of the 96-well plate (2 × 104 cells per well). When the cells reached about 95% confluence, they were treated with TNFα (1,000 U/ml) for 24 h. MDA-MB-468-control and MDA-MB-468-shC1QBP cells were infected with the lentiviral vectors containing GFP (LV001, Constructed by Hanbio Company, Shanghai, China). Next, MDA-MB-468-control or MDA-MB-468-sh C1QBP cells (5 × 104 cells/200 μl) were added onto HUVECs in the 96-well plate and incubated for 30 min at 37°C. After incubation, each well was gently washed three times with PBS to remove non-adherent TNBC cells. The adherent TNBC cells were visualized and photomicrographs were taken using inverted fluorescence microscope with a digital camera. The number of adherent TNBC cells with green fluorescence per field was calculated (Chen et al., 2015). Then 100 μl of 0.25% RB was added per well and incubated at room temperature for 5 min. Cells were washed twice with PBS. The adherent TNBC cells were visualized and photomicrographs. The number of RB-stained adherent cells was calculated.



Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) was performed using the Simple ChIP Assay Kit (MILLIPORE, No. 17-371) as per the kit instructions. The DNA-protein complexes were immunoprecipitated using ChIP-grade antibodies against HIF-1α (Novus, NB100-105), P65 (CST, #8242). The precipitated DNA was purified and quantified using real-time PCR and normalized to the inputs. The sequences for binding sites of C1QBP were as follows:
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Statistical Analysis

We used GraphPad Prism 6.0 for all statistical analyses. The experimental data were presented as mean ± SD of three independent trials. Two group comparison was analyzed by two-side Student’s t-test, and multiple group comparison was analyzed by one-way ANOVA + two-side Dunnett test (when each group compared with a control group) or one-way ANOVA + two-side Tukey test (when each group compared with every other group). Results were considered statistically significant for p-values < 0.05.



RESULTS


Hypoxia-Induced HIF-1α Upregulates C1QBP in TNBC

MDA-MB-468 TNBC cells were exposed to 1% O2 hypoxic conditions at 3, 6, 9, 12, 24, and 48 h. HIF-1α protein level increased at 6 h under hypoxia (Figure 1A and Supplementary Figure 1A). Subsequently, transcriptome sequencing was performed to investigate whether there was any change in the target transcripts following 6 h hypoxia. Compared to normoxic conditions, 314 genes were upregulated and 257 were downregulated (Supplementary Figure 1D). Gene ontology (GO) (Supplementary Figure 1B) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway (Supplementary Figure 1C) analyses were performed. We observed an enrichment of the following terms that were associated with hypoxia: “Cellular response to hypoxia” and “HIF-1 signaling pathway,” providing strong evidence for the successful induction of hypoxia in TNBC cells. Analysis of the differential expression of transcripts (see more details in NCBI database, Project number: PRJNA644755) revealed that the transcript for C1QBP, ENST00000574444, was significantly upregulated in the hypoxia-induced samples (Figure 1B). We have shown that C1QBP is an oncogene which is highly expressed in breast cancer tissues. We also reported C1QBP expression in TNBC and other breast cancers, tested C1QBP correlation with clinicopathological factors and its role in promoting metastasis (Chen et al., 2009; Niu et al., 2015; Wang et al., 2015). However, the association of C1QBP expression with hypoxic conditions and the gene role in TNBC remain also unexplored. Therefore, we addressed C1QBP signaling in the current study.
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FIGURE 1. Hypoxia-induced HIF-1α promotes C1QBP upregulation in TNBC. (A) MDA-MB-468 cells were exposed to 20% or 1% O2 for 6 h. Western blot shows the HIF-1α expression after 6 h of hypoxia; β-actin levels were used as the internal control. (B) Transcriptome analysis shows that C1QBP was upregulated during hypoxia. (C) MDA-MB-468 cells were exposed to 20% or 1% O2 for 6 h. Real-time qPCR and western blot were performed to determine the mRNA and protein levels of C1QBP; β-actin levels were used as the internal control. (D) Using the UCSC and JASPAR databases, 200–2,000 bp were selected downstream of the start site in the C1QBP promoter to show the potential binding sites for HIF-1α on C1QBP. (E) MDA-MB-468 cells were exposed to 20% O2, 1% O2, and 1% O2 with the HIF-1α inhibitor (10 μmol/ml) for 6 h, after which mRNA and protein levels were determined using real-time qPCR and Western blot; β-actin levels were used as the internal control. (F) The major binding site of HIF-1α on C1QBP (from the JASPAR database): two potential binding sites on the promoter of C1QBP. (G). MDA-MB-468 cells were exposed to 20% O2, 1% O2, and 1% O2 with the HIF-1α inhibitor (10 μmol/ml) for 6 h. ChIP was performed and the presence of the two binding sites was quantitatively determined using real-time qPCR. Three independent experiments were used to represent the mean ± standard deviation values. *P < 0.05, **P < 0.01, ***P < 0.0001, and ****P < 0.0001.


We then detected changes in the mRNA and protein levels of C1QBP in MDA-MB-468 cells under 1% O2 hypoxic conditions at 3, 6, 9, 12, 24, and 48 h. The primers for C1QBP were designed according to the ENST00000574444 transcript. An increase in C1QBP mRNA expression was observed after 6 h of exposure to hypoxia. Protein levels markedly increased at 6 h (Figure 1C and Supplementary Figure 1E), indicating that the mRNA and protein levels of C1QBP increased under hypoxic conditions.

Since C1QBP expression increased under hypoxia, we speculated whether this upregulation was mediated by the HIFs. We used the UCSC1 and JASPAR databases2 to study the promoter sequences of C1QBP and determine whether there were transcriptional factors that contained binding sites for the C1QBP promoter. We found that HIF-1α possessed several binding sites for the promoter of C1QBP (Figure 1D). HIF-1α is a hypoxia-inducible transcription factor and its aberrant overexpression promotes the development of breast cancer by, for example, activating multiple steps in the metastatic cascade (Gilkes et al., 2014; Liu et al., 2015). These data suggested that C1QBP might be affected by hypoxia-induced HIF-1α expression.

Then, shRNA targeting HIF-1α or HIF-1α inhibitor (2-methoxyestradiol) were used. A lentiviral vector was successfully constructed and transfected into MDA-MB-468 cells to silence HIF-1α expression. Western blot and qRT-PCR were used to determine the knockdown efficiency (Supplementary Figure 2C). HIF-1α inhibitor was also used to block the function of HIF-1α and decreased HIF-1α mRNA levels (Supplementary Figure 2D). We first performed cell viability assay to compare the inhibitory effects between shRNA and HIF-1α inhibitor on Hs578T and MDA-MB-468 cells under normoxia or hypoxia. The results indicated that application of HIF-1α inhibitor exhibited stronger inhibitory activities than that of shHIF-1α inhibitor (Supplementary Figure 2A). MDA-MB-468 cells were then exposed to hypoxic environments and treated with the HIF-1α inhibitor for 6 h to block its function. Both the mRNA and protein levels of C1QBP increased under hypoxic conditions and decreased upon treatment with the HIF-1α inhibitor as expected (Figure 1E). Accordingly, we further detected the protein level of vascular endothelial growth factor (VEGF), von Hippel-Lindau tumor suppressor (VHL), E-cadherin 1 (E-cad), and β-tubulin, that are reported to be regulated by hypoxia and/or HIF-1α (Bordji et al., 2014; Ning et al., 2018; Ibuki et al., 2020; Urrutia et al., 2020; Yang et al., 2020) (Supplementary Figure 2B). Based on the data from the JASPAR database, we generated several primers for HIF-1α containing multiple binding sites on the C1QBP promoter (Figure 1F). ChIP-qPCR assay was performed and the results indicated that the inhibition of HIF-1α decreased the binding of HIF-1α to the promoter of C1QBP (Figure 1G).

Since HIF-1α influences C1QBP expression under hypoxic conditions, we analyzed whether this phenomenon existed in normoxic conditions. The mRNA levels of C1QBP decreased after using shHIF-1α or HIF-1α inhibitor (Supplementary Figures 2E,F). However, unlike the decreased tendency under hypoxia, the protein levels did not show obvious changes under normoxia (Supplementary Figure 2G). Subsequently, ChIP-qPCR was performed and the results indicated that inhibiting HIF-1α decreased the binding of HIF-1α to the promoter of C1QBP (Supplementary Figures 2H,I). Using the results from The Cancer Genome Atlas database (TCGA) database, we found C1QBP mRNA levels to increase in breast cancer tissues concomitantly with the increasing levels of HIF-1α (Supplementary Figure 2J).

Together, all these data suggested that hypoxia induced the expression of C1QBP mediated by the HIF-1α transcription factor in TNBC cells.



Knockdown of C1QBP Inhibits TNBC Migration, Invasion, and Chemoresistance to PTX in vitro

In the present study, we used two TNBC cells, Hs578T and MDA-MB-468, to understand the correlation between C1QBP expression and migration, invasion. Firstly, three siRNAs were designed for transient transfection into Hs578T cells to reduce C1QBP gene expression. Figure 2A shows the mRNA and protein levels to determine the efficiency of knockdown of C1QBP after transient transfection. We next performed cell viability experiments to evaluate the effect of C1QBP on Hs578T cells. The result showed that unlike under normoxia, silencing C1QBP inhibited Hs578T cell proliferation under hypoxia (Supplementary Figure 3D). Transwell experiments indicated that knocking down C1QBP significantly reduced the capacity for migration and invasion of Hs578T cells; this phenotype became more pronounced after transfecting with the si3 (Figure 2B). Given that si3 was most effective at inhibiting migration and invasion, we used it to block C1QBP expression in MDA-MB-468 cells (Supplementary Figure 3A), which resulted in similar phenotypes (Supplementary Figures 3B,C). Based on the results using si3, we generated a stable C1QBP knockdown cell line with shC1QBP (Figure 2C) and the migration, invasion capacity was observed to be impaired (Figure 2D). Then cell viability experiments were performed to evaluate the effect of shC1QBP on MDA-MB-468 cells. Similar result was observed in MDA-MB-468 cells (Supplementary Figure 3E). To determine whether silencing C1QBP changed the chemoresistance of cells to PTX, we measured the viability of shC1QBP cells upon treatment with different concentrations of PTX. Compared to the control, cell viability was inhibited in the shC1QBP cells and the IC50, resistance index was lower (Figure 2E). These results indicated that blocking C1QBP inhibited the migration, invasion and chemoresistance of TNBC cells to PTX in vitro.
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FIGURE 2. Knockdown of C1QBP inhibits TNBC migration, invasion, and chemoresistance to paclitaxel in vitro. (A) Knockdown of C1QBP was confirmed using real-time qPCR and western blot after Hs578T cells were transfected with siRNA. (B) Migration and invasion analysis indicates differential cell motilities in Hs578T cells. (C) The knockdown efficiency of C1QBP was confirmed using real-time qPCR and western blot in MDA-MB-468-shC1QBP cells. (D) Migration and invasion analysis indicates differential cell motilities in MDA-MB-468 cells. (E) Upper: cell viabilities were determined in MDA-MB-468-control and shC1QBP cells incubated with PTX for 24 h by MTS. Lower: comparison of the IC50 values and resistance indices of control and shC1QBP groups. Three independent experiments were used to represent the mean ± standard deviation values. *P < 0.05, **P < 0.01, ***P < 0.0001, and ****P < 0.0001.




Knockdown of C1QBP Hinders in vivo TNBC Lung Colonization and Chemoresistance to PTX

We further validated the in vivo effects of C1QBP in TNBC. Both the MDA-MB-468-control and MDA-MB-468-shC1QBP cell lines were transfected with lentivirus luciferases (Supplementary Figure 4A) and injected into NPG mice via the tail vein and subcutaneous routes, respectively. For the tail vein-injected group, fluorescence imaging showed that C1QBP-depleted cells significantly reduced lung colonization in mice (Figure 3A and Supplementary Figure 4B). Then we treated the control and shC1QBP mice with saline or PTX, respectively. PTX treatment significantly inhibited the colonization of tumor cells in the lung (Figure 3A and Supplementary Figure 4B). Moreover, the numbers of tumors were the lowest in shC1QBP+PTX group compared to all other groups (Figure 3B), indicating that PTX combined with silencing of C1QBP expression reduced the lung colonization by tumors. Then we performed the HE staining of the lung tissues. For saline-treated groups, the size and number of the colonization in the lung are larger in control group than that in shC1QBP group. For PTX treated mice, the size and number of the colonization in the lung are larger in control group than that in shC1QBP group (Supplementary Figure 5A). Immunohistochemistry (IHC) staining also showed that the expression of ki67 was higher in control+saline group than those in shC1QBP+saline group. In shC1QBP+PTX group, ki67 showed the lowest expression (Supplementary Figure 5B), indicating that silencing C1QBP combined with PTX might play a better role in inhibiting proliferation. These results were in line with the fluorescence imaging studies (Figure 3A).
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FIGURE 3. Knockdown of C1QBP hinders in vivo TNBC lung colonization and chemoresistance to paclitaxel. (A) Representative IVIS imaging of lungs in control and shC1QBP mice were exhibited before and after treatment. Luci-labeled tumor cells were injected into tail veins of mice. Consequently, tumor cells were located in the area where the lung tissue was illuminated. Tumor photon numbers were also assessed. (B) Representative colonization of the lungs was quantified, respectively. The white translucent area was recognized as lung colonization by tumors. Lung colonization by tumors is indicated by a red arrow. (C) Stable control and C1QBP-depleted cells (1 × 107) were injected subcutaneously into NPG mice. Tumor volumes were measured. (D) The control and shC1QBP groups were treated with PTX at a dose of 15 mg/kg or saline three times every 4 days after the average tumor volume reached 150 mm3. The weights of tumors were measured. (E) The volumes of tumors were measured. (F) Representative IVIS imaging of tumor cells in subcutaneous control and shC1QBP mice were exhibited before and after treatment. The numbers of photons of tumors were measured. (G) HISTECH Pannoramic250 analysis of HE staining and necrosis in the subcutaneous neoplastic tissues of PTX-treated control or shC1QBP mice. Left panel shows HE-stained tissues treated with PTX and control (upper) or shC1QBP (lower). Black arrows show tumor cells and red arrows show necrotic regions. Right panel shows the quantification for the same. (H) IHC shows the protein levels of C1QBP in the subcutaneous neoplastic tissues after treatment with control or shC1QBP. The left panel represents the expression of C1QBP with control (upper; high expression) and shC1QBP (lower; low expression). The right panel shows the quantification of IHC scores. Three independent experiments were used to represent the mean ± standard deviation values. *P < 0.05, **P < 0.01, ***P < 0.0001, and ****P < 0.0001.


As application of subcutaneous model has advantage in monitoring the growth of tumor, tumor growth curve detection and evaluation of drug efficacy (Masuelli et al., 2017; Ireson et al., 2019; Lee et al., 2020), we chose subcutaneous model to evaluate the inhibition effect by knocking down C1QBP or shC1QBP combined with PTX treatment. For the subcutaneously injected group, the volumes of tumors formed by the control cells were significantly greater than those from cells expressing lower levels of C1QBP (Figure 3C), suggesting that silencing C1QBP restrained cell proliferation in mice. After the xenograft-TNBC models were established and the average tumor volumes reached 150 mm3 (in both control and shC1QBP groups), PTX resistance was subsequently tested in association with C1QBP depletion. Control and shC1QBP-transfected mice were treated with PTX using intraperitoneal injection. For the shC1QBP+PTX group, the average inhibitory rates were much higher compared to those of the control+PTX group (day 4 after treatment: control vs. shC1QBP: 0.58% vs. 22.60%; day 8 after treatment: control vs. shC1QBP: 27.20% vs. 39.76%; day 12 after treatment: control vs. shC1QBP: 50.08% vs. 52.24%). Tumor weights and volumes were measured after the last PTX treatment. The results showed that the tumor weights/volumes of the shC1QBP+saline group were lower than that of control+saline group. No significant difference was observed between data in shC1QBP+PTX and control+PTX group (Figures 3D,E and Supplementary Figure 4C). However, comparing the number of photos in each group, it was found that shC1QBP+PTX mice contained the lowest number of tumor nodes than mice in other groups (Figure 3F and Supplementary Figure 4C). Moreover, HE staining of the subcutaneous tumorigenic tissues showed that the areas of necrosis in the shC1QBP+PTX mice were significantly greater than those in the control+PTX mice (Figure 3G), suggesting that knocking down C1QBP impaired the resistance of TNBC cells to PTX in vivo. Besides, IHC staining confirmed the differential expression of C1QBP in the control and shC1QBP mice in in vivo experiments (Figure 3H). The ki67 staining showed the lowest expression in shC1QBP+ PTX group mice (Supplementary Figure 5C). These results strongly indicated that depletion of C1QBP inhibited the lung colonization, proliferation and chemoresistance of TNBC cells in vivo.



Depletion of C1QBP Downregulates VCAM-1 Expression in TNBC via P65 in the Nucleus

Since C1QBP expression was associated with metastasis and chemoresistance, we subsequently explored the effectors downstream of C1QBP in TNBC. Transcriptome sequencing was performed after depleting C1QBP using siRNA in Hs578T cells. Volcano plots (Supplementary Figure 6A) were used to determine the variation in gene expression between the siNC and siC1QBP groups (see more details in NCBI database, Project number: PRJNA644772). Functional GO (Supplementary Figure 6B) and KEGG pathway analysis (Supplementary Figure 6C) of the differentially expressed genes were performed. Pathway involving “Basal cell carcinoma” was markedly enriched in the si3 group. Compared to the siNC group, the numbers of upregulated genes in the si1, si2, and si3 groups were 346, 219, and 314, respectively. The numbers of downregulated genes in the si1, si2, and s3 groups were 465, 312, and 454, respectively. We then analyzed the intersection between the up- and downregulated genes in the si1, si2, and si3 groups; there were 30 genes that were commonly downregulated and 40 upregulated in the three siRNA groups compared to those in the siNC group (Figure 4A and Supplementary Figures 6D,E).
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FIGURE 4. Depletion of C1QBP downregulates VCAM-1 expression in TNBC via P65 in the nucleus. (A) Heatmap of the 30 commonly downregulated and 40 upregulated genes in the si1, si2, and si3 groups as compared to siNC were selected. Down- and upregulated genes from the si1, si2, and si3 groups were selected and Venn diagrams were generated to find the commonly regulated genes. (B) Real-time qPCR and western blot were used to determine the mRNA and protein levels of VCAM-1 after transfection with siC1QBP in Hs578T cells for 48 h. (C) Real-time qPCR and western blot were used to determine the mRNA and protein levels of VCAM-1 after transfection with shC1QBP in the MDA-MB-468 cells. (D) Nuclear and cytoplasmic proteins were extracted from MDA-MB-468 control and shC1QBP cells. Western blot was performed to determine the protein levels of P65 and IκBα; LaminB or β-actin was used as internal controls, respectively. (E) Potential binding sites of P65 to the promoter of VCAM-1 and the major binding site of P65 to the promoter of VCAM-1 as obtained from the JASPAR database are shown. MDA-MB-468 control and shC1QBP cells were used to perform ChIP-qPCR. (F) IHC staining shows the protein levels of VCAM-1 in subcutaneous neoplastic tissues upon treatment of control or shC1QBP groups. The left panel represents the expression of VCAM-1 in tumors of control (upper panel; high expression) or shC1QBP mice (lower panel; low expression). The right panel shows the quantification of IHC scores. (G) IHC staining shows the P65 protein levels in the subcutaneous neoplastic tissues. The upper panel represents the expression of P65 upon treatment with control (high expression) and the lower panel represents the expression in shC1QBP tissues (low expression). The right panel shows the quantification of IHC scores. Three independent experiments were used to represent the mean ± standard deviation values. **P < 0.01 and ***P < 0.0001.


Considering the established metastasis-promoting role of VCAM1, we selected this gene for further analysis. VCAM-1 is a member of the immunoglobulin superfamily and a cytokine-induced endothelial adhesion protein (Labrousse-Arias et al., 2017). VCAM-1 promotes the progression of tumors and plays an important role in the metastasis of breast cancer to the lungs, thereby making it a potential therapeutic target for inhibiting metastasis (Chen and Massague, 2012; Shokeen et al., 2012; Garmy-Susini et al., 2013; Dan et al., 2016). To verify the correlation between the expression of C1QBP and VCAM-1, we detected mRNA and protein levels after treatment with siC1QBP in Hs578T cells (Figure 4B); the expression of VCAM-1 was significantly downregulated and similar results were seen in MDA-MB-468 cells after using si3 (Supplementary Figure 7A) or shC1QBP (Figure 4C) to silence the expression of C1QBP. During metastasis to the lungs in breast cancer, VCAM-1 recognizes the α-subunit, interacts with 4-integrin on monocytes, and enhances the formation of metastatic tumor cells in lung tissues (Dan et al., 2016). VCAM-1 is involved in the recruitment of inflammatory cells to the injured tissue; this process also depends on the interaction between VCAM-1/α4β1 and VCAM-1/α4β7 (Shokeen et al., 2012; Garmy-Susini et al., 2013). Subsequently, we used TNFα to stimulate EA.hy926 endothelial cells (Brezinschek et al., 1996); α4, β1 and β7 were successfully induced by the upregulation of mRNA levels (Supplementary Figure 7B). Both the MDA-MB-468-control and MDA-MB-468-shC1QBP cell lines were transfected with lentivirus GFP (Supplementary Figure 7D). Cell-cell adhesion assays showed that the depletion of C1QBP inhibited the capacity of Hs578T and MDA-MB-468 cells to adhere to EA.hy926 cells or HUVECs that were induced for 24 h by TNFα (Supplementary Figures 7C,E). Moreover, IHC staining of the subcutaneous tumorigenic tissues revealed that the protein levels of VCAM-1 in the shC1QBP group were lower than those in the control group (Figure 4F). Using the results from the TCGA database, we found C1QBP mRNA levels in breast cancer tissues were associated with the levels of VCAM-1 (Supplementary Figure 7F). All these findings strongly indicated that the loss of C1QBP blocked the expression of VCAM-1 in TNBC.

We then investigated how C1QBP influenced the expression of VCAM-1 in TNBC. According to the pathway enrichment analysis using the data from transcriptome sequencing, VCAM-1 (downregulated) is a downstream molecule in the NF-κB signaling pathway (Supplementary Figure 8A). Previous studies have reported that the NF-κB signaling pathway is a major regulator of VCAM-1 in many cell types (Lin et al., 2015). Therefore, we hypothesized that C1QBP regulates VCAM-1 expression by affecting the NF-κB signaling pathway. The canonical NF-κB pathway is activated by heterodimers of p50 and P65 (Oeckinghaus and Ghosh, 2009). Nuclear P65 is a transcription factor and an important component of the NF-κB pathway that can be targeted for drug discovery and development (Giridharan and Srinivasan, 2018). It has also been reported that nuclear translocation of P65 is sufficient for VCAM-1 expression (Zerfaoui et al., 2008; Cartee et al., 2012). Western blot analysis showed that silencing C1QBP decreased the P65 protein levels in the nucleus of MDA-MB-468 cells (Figure 4D). The activation of NF-κB also depends on phosphorylation-induced ubiquitination of the IκB proteins (Giridharan and Srinivasan, 2018). Further experiments revealed that the levels of nuclear factor-kappa B inhibitor alpha (IκBα) in the cytoplasm increased upon knocking down C1QBP in the cells (Figure 4D). TNF, which acts as a target gene of NF-κB signal, also decreased after in shC1QBP cells (Supplementary Figure 8B), indicating that C1QBP may regulate the activity of the NF-kB signal pathway. Since P65 is a transcription factor in the nucleus, we used the USCS and JASPAR databases to determine the binding sites of P65 in the promoter of VCAM-1 (Figure 4E). Based on these data, we designed the necessary primers and performed ChIP-qPCR; the results of this assay showed that knocking down C1QBP decreased the binding of P65 to the promoter of VCAM-1 (Figure 4E).

To further confirm the mechanism of action of P65 in vivo, we collected tumor tissues after subcutaneously injecting control or sh3 cells. The protein levels of P65 decreased as expected (Figure 4G). IHC staining showed that the expression of VCAM-1 were higher in control+saline group than those in shC1QBP+saline group. Compared to control+saline group, the expression of VCAM-1 did not show obvious decline in control+ PTX mice. However, in shC1QBP+PTX group, VCAM-1 showed weak expression (Supplementary Figure 8C), indicating that silencing C1QBP combined with PTX might play a better role in inhibiting adhesion abilities of TNBC. Still, we observed similar results of VCAM-1 IHC staining to the intravenous mice (Supplementary Figure 8D).

Thus, C1QBP depletion impaired NF-κB signaling and downregulated VCAM-1 expression by lowering the protein levels of P65 in the nucleus of TNBC cells.



Depletion of C1QBP Inhibits Hypoxia-Induced Activation of PKC-NF-κB-VCAM-1 Signaling

Since the knockdown of C1QBP downregulated TNBC metastasis, chemoresistance capabilities, and VCAM-1 expression via P65 in normoxic conditions, we attempted to determine whether this effect still persisted under hypoxia. As C1QBP influenced TNBC cell proliferation under hypoxia, we performed transwell experiments along with mitomycin C. The results showed that the loss of C1QBP inhibited the migration and invasion properties of MDA-MB-468 and Hs578T cells under hypoxic conditions (Figure 5A and Supplementary Figure 9A). MDA-MB-468-control and MDA-MB-468-shC1QBP cells were treated with different concentrations of PTX. IC50 values, and resistance indices decreased in the C1QBP knockdown cells significantly (Figure 5B), as was expected based on our previous in vivo results. Similar results were observed in Hs578T cells (Supplementary Figure 9B).
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FIGURE 5. Depletion of C1QBP inhibits hypoxia-induced activation of the PKC–NF-κB–VCAM-1 signaling pathway. (A) MDA-MB-468 control and shC1QBP stable cells were exposed to 1% O2 for 24 h and the potential for migration (left) and invasion (right) were measured using transwell assay. (B) MDA-MB-468-control and shC1QBP cells incubated with PTX under exposure to 1% O2 for 24 h. The upper panel shows cell viabilities using MTS assay. The lower panel shows the comparison of the IC50 value and resistance index of control and shC1QBP samples. (C) MDA-MB-468 control and shC1QBP stable cell lines were exposed to 20% or 1% O2 for 6 h; subsequently, the mRNA and protein expression of HIF-1α were determined. (D) MDA-MB-468 control and shC1QBP stable cell lines were exposed to 20% or 1% O2 for 6 h. Subsequently, the mRNA and protein expression of C1QBP were determined. (E) MDA-MB-468 control and shC1QBP stable cell lines were exposed to 20% or 1% O2 for 6 h. Subsequently, the mRNA and protein expression of VCAM-1 were determined. (F) MDA-MB-468 control and shC1QBP stable cells were exposed to 20% or 1% O2 for 6 h followed by the isolation of cytoplasmic proteins. The expression of proteins involved in PKC and NF-κB signaling was detected. (G) MDA-MB-468 control and shC1QBP stable cell lines were exposed to 20% or 1% O2 for 6 h followed by the isolation of nuclear and cytoplasmic protein. The protein levels of P65, IκBα, and p-P65 (Ser536) were detected. Three independent experiments were used to represent the mean ± standard deviation values. **P < 0.01 and ***/****P < 0.0001.


MDA-MB-468-control and MDA-MB-468-shC1QBP cells were then exposed to normoxic or 1% O2-containing hypoxic conditions. Compared to those under normoxia, HIF-1α mRNA and protein levels increased upon exposure to hypoxia (Figure 5C). The levels of C1QBP and VCAM-1 in control cells were upregulated in both normoxic and hypoxic conditions, and were both downregulated in the sh3 cells (Figures 5D,E). These data indicated that depletion of C1QBP reduced the metastatic and chemoresistance abilities and inhibited the expression of VCAM-1 of TNBC cells under hypoxia.

Protein kinase C isoforms play a crucial role in carcinogenesis (Isakov, 2018) and are upstream activators of NF-κB signaling (Li and Luan, 2018; Cao et al., 2019). We then determined the expression of proteins in the protein kinase C-nuclear factor-kappa B (PKC-NF-κB) pathway under normoxic and hypoxic conditions. Our study confirmed that IKKα, PKCα, PKCδ, and PKCζ were upregulated under hypoxia (Figure 5F). It has been shown previously that PKCa (Qureshi-Baig et al., 2019) and PKCδ (Ozpolat et al., 2007) are key markers associated with hypoxia. The activation of NF-κB was linked to hypoxia (Wu et al., 2019). We also found that IKKa, which is a hallmark effector of NF-κB pathway, was up-regulated in hypoxia, indicating that NF-κB signal was activated. The expression of IKKα, IKKβ, p-IKKα/β, PKCδ, and PKCζ was inhibited when C1QBP expression was silenced (Figure 5F), indicating that shC1QBP can inhibit the hypoxia-induced activation of PKC-NF-κB signal. As expected, the protein levels of P65 decreased and the expression of IκBα increased in the cytoplasm (Figure 5G). The mRNA level of TNF decreased (Supplementary Figure 9C). We also found that MDR1, another downstream molecule of NF-κB signal (Fan et al., 2020), was downregulated in shC1QBP cells under hypoxia (Supplementary Figure 9D). As MDR1 causes drug resistance (Wang et al., 2020), we further explored whether C1QBP regulated chemoresistance of cells to PTX via MDR1 expression. MDR1-overexpression plasmid was transfected in MDA-MB-468 control and shC1QBP cells (Supplementary Figure 9E). Our result showed that re-expression of MDR1 overcome increased PTX sensitivity of C1QBP antagonized cells, indicating that C1QBP might regulate TNBC cell chemoresistance via MDR1 protein (Supplementary Figure 9F). Moreover, the levels of p-P65 (Ser536) in the nucleus increased after silencing C1QBP under both normoxic and hypoxic conditions (Figure 5G). These results collectively suggested that depletion of C1QBP decreased hypoxia-mediated TNBC cell metastasis and chemoresistance and inhibited hypoxia-induced activation of PKC–NF-κB–VCAM-1 signaling.



Complement 1q Binding Protein Level Correlates With VCAM-1 and P65 Expression in TNBC Patient Tissues

Based on these findings, we performed analyses of data from the TCGA database; the mRNA levels of C1QBP increased significantly in TNBC tissues compared to those in normal tissues (Figure 6A). Further analysis using PAM50 typing showed that C1QBP expression in TNBC was the highest among all the molecular subtypes of breast cancer (Figure 6B). Similarly, among breast cancer patients with metastasis or dead, the expression level of C1QBP in TNBC is still higher than that in other subtypes (Figures 6C,D). These findings strongly indicated that C1QBP might be a potential specific biomarker of TNBC in patients.
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FIGURE 6. The C1QBP level correlates with VCAM-1 and P65 expression in TNBC patient tissues. (A) Comparison of the expression of C1QBP in TNBC and normal tissues in the TCGA database. (B) Comparison of the expression of C1QBP in TNBC and other subtypes of breast cancer patients in the TCGA database. (C) Comparison of the expression of C1QBP in TNBC and other subtypes of metastatic breast cancer patients in the TCGA database. (D) Comparison of the expression of C1QBP in TNBC and other subtypes of dead breast cancer patients in the TCGA database. (E) Representative IHC images of low levels of HIF-1α, C1QBP, VCAM-1, and P65 in patients with TNBC. (F) Representative IHC images of high levels of HIF-1α, C1QBP, VCAM-1, and P65 in patients with TNBC. (G) Correlation analyses of the IHC staining scores of C1QBP and VCAM-1 levels in the tumor cells of patients with TNBC. (H) Correlation analyses of the IHC staining scores of C1QBP and P65 levels in the tumor cells of patients with TNBC. (I) Correlation analyses of the IHC staining scores of C1QBP and HIF-1α levels in the tumor cells of patients with TNBC.


Since HIF-1α upregulates C1QBP and C1QBP regulates the expression of VCAM-1 and P65 in TNBC cells both in vitro and in vivo, tissue microarray specimens from 271 breast cancer patients were used to detect the four indicators mentioned above, using IHC staining. The positive and negative reactions for these proteins in TNBC patients were consistently obtained (Figures 6E,F). The correlation between C1QBP levels and those of VCAM-1, P65, and HIF-1α was analyzed based on IHC scores. C1QBP levels were associated with the expression of VCAM-1, P65 and HIF-1α in patients with breast cancer patients (Supplementary Figures 10A–C), especially in TNBC (Figures 6G–I). Further analysis revealed that the expression of HIF-1α, along with VCAM-1 and P65 levels, correlated well with each other in breast cancer (Supplementary Figures 10D–F) and TNBC tissues (Supplementary Figures 10G–I), and was in accordance with previous studies (Zerfaoui et al., 2008; Oeckinghaus and Ghosh, 2009; Cartee et al., 2012; Guan et al., 2014; Liang et al., 2019). These clinical data provided strong evidence confirming that C1QBP expression was correlated with the expression of HIF-1α, VCAM-1, and P65.



DISCUSSION

Fogal et al., 2010 first find out that C1QBP promotes tumorigenicity of tumor cells. They infer a role for mitochondrial integrity and respiration that may influence cancer cell viability (Fogal et al., 2010). Metastasis remains one of the most critical situations that reduce TNBC patient survival. The metastatic processes of tumor cells include local migration, invasion, and the colonization of secondary sites away from primary tissues. These steps are controlled by several signaling and transcription pathways (Chaffer and Weinberg, 2011); the signaling pathways that are responsible for the regulation of metastasis are yet to be fully understood. Fogal et al. show that C1QBP knockdown alters tumor cell metabolism, impairs cell growth and increases cell death, influences synthesis of mitochondrially encoded proteins and inhibits tumor maintenance and malignancy. C1QBP regulates the balance between OXPHOS and glycolysis and therefore influence tumorigenic and metastasis of MDA-MB-231 cells both in vitro and in vivo, highly indicating that C1QBP may serve as an oncogene and promote metastasis of TNBC (Fogal et al., 2010). Our results were consistent with their findings. Depletion of C1QBP inhibited cell proliferation and metastasis of TNBC cells, suggesting that the decreased tumorigenicity of TNBC cells might be caused by mitochondrial dysfunction and glucose metabolism disorder. Previous studies have demonstrated that hypoxia-mediate OXPHOS and glycolysis of tumor cells (Wu et al., 2020). Whether C1QBP regulates OXPHOS and glycolysis under hypoxia and its potential mechanisms needs further investigation.

Here, we identified C1QBP, a gene that we have previously studied, participated in regulating metastasis of TNBC cells under hypoxia. Using transwell assay, we found that si3 demonstrated the strongest inhibition of migration and invasion of TNBC cells compared with the other two siRNA (Figure 2B and Supplementary Figure 9A). We also found out that C1QBP regulated the levels of the metastasis-associated protein VCAM-1. Considering the inhibition of downstream target gene VCAM-1, si3 also significantly inhibited VCAM-1 mRNA and protein levels (Figure 4B and Supplementary Figure 7A). Conclusively, Si3 demonstrated significant antitumor effect in TNBC cells. Therefore, we designed the si3-corresponding shRNA and mainly used this shRNA alone in subsequent animal and in vitro experiments. C1QBP also modulated TNBC cell-endothelial cell adhesion (Supplementary Figures 7C,E). However, the underlying mechanism of adhesion of TNBC cells to endothelial cells is not well understood and requires further investigation.

Besides, according to the RNA-seq data, we detected the tumor protein p53 inducible nuclear protein 1 (TP53NIP1), a p53 target gene that induces cell growth arrest and apoptosis by modulating p53 transcriptional activity, was significantly downregulated after cells transfected with siC1QBP (Figure 4A), suggesting that C1QBP might be involved in regulation of apoptosis and stress of TNBC cells. Studies have proved that TP53NIP1 acts as a suppressor in several tumors (Seux et al., 2011; Wei et al., 2012; Ng et al., 2017; Chen et al., 2020), while it can also promote cancer progression (Li et al., 2019). Further testing of TP53NIP1 effect in TNBC is required. As C1QBP regulates the balance between OXPHOS and glycolysis in TNBC (Fogal et al., 2010), the relationship between C1QBP and TP53NIP1 in tumor cell stress needs further investigation.

HIF-1α was discovered in mammalian cells in cultures under reduced O2 pressure; it is necessary for the activation of transcription in cells responsive to hypoxia (Wang et al., 1995). The transcriptional factor HIF-1α regulates various genes in the hypoxic microenvironment in tumors, and high levels are linked to high-grade malignancies (Keith et al., 2011), indicating that further research on cancers associated with hypoxia is of great importance. Fogal et al., 2008 show that C1QBP serves as a new marker of tumor cells and tumor-associated macrophages/myeloid cells in hypoxic/metabolically deprived areas of tumors (Fogal et al., 2008). Their findings highly indicate that the expression of C1QBP might be regulated by hypoxia. In this report, the TNBC cell line MDA-MB-468 was used to study various transcriptional changes involved in the response to hypoxia (1% O2). Our results suggested that TNBC cells were sensitive to reduced O2 content (Figure 1A and Supplementary Figure 1A) and that the mRNA and protein levels of C1QBP were correspondingly upregulated (Figure 1C and Supplementary Figure 1E), indicating that genes like might be abnormally expressed or active in tumor-associated microenvironments. These results might explain why C1QBP was overexpressed in TNBC patients. Studies have confirmed that ZNF32 and c-Myc regulate C1QBP expression in liver cancer (McGee and Baines, 2011) and gliomas (Fogal et al., 2015). Further experiments are required to understand the expression of C1QBP at the transcriptional modification level in TNBC cells.

Previous studies have shown that hypoxia is associated with resistance to chemotherapy (Liang et al., 2019). Further investigation revealed that chronic exposure of TNBC cells to hypoxia for 48 h continuously increases the expression of HIF-2α and promotes TNBC cell resistance to PTX (Yan et al., 2018). C1QBP stabilizes the MRE11 protein by forming an MRC complex with MRE11/RAD50 and inhibiting MRE11 exonuclease activity, thereby demonstrating that C1QBP plays a crucial role in the DNA damage response and serves as a potential target for cancer therapeutics (Bai et al., 2019). However, whether C1QBP functions in TNBC cells under hypoxic conditions and mediates tumor-cell sensitivity to chemotherapy needs to be further investigated. Here, we report that, depletion of the expression of C1QBP induced by hypoxia significantly increased the sensitivity to PTX and reduced IC50 values (Figure 5B and Supplementary Figure 9B), suggesting that C1QBP is critical in mediating PTX resistance to TNBC cells. NF-κB signaling is activated and critical in modulating cell survival; it upregulates anti-apoptotic genes when cells are treated with chemotherapeutic drugs (Wu and Miyamoto, 2007; Baldwin, 2012). The PKC family of proteins comprises serine/threonine kinases (Hanks and Hunter, 1995) that are strongly associated with the chemoresistance of various tumors (Guha et al., 2010; Yun et al., 2010; Sreekumar et al., 2019). PKCs regulate the transcription of downstream target genes by activating NF-κB signaling (Diaz-Meco and Moscat, 2012). We have shown that hypoxia induces the expression of the majority of PKCs and NF-κB pathway family proteins; silencing C1QBP reversed the activation of these signaling pathways (Figure 5F). Moreover, we found out that MDR1, a PTX resistance-related protein (Wang et al., 2020), decreased in shC1QBP cells under hypoxic conditions (Supplementary Figure 9D). All these data suggest that C1QBP is important in the stimulation of the PKC–NF-κB–VCAM-1 pathway, which makes it a possible target for treating TNBC, especially in TNBC patients with low sensitivity to PTX or for treating/pre-treating patients to prevent metastasis. In addition, our data indicated that phosphorylated ser536 was upregulated after C1QBP knockdown in hypoxia (Figure 5G). It has been reported that phosphorylation of Ser536 in P65 inhibits intestinal, breast, and prostate cancers (Bu et al., 2016). Currently, 13 phosphorylation sites have been found in P65 as following: ser205, thr254, ser276, ser281, thr435, thr505, ser468, ser529, ser535, ser536, and ser537. Different phosphorylation sites may play diverse roles in tumor regulation. For instance, phosphorylation of ser276 promotes growth of head and neck squamous cell carcinoma (Arun et al., 2009), while thr-505 phosphorylation inhibits hepatoma cells (Moles et al., 2016). However, the mechanism of P65 phosphorylated at ser546 in TNBC cells under hypoxia needs further investigation.

There are still some open questions that need to be addressed. Firstly, the functions of C1QBP in other subtypes of breast cancer are still unclear and deserved to be explored. Secondly, studies have revealed that PKCs play an important role in increasing the transcription of HIF-1α (Page et al., 2002; Datta et al., 2004; Lee et al., 2007; Kim et al., 2016). The increase in mRNA and protein levels of HIF-1α were inhibited in C1QBP-depleted cells under hypoxia (Figure 5C); further experiments need to be carried out to determine whether there exists a C1QBP–PKC–HIF-1α regenerative feedback loop in TNBC under hypoxic conditions. Besides, changes in C1QBP mRNA and protein levels did not necessarily match (Figures 1C, 2A, 5D and Supplementary Figures 2E–G). Under hypoxic conditions, the activity of proline hydroxylase domain protein 2 (PHD2) is inhibited, leading to HIF-1α protein stabilization, DNA binding, coactivator recruitment, and target gene transactivation (Xiang et al., 2014). Under normal oxygen condition, the basic expression level of HIF-1α is low (Zhang et al., 2016). Besides, post-translational regulation of C1QBP protein level under hypoxic conditions may be responsible for the observed level of this protein. Supporting this hypothesis, it has been demonstrated that C1QBP protein interacts with PKCζ in MDA-MB-231 TNBC cells (Zhang et al., 2013). They also show that many proteins interact with C1QBP protein and involve in post-translational modification of C1QBP (such as Rnf2, psmd1, prkcz, prkci, etc.). These proteins regulate the process of post-translational modification, indicating that there exists post-translational modification of C1QBP protein in breast cancer. This might explain the reason why changes in C1QBP mRNA and protein levels did not necessarily match. Further analyses including Co-IP assay and /or proteomics should be performed to screen out interactive proteins (such as deubiquitinase) with C1QBP under hypoxia. Thirdly, it is well known that intratumoral hypoxia is a common characteristic of tumor microenvironment, including TNBC (Xiang et al., 2014). Accordingly, we suppose that hypoxic microenvironment was also established in our mice once the tumor was xenografted in vivo. However, it has been demonstrated that the mean partial pressure of oxygen (pO2) in breast tumors ranges from 2.5 to 28 mmHg, with a median value of 10 mmHg (1% O2), compared with 65 mmHg observed in normal human breast tissue (Vaupel et al., 2007). Supposedly, gene expression and functions (including C1QBP) may be affected by different pO2, although this hypothesis requires further testing. Future studies should explore tissue sections from different areas of the tumors with different levels of oxygenation in vivo and/or clinical tumor samples to further clarify the internal mechanisms. Finally, as C1QBP affected MDR1 protein expression under hypoxia (Supplementary Figure 9D), further investigations will be explored by using clinical samples and PTX-resistant TNBC cells to understand the potential correlations among C1QBP, P65 and MDR1. Organoids or PDX mouse models should be further explored to encapsulate silencing of the C1QBP gene vector by nanotechnology to verify its antitumor effect and assess its practical application value in clinical.



CONCLUSION

We identified C1QBP as a novel mediator of hypoxia-related metastasis and chemoresistance in TNBC. In this study, we showed that hypoxia-induced HIF-1α promoted C1QBP upregulation upon transcriptional control, which may explain why this gene was overexpressed in TNBC. Silencing C1QBP downregulated the PKC-NF-κB-VCAM-1 signaling pathway and inhibited cell migration, invasion and PTX-resistant abilities under hypoxic conditions. Based on these findings, it can be inferred that this critical gene has potential as a therapeutic target in TNBC.
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Supplementary Figure 1 | Hypoxia-induced HIF-1α promotes C1QBP upregulation in TNBC. (A) MDA-MB-468 cells were exposed to 20% or 1% O2 for 3, 6, 9, 12, 24, and 48 h. Western blot shows the protein levels of C1QBP at different points in time under normoxic and hypoxic conditions; β-actin levels were used as the internal control. (B) MDA-MB-468 cells were exposed to 20% or 1% O2 for 6 h; subsequently, total RNA was extracted and transcriptome analyses were performed for the two groups of treated cells. GO annotations for the up- and downregulated genes. (C) Enrichment of different mRNAs in the KEGG pathways. (D) Volcano plots show the different up- or downregulated transcripts under hypoxic conditions compared to those in a normoxic environment. (E) MDA-MB-468 cells were exposed to 20% or 1% O2 for 3, 6, 9, 12, 24, and 48 h. Real-time qPCR was performed to determine the mRNA levels of C1QBP; β-actin mRNA was the internal control. Western blot shows the protein levels of C1QBP at different points under normoxic and hypoxic conditions; β-actin levels were used as the internal control. Three independent experiments were used to represent the mean ± standard deviation values. ****P < 0.0001.

Supplementary Figure 2 | Hypoxia-induced HIF-1α promotes C1QBP upregulation in TNBC. (A) Cell viabilities of Hs578T or MDA-MB-468 were measured at 0, 24, 48, and 72 h upon treatment with shHIF-1α or HIF-1α inhibitor. (B) Western blot was performed to detect the expression of VEGF, VHL, E-cad and β-tubulin; β-actin levels were used as the internal control. (C) HIF-1α knockdown was confirmed using real-time qPCR and western blot after MDA-MB-468 cells were transfected with shRNA in a 20% O2 environment. (D) The expression of HIF-1α was confirmed using real-time qPCR after MDA-MB-468 cells were treated with the HIF-1α inhibitor (10 μmol/ml) in the presence of 20% O2 for 24 h. (E) The mRNA levels of C1QBP were quantified using real-time qPCR after transfected with shRNA. (F) The mRNA levels of C1QBP were detected using real-time qPCR after transfecting the cells with shHIF-1α. (G) Western blot was performed to detect the expression of C1QBP by different treatment; β-actin levels were used as the internal control. (H) Two of the potential binding sites on the promoter of C1QBP. (I) MDA-MB-468 cells were treated with the HIF-1α inhibitor (10 μmol/ml) under normoxic conditions for 24 h. ChIP was performed and binding at the two sites was quantified using real-time qPCR. (J) Comparison of the mRNA levels of C1QBP with HIF-1αexpression in breast cancer using data from the TCGA database. Three independent experiments were used to represent the mean ± standard deviation values. **P < 0.01 and ***P < 0.0001.

Supplementary Figure 3 | Knockdown of C1QBP inhibits TNBC migration, invasion and chemoresistance to paclitaxel in vitro. (A) The knockdown of C1QBP was confirmed using real-time qPCR and western blot after MDA-MB-468 cells were transfected with si3. (B) Migration and invasion analysis indicating differential cell motilities in MDA-MB-468 cells. (C) Cell viabilities of Hs578T were measured at 0, 24, 48, and 72 h upon treatment with si1, si2 or si3 under normoxia or hypoxia. (D) Cell viabilities of MDA-MB-468 were measured at 0, 24, 48, and 72 h upon treatment with shC1QBP under normoxia or hypoxia. Three independent experiments were used to represent the mean ± standard deviation values. *P < 0.05 and ***P < 0.0001.

Supplementary Figure 4 | Knockdown of C1QBP hinders in vivo TNBC lung colonization and chemoresistance to paclitaxel. (A) Structure of lentiviral vectors containing GFP. (B) Lung colonization model. Representative mice were injected with 5 × 106 cells. Luciferase signal intensity was measured on equivalent scales, with pre-treatment and post-treatment of saline or PTX. (C) Subcutaneous model. Representative mice were injected with 1 × 107 cells. Luciferase signal intensity was measured on equivalent scales, with pre-treatment and post-treatment of saline or PTX.

Supplementary Figure 5 | Knockdown of C1QBP hinders in vivo TNBC lung colonization and chemoresistance to paclitaxel. (A) HISTECH Pannoramic250 analysis of HE staining and tumors in the lung tissues of control or shC1QBP. (B) IHC staining shows the ki67 protein levels in the lung tissues. (C) IHC staining shows the ki67 protein levels in the subcutaneous tissues. Three independent experiments were used to represent the mean ± standard deviation values. *P < 0.05, **P < 0.01, and ***P < 0.0001.

Supplementary Figure 6 | Depletion of C1QBP downregulates VCAM-1 expression in TNBC via P65 in the nucleus. (A) Volcano plots showing the up- or downregulated transcripts in the si1, si2, and si3 groups as compared to those in siNC. Hs578T cells were transfected with siRNA to silence the expression of C1QBP, and total RNA from the groups was extracted, following which, transcriptome analyses were performed. (B) Biological processes, cellular components, and molecular functions of the GO annotations of the genes. (C) The enrichment of various mRNAs in the KEGG pathways. (D) Volcano plots of the consistently identified up- and downregulated genes. (E) GO analysis of the consistently identified up- and downregulated genes.

Supplementary Figure 7 | Depletion of C1QBP downregulates VCAM-1 expression in TNBC via P65 in the nucleus. (A) Real-time qPCR and western blot were used to determine the mRNA and protein levels of VCAM-1 after transfection with si3 in the MDA-MB-468 cells for 48 h. (B) The mRNA levels of α4, β1 and β7 in EA.hy926 cells were detected upon treatment with TNFα for 24 h using real-time qPCR. (C) EA.hy926 cells were treated with TNFα (1,000 U/ml) for 24 h. Hs578T or MDA-MB-468 (transfected with siNC and si3) cells (5 × 104) were incubated with EA.hy926 cells in each well. Subsequently, 0.25% RB was added to each well and the absorbance was measured at 570 nm. (D) Structure of lentiviral vectors containing luciferase. (E) HUVECs were seeded in each well of the 96-well plate (2 × 104 cells per well) and treated with TNFα (1,000 U/ml) for 24 h. MDA-MB-468-control and MDA-MB-468-shC1QBP cells (5 × 104 cells/200 μl) were infected with the lentiviral vectors containing GFP and added onto HUVECs. The adherent TNBC cells were visualized and photomicrographs. The number of adherent TNBC cells with green fluorescence per field was calculated. Then RB was added per well and incubated. The number of RB-stained adherent cells was also calculated. (F) Comparison of the mRNA levels of C1QBP with VCAM-1 expression in breast cancer using data from the TCGA database. Three independent experiments were used to represent the mean ± standard deviation values. *P < 0.05, **P < 0.01, and ***P < 0.0001.

Supplementary Figure 8 | Depletion of C1QBP downregulates VCAM-1 expression in TNBC via P65 in the nucleus. (A) The NF-κB pathway was shown to be enriched by KEGG analysis after treating the Hs578T cells with siC1QBP. Green boxes represent downregulated genes; VCAM-1 belongs to the NF-κB pathway. (B) The mRNA levels of TNF were detected in control and shC1QBP cells by real-time qPCR under normoxia. (C) IHC staining shows the VCAM-1 protein levels in the subcutaneous tissues. (D) IHC staining shows the VCAM-1 protein levels in the lung tissues. Three independent experiments were used to represent the mean ± standard deviation values. *P < 0.05 and ****P < 0.0001.

Supplementary Figure 9 | Depletion of C1QBP inhibits hypoxia-induced activation of the PKC–NF-κB–VCAM-1 signaling pathway. (A) Hs578T cells transfecting with siNC, si1, si2, and si3 were exposed to 1% O2 for 48 h and the potential for migration and invasion were measured using transwell assay. (B) Hs578T cells transfecting with siNC and si3 were incubated with PTX under exposure to 1% O2 for 24 h. The upper panel shows cell viabilities using MTS assay. The lower panel shows the comparison of the IC50 value and resistance index of siNC and si3 samples. (C) The mRNA levels of TNF were detected in control and shC1QBP cells by real-time qPCR under hypoxia. (D) The protein levels of MDR1 were detected in control and shC1QBP cells by western blot under hypoxia. (E) MDA-MB-468 control and shC1QBP cells were transfected with MDR1-overexpression plasmid under hypoxia. The protein levels of MDR1 and C1QBP were detected by western blot. (F) MDA-MB-468 control and shC1QBP cells transfecting with MDR1-overexpression plasmid were incubated with PTX under exposure to 1% O2 for 24 h. The upper panel shows cell viabilities using MTS assay. The lower panel shows the comparison of the IC50 values and resistance index of each group. Three independent experiments were used to represent the mean ± standard deviation values. ∗∗P < 0.01, ∗∗∗P < 0.0001, and ****P < 0.0001.

Supplementary Figure 10 | The C1QBP level correlates with VCAM-1 and P65 expression in TNBC patient tissues. (A) Correlation analyses of the IHC staining scores of C1QBP and VCAM-1 levels in the tumor cells of all patients with breast cancer. (B) Correlation analyses of the IHC staining scores of C1QBP and P65 levels in the tumor cells of all patients with breast cancer. (C) Correlation analyses of the IHC staining scores of C1QBP and HIF-1α levels in the tumor cells of all patients with breast cancer. (D) The correlation analyses of the IHC staining scores of the HIF-1α and VCAM-1 levels in the tumor cells of breast cancer patients. (E) The correlation analyses of the IHC staining scores of the HIF-1α and P65 levels in the tumor cells of all breast cancer patients. (F) The correlation analyses of the IHC staining scores of the P65 and VCAM-1 levels in the tumor cells of all breast cancer patients. (G) The correlation analyses of the IHC staining scores of the HIF-1α and VCAM-1 levels in the tumor cells of TNBC patients. (H) The correlation analyses of the IHC staining scores of the HIF-1α and P65 levels in the tumor cells of TNBC patients. (I) The correlation analyses of the IHC staining scores of the P65 and VCAM-1 levels in the tumor cells of TNBC patients.


ABBREVIATIONS

C1QBP, complement 1q binding protein; TNBC, triple-negative breast cancer; PTX, paclitaxel; HIF-1 α, hypoxia inducible factor 1 subunit alpha; VCAM-1, vascular cell adhesion molecule 1; PKC, protein kinase C; TNF α, tumor necrosis factor α; NF- κ B, nuclear factor-kappa B; P65, RELA proto-oncogene nuclear factor-kappa B subunit; PHD2, proline hydroxylase domain protein 2; I κ B α, nuclear factor-kappa B inhibitor alpha; VEGF, vascular endothelial growth factor; VHL, von Hippel-Lindau tumor suppressor; E-cad, E-cadherin 1; TNF, tumor necrosis factor; MDR1, ATP binding cassette subfamily B member 1; TP53INP1, tumor protein p53 inducible nuclear protein 1; ChIP, chromatin immunoprecipitation; TCGA, The Cancer Genome Atlas; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; IHC, immunohistochemistry; HE, hematoxylin-eosin.

FOOTNOTES

1
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The molecular understanding of carcinogenesis and tumor progression rests in intra and inter-tumoral heterogeneity. Solid tumors confined with vast diversity of genetic abnormalities, epigenetic modifications, and environmental cues that differ at each stage from tumor initiation, progression, and metastasis. Complexity within tumors studied by conventional molecular techniques fails to identify different subclasses in stromal and immune cells in individuals and that affects immunotherapies. Here we focus on diversity of stromal cell population and immune inhabitants, whose subtypes create the complexity of tumor microenvironment (TME), leading primary tumors towards advanced-stage cancers. Recent advances in single-cell sequencing (epitope profiling) approach circumscribes phenotypic markers, molecular pathways, and evolutionary trajectories of an individual cell. We discussed the current knowledge of stromal and immune cell subclasses at different stages of cancer development with the regulatory role of non-coding RNAs. Finally, we reported the current therapeutic options in immunotherapies, advances in therapies targeting heterogeneity, and possible outcomes.
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Introduction

“What is it that determines what organs shall suffer in the case of disseminated cancer”? (1). The answer to this question proposed by Stephan Paget way back in 1889 led oncologists to study different perspectives of growing tumors. Oncology is now branched to multiple disciplines starting from early studies on genomic alterations, chromosomal aberrations, altered signaling, and cell plasticity. Cancers are more than “just a disease of the genome” and hint clinicians to study various aspects of tumor biology. During development, cancer cells undergo stochastic genetic and epigenetic alterations leading to molecular and phenotypic differences that have implications in heterogeneity, forcing the construction of their niche (2). Tumors have multiple non-cancerous regenerative cell types that eventually differentiate into various tumor supporting cells (3). Lineage plasticity enables cancer cells to adapt to changing environmental conditions like aberrant vasculature, low oxygen tension, high metabolic rates, and low pH. It is the ability of a non-cancerous/cancerous cell to differentiate into other cell types of distinct lineage (4). Embryonic stem cells (ESCs), mesenchymal stem cells (MSCs), and adult stem cells (ADCs) within the TME define routes to cell plasticity and are the known originators of other cell types like cancer-associated fibroblasts (CAFs), tumor endothelial cells (TECs), tumor-associated macrophages (TAMs) to name a few. These stem cells have the potential to differentiate into a broad spectrum of cell types; however, the activation of pathways that control stem cell is poorly understood (5). Studies on ESCs and pathway analysis would help us to understand the developmental plasticity in TME. Development of fundamental methods to understand the role of ESCs in tumors include a) development of organoid models from patient-derived samples, b) culture of ESCs in the artificial stromal environment, and c) study of activation pathways that derive stem cell characteristics. Tumor organoids lead cancer research to study stromal and immune cell interaction in TME but have certain limitations. Patient-derived tumor organoids do not always recreate tumor tissue architecture as they are anchorage-dependent (requires basement membrane).The addition of extracellular matrix may not be a passive bystander, but the biological consequences of this are unexplored. Phenotypic and genotypic variations from organoid to organoid may affect the experimental reproducibility and enhance false-positive results. Potential contaminants like normal epithelial cells cannot be ignored and hence affect pathway studies in tumors. Lineage-specific transcription factors that are known to govern embryonic cell fate specifications also plays a role in characterizing cancer subtypes (6).

There are several mechanisms of cellular plasticity. Differentiation is the most common route by which a pluripotent stem cell evolves into a mature cell type (7). Contrarily, de-differentiation reverts the terminally differentiated cancer cells to a less differentiated stage within its lineage. Trans-differentiation is another such route that takes de-differentiation a step further to a point where it delineates and differentiates to other cell types (8). Reprogramming is a different mechanism where a differentiated cell reverts to its pluripotent source to adapt to any other cell type (9). Reprogramming is a less explored area in TME but has a huge potential in regenerative medicine. It outlines the structure for establishing different cell types and promotes the development of stromal cells like epithelial cells, CAFs, TECs, pericytes, and immune cells, including monocytes, TAMs, neutrophils, NK cells, B cells, T cells (10). These cell types also differ phenotypically and genetically as the tumor progresses to advanced stage (11).

Non-coding RNAs function as significant players in post-transcriptional gene regulation within diverse cell types. Cancers are primarily regulated by a different set of non-coding RNAs, classified according to their sizes (12). MicroRNAs (miRNAs), piwi-interacting RNAs (piRNAs), and small interfering RNAs (siRNAs) are generated from precursor molecules. Long non-coding RNAs (lncRNAs) are higher than 200 nucleotides in length produced from intergeneric regions. Circular RNAs (circRNAs) are a class of lncRNAs generated by a process called back-splicing, wherein downstream exons are spliced to upstream exons in the reverse order that acts as miRNA sponges as well (13). Increased sequencing depth and RNA profiling strategies have identified varied sets of non-coding RNAs including large intergenic non-coding RNAs (lincRNAs), intron-derived small nucleolar lincRNAs (sno-lincRNAs), enhancer RNAs (eRNAs), along with already known miRNAs, piRNAs, however, functional roles of many are still unknown in cancers (14). miRNAs, lncRNAs, and circRNAs regulate cancer stem cell characteristics, epithelial-mesenchymal transitions (EMTs), and vice-versa by epigenetic and transcriptional modification (15). The role of non-coding RNA players in regulating stromal and immune cell diversity within TME is specified in the respective sections.



Stromal Cell Heterogeneity

TME is remarkably a complex ecosystem with a heterogeneous population of cancer cells and the associated stroma, which drives tumor initiation and growth. Stromal cells, extracellular matrix, paracrine signaling molecules (chemokines, cytokines, and growth factors), and immune landscape formulates TME (16). Interactions within genetically altered cancer cells and stromal cells regulate hallmarks of cancer, such as replicative potentiality, sustained angiogenesis, invasion, and metastasis (17). Understanding cell heterogeneity in TME determines which stromal cells have the potential to contribute to tumor development and progression (18). Intra-tumoral heterogeneity within varied tumor types clinically fails/minimally adopts the given therapeutics and is one of the critical reasons for post-treatment immune-modulatory microenvironment and tumor relapse. Therefore, understanding each component and related phenotypic distinctions of this stromal population would help to predict the difference in primary and advanced tumor cell subtypes, genomic co-relations within subtypes, population-specific markers, molecular/cellular pathways governing developmental origins and differentiation, the source of antitumor/inflammatory cells, and modifiers of immune microenvironment. Stromal cells are comparatively fewer than epithelial and immune cells (19). Single-cell RNA sequencing (scRNAseq) gives a comprehensive blueprint of stromal and immune cell subtypes and analyses differentiation dynamics. It identifies rare cell populations and transcriptome responses in specific tumor conditions in individual or collective tumor samples. Advances in this technology enable studies on genetic and non-genetic tumor mechanisms, microenvironmental cues, cell-cell interactions, developmental pathways, rare tumor subpopulations, and investigation of non-responders to cancer treatments (20). Not only for tumor assessments, but single-cell sequencing is also beneficial for developing next-generation cell-based therapies. Its efficiency in providing high-resolution genome-wide molecular readouts allows the characterization of tumor samples at a larger scale, identifying new targets for drug development based on repressed or activated gene expressions (21).



Diversity in Tumor Remodeling CAFs and Distinct Gene Programs

CAFs are the major stromal component of many solid tumors and are well known phenotypic remodelers of the stromal environment (22). They constitute a diverse cell population, but the extent of heterogeneity is scarcely explored. Based on different expression signatures, fibroblasts are subdivided into 1) Quiescent fibroblasts: less tumorigenic and primarily found in non-malignant samples and 2) myofibroblasts/CAFs that promote tumors causing tumor resistance, relapse, and strongly enriched in malignant or metastatic tumors (23). They secrete a unique repertoire of collagens and elastins, maintaining the extracellular matrix, thus characterizes desmoplasia (23). Quiescent fibroblasts secrete low levels of collagens, specifically COL13A1 and COL14A1 and high levels of elastins. Myofibroblasts exclusively originate from tumor tissues and are mostly enriched in collagens and low elastins (24). Myofibroblast subtypes have different activation mechanisms such as TGF-β1, IL-11 stimulation, and IL-1β, IL-6 treatment that induces upregulation of inflammatory fibroblast marker genes (iCAFs) (25). CAF specific markers of identification include α smooth muscle actin (αSMA) (also known as ACTA2), desmin, S100A4, Fibroblast activated protein (FAP), express pro-inflammatory cytokine arrays like IL-1β, IL-6, IL-8, TGF-β, CXCL12, and collagen (18). Fibroblastic reticular cells are another immunologically specialized myofibroblasts that are known to attract immune cells within lymph nodes. These fibroblasts generate ECM for the transit of potential antigens, serve as a migration pathway for leukocytes allowing active immune surveillance (26). CAFs are further characterized based on distinct cellular sources: vascular CAFs (vCAFs), matrix CAFs (mCAFs), cycling CAFs (cCAFs) and developmental CAFs (dCAFs). vCAFs originate from perivascular areas, mCAFs and dCAFs are the product of resident fibroblasts found in TME of genetically engineered MMTV-PyMT mouse model of breast cancer (27). Dominguez and co-workers found TGFβ-driven LRRC15+ CAF lineage in genetically engineered pancreatic ductal adenocarcinoma (28). CAFs are also found to be immunomodulatory expressing MHCII genes and induces antigen-specific ligation with CD4+ T helper cells by showing CD74 in PDAC and named as “antigen-presenting CAFs (apCAFs)” in human PDAC (29).CAFs in late or metastatic tumors differ from early-stage tumors (phenotype diversification presented in Figure 1) in having high metabolic synthesis and dysregulated transcriptional profiling. Among the various known functions, CAFs produce ECM components, mediate collagen crosslinking increasing stiffness, and direct cancer cells survival signals. They immunomodulate the TME evading tumor surveillance (22). Table 1 describes the CAF subtypes and related gene signatures found in TME.




Figure 1 | Stromal cell types in early and late-stage tumors. (A) early tumors consist of non-aggressive quiescent fibroblasts in the Tumor microenvironment (TME). (B) Factors such as hypoxia lead to tumor inflammation and trigger environmental clues that participate in the paracrine signaling loop (cytokines, chemokines, growth factors) and angiogenic switches (VEGF, PDGF-b, FGF, and EGF) which causes stromal cell polarization or reprogramming. Together all these factors are responsible for the diversification of stromal cell types during cancer development. (C) Cytokines growth factors such as TGF-b, IL-6 released from tumor cells activate quiescent fibroblasts. (D) Activated fibroblasts further reprogram to secretory phenotypes specialized in ECM remodeling and immuno-modulation. These fibroblasts have enhanced proliferative and matrix secreting (desmoplasia) capabilities. Some of these aggressive cancer-associated fibroblasts (CAF) subtypes found in different types of cancers include antigen-presenting CAFs (apCAFs), inflammatory CAFs (iCAFs) and myofibroblastic CAFs (myCAFs). These subtypes are explored through single-cell RNA sequencing transcriptomics and are named according to the secretory factors and roles which these phenotypes play in the TME. (E) Different types of endothelial cells found in tumor tissues: common endothelial cell types found in core or adjacent tumor areas are known as tumor endothelial cells. Apart from conventional tip and stalk cells, various subpopulations have been identified that express gene signatures related to the basement membrane breaching (triggering metastasis), immune cell recruitment, and immuno-modulation (causing immunosuppressive TME). Identifying such angiogenic candidates with activated angiogenic transcription factors and enzymes responsible for angiogenesis will be a potential source to develop anti-angiogenic strategies.




Table 1 | Cancer-associated fibroblast subtypes found in tumor tissues as revealed by single cell RNA sequencing.




Non-Coding RNAs Involved in Fibroblast Differentiation to CAFs and Its Subtypes

Despite being highly researched, CAFs are still a mystery and can be a great tumor-targeting cell if explored. It is a dynamic population in TME that is pluripotent and is known for differentiating into other cell types. Various reviews have highlighted the miRNAs involved in fibroblast differentiation, tumor progression, and metastasis (12, 22). In breast, ovarian, and endometrial cancers downregulation of miR-31, miR-214, miR-148a, miR-205, miR-200b, miR-200c, miR-141, miR-101, miR-342-3p, let-7g, miR-26b, miR-15a, miR-16, and upregulation of miR-155, miR-221-5p, miR-221-3p miRNAs have shown significant regulation in the tumor microenvironment. Reversal of these microRNAs reversed the CAFs’ phenotypic and genotypic characteristics (35). Recently identified non-coding RNAs miR877-3p, and miR-133a targets TGF-β axis causing myofibroblast differentiation (36, 37). Twist1 induced miR-199a-3p suppress caveolin-2 and activates myofibroblast differentiation via TGF-β pathway (38). LncRNAs further plays a significant role in determining fibroblast subtypes. LINC00092 long non-coding RNA upregulation is co-related with CXCL14-mediated CAF progression in ovarian cancer cells. LINC00092 overexpression is related to poor clinical prognosis and increased glycolysis leading to metastasis (39). Tong and co-workers discovered the role of exosomal lncRNA POU3F3 in esophageal squamous cell carcinoma (ESCC). POU3F3 regulates fibroblast differentiation to CAFs and causes cisplatin resistance in ESCC. Many lncRNAs with similar roles in different cancers are known: CASC9, PART1, CCAT1, TTN-AS1, DNM3OS, FMR1-AS1, LINC01419, NMR, PCAT1, ROR (40). Aberrant circRNA expression is co-related with myofibroblast differentiation and tumorigenesis. circHIPK3 regulates lung fibroblast-to-myofibroblast transition by functioning as a competing endogenous RNA. circHIPK3 functions as an endogenous miR-338-3p sponge and inhibit miR-338-3p activity, increasing SOX4 and COL1A1 expression and fibroblast differentiation (41). Advances in recent research and use of circRNA databases (for example, MiOncoCirc) are required further to identify the role of circRNA in cellular plasticity variations and using them as therapeutic options.




Profiling of Phenotypically Abnormal Tumor Endothelial Cells

Endothelial cells are in a constant mode of activation, quiescence, and re-activation, depending on the growing tumors’ metabolic needs and requirements (42). Individual endothelial cells adopt different phenotypes and functions according to the tumor requirements. Endothelial cell phenotypes are primarily divided into tip cells and stalk cells that exhibit distinct genotypes (42). With advances in technologies and the advent of scRNA seq techniques, different subpopulations are discovered. The first parameter to distinguish ECs from the rest of the tumor cells is a separation through a pan-hematopoietic marker (CD45−) combined with CD31, CD144, and vWF. CD31 is a transmembrane glycoprotein that forms the intercellular junctions, CD144 (VE-Cadherin) is an endothelial adhesion molecule and vWF (von Willebrand Factor), a glycoprotein that mediates platelet adhesion in the endothelium (43). All these are preliminary markers to separate endothelial cell population. Other EC identification markers include tip genes (ESM1, NID2, KCNE3, DLL4, RAMP3, EDNRB, CLDN5), capillary markers (CA4, CD36), ACKR1 gene expression by high endothelial venules, arterial (FBLN5, GJA5), lymphatic markers (PROX1, PDPN), pericyte marker RGS5, non-myeloid specific marker AIF1 in different cancer types (44). Stalk endothelial cells generally express VWF, SELP, ACKR, and TMEM252. Several pro-angiogenic factors, metabolic signatures, and transcription factors have differential expression in tumor endothelial cells compared to non-tumor cells like HSFG2 (44). Lambrechts and co-workers classified tumor endothelial cells in different clusters based on the marker genes identified; Lymphatic endothelial cells (PDPN+, PROX1+), tumor-derived blood endothelial cells (FLT1+, IGFBP3+, and SPRY1+), malignant, and non-malignant endothelial cells (23) (Figure 1). Transcriptional and epigenetic dysregulation in TME triggers the formation of these angiogenic candidates and their subtypes from healthy blood endothelial cells. TEC subtypes lead to loss of vascular integrity, structure fragile and leaky blood vessels, and migration of immune cells, thus contributing to the growing complexity of tumors (45). Goveia and co-workers extend the endothelial heterogeneity by discovering previously unknown functionally validated endothelial phenotypes across patients and in-vitro/in-vivo models. Non-malignant lung (hpNECs) tissues have a comparatively high abundance of postcapillary, alveolar type II, scavenging, and lymphatics endothelial cells than aggressive tumors. TEC phenotypes were majorly immature ECs, tip cells, patient-specific and lymphatics hTECs. Arterial, activated postcapillary veins, and alveolar type II phenotypes are common in non-tumor and tumor tissues (46). They have also identified top-ranked markers of each phenotype and specified roles in tumor progression (listed in Table 2). The top-ranked marker genes have significant roles in regulating immune surveillance, EC migration, matrix remodeling, VEGF signaling, and angiogenesis by increasing growth factors and chemical stimuli that triggers angiogenic cascade within TME, including vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), angiopoietins (Ang), hepatocyte growth factor (HGF), hypoxia-inducible factor (HIF), insulin-like growth factor (IGF), transforming growth factor-beta (TGFβ), matrix metalloproteinase (MMP), and tumor necrosis factor (TNF) (54). Blood vessels built of TECs have loose interconnecting tight junctions, irregularly shaped, tortuous with high interstitial pressure, and ill-organized. TEC release pro-angiogenic factors such as VEGF, PDGF-β, FGF, and EGF show chromosomal abnormalities and are resistant to anticancer drugs (55). TEC derived cadherin-2 induces HIF-1α/VEGF mediated angiogenesis by regulating MAPK/ERK and MAPK/JNK signaling pathways (56).


Table 2 | Molecular profiling of endothelial cell heterogeneity in tumor human/mouse tissue samples.




Non-coding RNAs Regulation in Tumor Angiogenesis

Controlling vascular inflammation and angiogenesis is a limiting step to control tumor metastasis. Activation of tumor endothelial cells involves a cascade of events involving regulation by non-coding RNAs. They regulate transcriptional factors and governance mechanisms of neighboring genes. Various miRNAs are long known to regulate angiogenesis in tumor microenvironment. A comprehensive overview of pro-angiogenic and anti-angiogenic miRNAs is given in Table 3. lncRNA acts as molecular decoys of RNA binding proteins and are known to regulate protein-coding genes via interaction with transcriptional factors and other binding proteins (65). MVIH was the first lncRNA known that accounts for tumor angiogenesis in hepatocellular carcinoma (66). lncRNA regulate angiogenesis by activating oncogenic signaling pathways like NF-κβ, STAT-3, AKT, mTOR, WNT. Man and co-workers reported a set of endothelial cells enriched with lncRNAs and identified the role of spliced-transcript endothelial-enriched lncRNA (STEEL) in angiogenic potential, macrovascular/microvascular identity, and shear stress responsiveness (67). STEEL upregulates eNOS and transcription factor Kruppel-like factor 2 (KLF2) in endothelial cells. Some of the other known lncRNAs include MALAT1, MANTIS, PUNISHER, MEG3, MIAT, SENCR, GATA6-AS, WTAPP1, CCDST, PVT1, CamK-A, UBE2CP3, HULC, OR3A4, LINC01410 each having specific roles in tumor angiogenesis (68). Wang and co-workers recently discovered a lncRNA named HITT (HIF-1α inhibitor at translation level) that is down-regulated in multiple human cancers (69). In hypoxic conditions, miR-205 upregulation causes HITT degradation and that allows YB-1 (Y-box binding protein) translational regulator binding on 5′UTR HIF-1α mRNA region leading to tumor angiogenesis. circRNA is another group of lncRNAs regulating angiogenesis (69). Multiple circRNAs acts as miRNA sponges and regulate the mRNA expression of targeted angiogenic and vascular sequences. Yang and co-workers identified an inhibitory role of forkhead DNA-binding protein-Foxo3 circRNA on tumor growth and angiogenesis. circFoxo3 binds to miR-22, miR-136, miR-138, miR-149, miR-433, miR-762, miR-3614–5p, miR-3622b–5p and promotes translation of Foxo3 mRNA, which is a tumor suppressor gene (70). Similarly, circ_0003575, circ_0003204, circ_002136, and circ-001971/miR-29c-3p plays an important role in angiogenesis (71–73),circ_001621/miR-578 regulates VEGF/HIF-1α axis controlling breast cancer angiogenesis (74), circ_0007059/miR-378 regulates EMT transition in lung cancer cells (75). Also, long intergenic non-coding RNA-p21 (lincRNA-p21) is regulated by TP53 and angiogenesis-related genes (76).


Table 3 | List of miRNAs regulating angiogenesis in tumor microenvironment.






Immune Landscape

Immune cells are prime in TME that initially guards the body but eventually turns into a tumor supporting population (10). Both myeloid and lymphoid lineage have pro-tumoral and anti-tumoral roles depending upon the stage of cancer. For instance, macrophages promote T cells’ activation to clear tumor cells at early stages but prevent T cells from even recognizing the tumor cells as a tumor progresses (41). Immune cells communicate among each other and regulate mechanisms linked to tissue homeostasis and altered patient survival. Secretions from immune cells also shape the activity within TME. The secretion of CCL5 and XCL1 from NK cells attract antigen-presenting dendritic cells. IFNγ secretion promotes macrophage polarization and Th1 cell activation that triggers the immune microenvironment against tumor cells (77). In response, tumor cells secrete factors such as pro-inflammatory cytokines like IL8 and CXCL-1, 2, 8 that attract neutrophils. Neutrophils produce neutrophil extracellular traps (NETs) that shield the tumor cells from cytotoxic CD8+ T cells, NK cells, and minimize the effect of immunotherapies (78). Therefore, growing tumors are continuously combating the body’s immunity, which they eventually defeat. Immune cells are highly complex and consist of several distinct lineages that make them hard to study and target (79). Recognizing each immune cell’s indispensable role in supporting tumor proliferation, it would help us curb immunosuppressive reactions and promote immuno-stimulatory functions. scRNA-seq is a high-throughput approach that analyses the immune cells that typically display diverse phenotypes in-vivo (80). It identifies transcriptomics at single cell level by applying data processing pipelines including demultiplexing, sequence QC, alignment, and transcript quantification (81).



Monocytes and Macrophages Are Phenotypic Markers of Aggressive Tumors

Monocytes/macrophages are the major components of the tumor ecosystem (23). Human monocytes are divided into 3 largest clusters: classical (CD14++, CD16−), intermediate (CD14+ CD16+), and non-classical (CD14+ CD16++) (82). Recent mass cytometry (CyTOF) and single-cell studies have identified new monocytic markers in tumor cells: CD68, CSF1-R, CSF2-R, CD11C, CD1C, CD141, and HLA-DR surface markers (83). A subset of monocytes expressing angiopoietin receptor TIE2 play a significant role in tumor angiogenesis. TIE2 monocytes are CD54+ CD11b+ CD16+ CD14low L-selectin-CCR2− and its expression is upregulated in response to hypoxia (84). Monocytes uniquely differentiate into immunosuppressive macrophages rather than into immunostimulatory DCs stimulated by the tumor secretions (85). Macrophages differ from monocytes by having a unique set of markers (D68, MSR1, MRC1) (44). Monocytes are recruited to the TME by chemoattractants like CCL2, CCL4 which further differentiate into TAMs. Conventionally, macrophages are divided into two major groups CD14+ S100A8/9+ M1-like (classical macrophages) having anti-tumor functions and CD16+(FCGR3A) M2-like (alternate macrophages) with pro-tumorigenic phenotypes (86). The percentage of TAM infiltration is a marker of aggressive disease and poor prognosis (87). Thorsson and colleagues characterized the dominance of monocytes/M2 macrophages associated with the worst prognosis while evaluating the immunogenomic signature in around 33 cancer types (88). M2 macrophages shows aggressive tumor phenotype associated with tumor growth, angiogenesis, immune evasion and cancer stemness. It also support mutagenic microenvironment and cancer initiation by producing pro-inflammatory cytokines (IL6, TNF-α, IFN-γ), growth factors (VEGF, EGF), proteases and reactive oxygen species (30). Tumor tissues are enriched in recruited macrophages known as mo-Macs that are ontogenically different from resident macrophages and are both anti and pro-inflammatory (30). The macrophage population varies spatially depending upon its location in growing tumors (tumor and juxta-tumoral regions), and tissue specificity. Tumor-specific subtypes as revealed by single-cell technology include early immigrant macrophages (HLA-DR+CD192+), monocyte resembling immature macrophages (CCR2+), tissue-resident macrophages (CD206+HLA-DR+), TAMs (CD64+HLA-DR+), and myeloid-derived suppressor cells (MDSC; HLA-DR−/low) (19, 44) (Figure 2). Quin and co-workers precisely identified the types of M2 type macrophages in heterogeneous tumor microenvironment based on gene expression: PPARG+ macrophages exclusive to normal lung tissue, CCL18+ macrophages cluster and GPNMB, MMP9+ cluster having a role on tumor remodeling, CX3CR1+ cluster involved in pathogen and apoptotic cell clearance (44). The recent subtype identification by Qian and colleagues demonstrated the role of macrophages in tumor progression, promoting angiogenesis and invasion, and suppressing T cell responses (44). Many reports have also indicated the presence of PD-L1 in pro and anti-inflammatory markers (19, 89). PD-L1 TAMs are phenotypically heterogeneous and express CD38, pro-tumor markers CD204, CD206, CD169, and CD163, and the anti-tumor marker CD169 (19). Some monocyte and macrophage subsets are mentioned in Table 3.




Figure 2 | Immune landscape in early and late tumors. (A) Early tumors consist of non-aggressive hemopoietic cells such as classical monocytes, M0 macrophages, M1 pro-inflammatory/anti-tumor macrophages, NK1 and NK2 natural killer cell subtypes, conventional dendritic cells, naïve T cells, Follicular B cells. (B) As the tumor progresses to advanced stages, multiple immune cells converge to support pro-tumorigenic/anti-tumorigenic functions. Tumor-derived factors such as TGF-b, FGF or PDGF, interleukins, etc. are responsible for the diversification of immune cell types during cancer development. Moreover, with an increase in hypoxic and inflammatory core sites and activation of angiogenic switches, immune cells alter their conventional anti-tumorigenic behavior to pro-tumorigenic potential. (C) Monocyte subtypes, especially classical CD14+, Non-classical CD16+, TIE2+ cells, and intermediate cells, are present in late tumors. Hypoxia is a well-defined factor that leads to the regulation and infiltration of these monocytes into TME. (D) Types of macrophages present in late tumors: M2 (pro-tumorigenic) is the massively distributed subtype in late tumors and is related to poor prognosis and patient survival. They secrete a plethora of pro-tumorigenic proteases, cytokines and growth factors (for example, VEGF, EGF, which participates in a paracrine signaling loop through tumor-secreted CSF-1). The number of M1 macrophages are less in late tumors but comparatively higher in early tumors as they are anti-tumorigenic. MDSCs (myeloid-derived suppressor cells) are the recently discovered heterogeneous group of immune cells that are immunosuppressive. (E) Types of different neutrophils present in late tumors: majorly 5 types of neutrophils are known which are evolutionarily categorized from two subsets i.e., pro-tumorigenic and anti-tumorigenic. (F) Subtypes of T cells that play a role in shaping tumor immunity: helper, cytotoxic and effector memory T cells fight against growing tumors directly or indirectly by antigen presentation, cytotoxic granzyme and perforin release, cytotoxic T cells upon exhaustion are termed as exhaustive T cells and are signature of aggressive tumors, regulatory T cells are immunosuppressive, therefore linked with poor patient survival, gdT cells are a significant focus of cancer immunotherapy as they have strong cytokine production ability. (G) Types of B cells found in late-stage tumors, their antibody-secreting skills are linked with prolonged patient survival. But regulatory B cells are immunosuppressive. (H) Natural killer (NK) cells shaping tumor immunity: these are the cytotoxic cells and express a specialized class of natural cytotoxicity receptors (NCRs) such as NKp30, NKp44, and NKp46 which initiate tumor targeting by recognition of heparan sulphate on cancer cells. (I) Different types of dendritic cells (DCs) present in late-stage tumors: these are the active cells and express co-stimulatory molecules having efficient anti-tumor immune responses.




Regulation of TAM Phenotype by Non-Coding RNAs

TAMs association with immunosuppressive and tumor supporting M2 phenotype necessitates TAM reprogramming that would act inversely and help cure tumors. The potential ability of TAM reprogramming towards antitumor phenotypes largely depends upon transcriptional control. There are a set of miRNAs involved in alternative macrophage activation: miR-9, miR-21, miR-375, miR-340-5p, miR-125a, miR-511, miR-92a, miR146a, miR-147, miR-145-5p, miR155, miR-187 (90, 91). The functional and biological relevance of lncRNAs is in the initial phase of research. RP11-361F15.2 is a protumoral lncRNA that promotes M2-like polarization of TAMs by inversely regulating miR-30c-5p and plays a vital role in cancer invasion (92).

Similarly, BCRT1 is an M2 polarizing lncRNA that is upregulated in response to tumor hypoxia and leads to breast cancer progression via novel HIF-1α/lncRNA BCRT1/miR-1303/PTBP3 pathway (93). LncRNA RPPH1 mediates protumoral macrophage polarization by upregulating anti-inflammatory cytokines and also leads to colorectal cancer migration and metastasis by preventing β-III tubulin (TUBB3) ubiquitination (94). Many lncRNAs are known (NEAT1, TUC339, MM2P, MALAT1, ANCR), and many are still in research (95–97). CircRNAs also have regulatory functions but, not much is known about the role of circRNA in macrophage polarization as it relatively new field and holds promises in future therapeutics. Such discoveries would help us to understand precision medicine, some can be a biomarker depending upon its abundance in a particular tumor, and some can be a great therapeutic tool.




T Cell Interactome Within TME

The complexity of tumor-infiltrating T cells suggests a strong influence of tumors on the T cell transcriptome. T cell population is generally sorted from the rest of the immune cells by CD3+CD4+CD8+CD25+ cell surface markers (98). They are classified conventionally as Naïve, effector, and memory T cells. In a specific study by Lambrechts and co-workers on NSCLC, single-cell sequencing reveals T cells clusters into regulatory T cells (FOXP3+), natural killer and natural killer T cells (FGFBP2+), CD8+ T cells (CD8+, naïve, effector, resident memory or exhausted), CD4+ T cells (CD4+), and minor populations of γδ T cells (23) (Figure 2). Following infiltration, naïve T cells differentiate into effector T cells that further activate into cytotoxic or central memory T cells (99). Primary tumors are enriched mainly with effector T cell subtypes characterized by high expression of chemokine receptors and cytotoxic genes like CD28, ICOS, OX40, CD40L, and CD137 and show low expression of exhausted T cell population (89). With tumor progression from primary to metastatic sites, expression of co-inhibitory receptors CTLA-4, PD-1, TIGIT, LAG3, TIM-3, and CD160 leads to progressive T cell dysfunctioning (89). Percentage of programmed cell death protein 1 (PD-1+), mucin domain protein 3 (TIM-3+), and cytotoxic T lymphocyte antigen-4 (CTLA-4+) cytotoxic and regulatory T cells increases in juxta-tumoral tissues. Cells expressing these co-inhibitory receptors are immunosuppressive, they originate from various sources influenced by TME; by migration from circulatory systems, effector T cell conversion, differentiation resulting from the suppression of APCs, etc (100). These suppress the NK cell activity, cytotoxic T cell response; thus, performing pro-tumoral functions (100). According to Qian and colleagues, some of the T cell clusters express NK cell markers (KLRD1, FGFBP2, CX3CR1), suggesting they are endowed with NK T-cell (NKT) activity (44). Currently, known T cell subtypes, marker profiling, and associated roles in TME are highlighted in Table 3.


Regulation of T-Cell Function by Non-Coding RNAs

T cells are at an extremely exhaustive stage in advanced tumors and require regulatory or transcriptional boosting to fight tumors. Non-coding RNAs regulating the T cell differentiation functions, harnessing T cell survival activities would be beneficial as therapies. miR-155 epigenetically silences the CD8+ T cell differentiation by enhancing Polycomb repressor complex 2 (PRC2) activity that blocks the transcription factors (EOMES, ID2, PRDM1, ZEB2, MAF, NR4A2) which are known to drive terminal differentiation and exhaustion (101). miR-28 is down-regulated in around 30% exhaustive T cell population. It can be an important therapeutic target as it inhibits the expression of the immune checkpoint molecules PD-1, TIM3 thus preventing exhaustive T cell differentiation (102). miR-16, miR-21, miR-142-3p, miR-142-5p, miR-150, miR-15b, miR-181a, and let-7f miRNAs are over-expressed in naïve T cells, and their expression reduces significantly in effector T cells (103, 104). Furthermore, miR-17-92, miR-21, miR-155, and miR-132-3p are over-expressed in effector and memory T cells compared to naïve T cells (103). Min and colleagues searched for miRNAs involved in DC differentiation to Treg cells and found the novel role of miR-27a in T cell differentiation. miR-27a is known to hamper Th1 and Th17 cell differentiation and help in the DC-mediated Treg (CD4+CD25+Foxp3+) population differentiation via pro-inflammatory cytokine production (105). Hence it is a potential target for cancer immunotherapy. Xu and co-workers demonstrate the role of miR-424 (322) in regulating the PD-L1/PD-1 and CD80/CTLA-4 axis in chemo-resistant ovarian cancer. miR-424 (322) restoration leads to PD-L1 blockade and activation of CD8+ T cells, thus preventing chemo-resistance inversely correlated with PDL1, PD1, CTLA-4 expression (106). The role of lncRNAs and circRNAs in T cell function is less explored area of research. Kotzin and colleagues discovered the role of lncRNA Morrbid in CD8+ T cell differentiation in response to IFNγ viral infection (107). This lncRNA may have some role in tumor T cells as well but needs confirmation. Wang and co-workers discovered circRNA-002178 acting as a “competing endogenous RNA” (ceRNA) to promote PDL1/PD1 expression in lung adenocarcinoma. circRNA-002178 could enhance PDL1 expression via sponging miR-34 in cancer cells to induce T-cell exhaustion (108). Thus circRNA-002178 reversal therapies may work against tumor supporting T cell population.




B Cell Transcriptome in TME

B cells are adaptive immune cells associated with prolonged patient survival (109). They are infiltered within TME via CXCL13 secretions or antigens from tumor cells (110). B cells are relatively abundant in tumor samples compared to non-tumor (30) and are comparatively sparse compared to T cells in TME (111). B cells have five differentiated states: follicular B cells expressing CD20 (MS4A1), CXCR4, HLA-DRs, plasma B cells expressing immunoglobulin gamma (IgG) (MZB1 and SDC1/CD138), mucosa-associated lymphoid tissue-derived plasma B cells expressing IgA (CD38+), granzyme B-secreting B cells, and germinal center (GC) B cells (23). Individually, follicular B cells include mature-naïve (IGHM, CD72, CD27−) B cells that gives rise to memory B cells (IGHG1 and CD27+) while migrating through the germinal center (GC) (30). Some B cells have CD27− memory B-cell phenotype and express antigens associated with antigen-presenting cells (APCs) (namely, MHC class II, CD40, CD80, and CD86) (112). B cells residing in TME are exhaustive compared to ones in the non-tumorigenic environment as indicated by reduced protein secretion, and impairment of Myc and mTOR pathways (23). Mature-naïve B cells differentiate to IgM+ GC memory cells that further produce IgM- cells by undergoing a class-switch recombination mechanism. These IgM+ and IgM- cells finally produce GC dependent memory B cells or plasma cells. IgM- memory B cells differentiate into either IgG+ or IgA+-expressing plasma cells (44) (Figure 2). Takemori and co-workers also identified a distinct class of memory B cells that are not matured in GCs but are a response to T cell antigens (113). Expression markers of B cell subtypes are mentioned in Table 3. B cells promote antitumor immunity by driving antibody-dependent cellular cytotoxicity (ADCC), phagocytosis, complement activation, T cell activation, stimulating cytotoxic immune responses, and releasing granzyme B and TRAIL factors (114). B cell also have immunosuppressive pro-tumorigenic subsets such as regulatory B cell (CD1d+CD5+CD19+, CD5+CD19+) and CD5+ B cells (115). They are known to modulate the secretion of immunomodulatory cytokines such as IL10 and TGFβ, activate STAT3 functioning, and stimulates Treg formation (116).


B Cell Development and Activation by NON-CODING RNAs

miRNAs have a significant role in B cell development, activation, malignant transformation, and functions. There are some well-known miRNAs regulating B cell differentiation, proliferation and activation: miR15a, miR21, mir29, miR-17/92 cluster, miR-23a, miR-34a, miR-142, miR-150, miR-155, miR-181 family, miR-181a1b1, miR-212/132 cluster, miR-9, miR-17/92 cluster, miR-30, miR-125b, miR-155, miR-181b, miR-210, miR-221, miR-223, miR-148a, miR-146a (117, 118).miRNA 15A and 16-1 activate signaling pathways that mediate chemotaxis of immune regulatory B cells to colorectal tumors (119). lncRNAs are classified into six functional groups based on the functional chromatin features: eRNAs, promoter lncRNAs, bivalent lncRNAs, repressive lncRNAs, CTCF lncRNAs, and other lncRNAs (120). Zhou and co-workers discovered five B-cell-specific lncRNAs computationally (TNRC6C-AS1, WASIR2, GUSBP11, OGFRP1, and AC090515.2) associated with improved prognosis, and three B cell specific lncRNAs (PART1, MAFG-DT, and LINC01184) associated with poor prognosis in bladder cancer (121). Pyfrom and colleagues studied B cell-specific lncRNA BCALM (AC099524.1) highly expressed in various cancers. AC099524.1 is necessary for the interaction of signal transduction proteins PLD1 and AKAP9 and have implications in B cell immune response (122). Various other lncRNAs are known to have a role in B cell development: LEF-AS1, MYB-AS1, CRNDE, and SMAS-AS1 (123). The role of circRNA in tumor B cell activation is not yet explored.




NK Cells and Other Dendritic Cells

Natural killer cells belong to an innate lymphoid family having cytotoxic and cytokine-producing potential and can identify tumor cells with the help of a unique set of receptors. NK cells are distinct from the rest of the immune cell population by having distinct cell surface markers CD3−/CD56+ or CD3−CD16+. They are majorly divided into different subpopulations depending upon CD16 and CD56 markers’ expression, each with distinct phenotypic properties (124). The presence of NK cells in tumors depends upon the stages and the cancer types. Tumor-specific NK cells exhibits high expression of CD69 and NKp44 activation markers and low expression of NKp30, NKp80, DNAM-1, CD16, and ILT2 as compared to peripheral blood and normal lung NK cells (125). Some NK cells strongly correlate with T cells and are popularly known as Natural Killer T (NK-T) cells (Figure 2). Dendritic cells are of multiple specialized subtypes (mentioned in Table 4) present in TME that are important for antigen presentation, phagocytosis, and adaptive immune responses. The historical origin of dendritic cells is through lymphoid lineage. The differentiating markers of DCs from the rest of the immune cells are HLADR+ lineage– cells. Previously known DC subtypes include CD11C+ (Itgax) conventional DCs (cDCs) that are further characterized into either CD141+ or CD1C+ cells, and CD123+ (Bst2, Siglech) plasmacytoid DCs (pDCs) (82). Qian and colleagues identified five different DC subtypes in heterogenous TME including conventional DCs (cDC1: CLEC9A, XCR1, BAFT3; cDC2: CD11b, CD1C, CLEC10A, SIRPA; cDC3 which include migratory DCs and expresses CCR7, CCL17, CCL19 gene expression, cDC4: pDCs expressing LILRA4, CXCR3, IRF7, and cDC5 expressing CD207 and Langerhans cell-specific markers) (44). Davidson and co-workers further classified dendritic cells based on their presence in tumors or lymph nodes (LN). Tumor cDC1 clusters express the dermal DC marker Cd103 (Itgae), whereas the LN population expresses CD8a marker specific to LN resident dendritic populations (18). Transcriptionally, tumor DCs are more active and display a wider expression of different co-stimulatory molecules but lack T cell provoking stimulations than their counterparts.


Table 4 | Distinct subsets of immune cells in human/mouse tumor tissues.





Non-Coding RNAs Regulating NK and Dendritic Cell Functions

Non-coding RNAs play significant roles in the development, maturation, and effector functions of NK cells. They directly or indirectly control the cytotoxic ability and surface expression of immune checkpoints on NK cells, thus indicating their use in antitumor therapies (128). Zhu and co-workers concluded the regulatory effect of miR-20a, which is over-expressed in various cancers. miR-20a reduces the killing-effect of NK cells to cervical cancer cells by directly targeting RUNX1 (129). Similarly, overexpression of multiple miRNAs can inhibit the cytotoxic effect of NK cells: miR-24 suppresses IFN-γ and TNF-α and thus, affecting the killing-effect of NK cells (130). miR-218-5p reduces the NK cell activity by directly targeting IL-2 secretion in lung adenocarcinoma (131). Moreover, NK cells release exosomal RNA miR-3607-3p, acting as drug targets on pancreatic cancer cells. miR-3607-3p enriched in extracellular vesicles (EVs) derived from NK cells inhibits the malignant transformation of pancreatic cancer by targeting IL-26 (132). miR-150 and miR-203 increase tumor suppression; miR-155, miR-26a/b, miR-101, miR-363, etc. lead to decreased cell survival, cell cycle progression and miR-183 and miR-1245 are known to hamper NK killing activity in TME (128). Ou and colleagues elucidated the role of miR-153 and circ_0000977 in hypoxic TME. circ_0000977 is overexpressed in pancreatic cancer and acts as a miR-153 sponge. It encourages hypoxia-mediated immune suppression by hampering NK mediated cell lysis (133). lncRNA GAS5 regulates NK cells cytotoxicity, tumor cell apoptosis, and tumor aggressiveness via miR-544/RUNX in liver cancer (134).




Cells Shaping Immunotherapies

Therapeutic strategies against different cancers are advancing in drug targets and carrier agents, keeping in mind the toxicity levels and patient response. In addition to conventional therapies such as radiotherapy and chemotherapy, immunotherapy is progressing to find new immune activation and protection methods. Different forms of immunotherapy are known: cancer vaccines, cytokine therapies, adoptive cell transfer, immune checkpoint inhibitors, T/NK-cell engineering, chimeric antigen receptor (CAR) T-cell therapy, an oncolytic virus therapies (135). Advancements in single-cell heterogeneity and identification of stromal/immune cell subtypes would provide new hopes in immunotherapy as it will identify new cell receptors to targets.


Fibroblasts as Therapeutic Agents

Diversity in CAF subtypes enlightens their immune-supportive and immune-suppressive functions via extensive studies of gene expression and metabolomic analysis. Targeting only the αSMA+ tumor population would not be helpful as it may result in the loss of immuno-supportive residents and may hamper significant homeostatic functions (136). But the presence of both types of the population indicates reprogramming between these two states. There is a particular need for targets that may reduce the reprogramming of fibroblasts to immune-suppressive subtypes. Targeting the immunosuppressive CAF population that promotes T cell differentiation to CD25+FOXP3+ cells and enhancing Tregs’ capacity to inhibit the proliferation of effector T cells would be an effective therapy. Remodeling these CAF subsets (CD29+ FAP++ FSP1+ αSMA++ PDGFRβ++ CAV1− DPP4+) found in aggressive cancers would directly affect T cell immunity and leads to increased CD4+ CD25+ T lymphocyte survival (33). Ford and co-workers targeted a ROS-producing enzyme NOX4 to inhibit fibroblast differentiation to CAF and found high infiltration of NK cells and CD8+ T cell to tumors, and subsequent killing of cancer cells (137). Chen and colleagues explored the relation of fibrotic TME with T cell immunotherapy. Fibrotic TME indicates poor survival and suppresses the immune response to cancer (138). Anti-FAP antibodies (sibrotuzumab), TGF-β1 (highly expressed in hypoxic tumors), cytokine therapies (IL2), CXCL12/CXCR4 signaling, angiotensin receptor blockers (ARBs), immune checkpoint blockade (ICB), T lymphocyte checkpoint inhibition, CTLA-4 directed therapy, CAR-T cells against FAP+ cells are some of the immunotherapies currently in research to target non-responsive metastatic tumors (139, 140).



Therapeutic Aspects of Tumor Angiogenesis

Tumor cells communicate with nearby endothelial cells that line-up in angiogenic vessels and safeguard the growing tumors. Approaches to block vascular supply are long under investigation and have reached the bedside but with limited efficacy, low response rate, high resistance, and enhanced immune surveillance (141). Ongoing anti-angiogenic treatments include anti-VEGF therapies (bevacizumab), tyrosine kinase inhibitors (Sunitinib), targeting signals between cells (Revlimid), and chemotherapy combination with numerous side-effects. Decreasing tumor’s blood supply also leads to hypoxia, fuelling tumor progression, and metastasis. As an alternative therapy, vascular normalization encourages improved blood flow and reduced tumor hypoxia, understanding vascular normalization, and implementation are still in research (142). Vascular targeting would directly or indirectly enhance tumor immunity. Tumor vasculature functionality depends on the interaction with M1/M2 like TAMs, CD4+/CD8+ T cells, and other stromal/immune cells. Mpekris and co-workers highlighted the combined use of immune checkpoint and anti-angiogenetic antibodies for more favorable outcomes (143). Targeting endothelial cells (EC) subtypes is comparatively a new field and is yet to explore to find out novel anti-angiogenic candidates. Currently, combination drugs are in clinical trials that target both immune checkpoint blockades (ICBs) and angiogenesis such as Atezolizumab + bevacizumab + entinostat/Avelumab + axitinib/Atezolizumab + bevacizumab + carboplatin + pemetrexed (144).



TAMs Targeted Therapies

TAMs are the most targeted population for immunotherapy as they constitute a major cellular component of TME. With the expansion in macrophage research, the complex phenotypic and functional properties of macrophages have unveiled their recruitment processes, polarization signals, differentiation factors, etc. Cassetta and co-workers identified 37-gene TAM signature highlighting CSF-1 and SIGLEC1 (a sialic binding receptor) mainly expressed by macrophages in aggressive human breast cancer subtypes (87). High CSF-1 and SIGLEC1 receptors in macrophages indicate tumor progression, poor clinical prognosis, and can be a targeted therapeutic option (145). Currently, TAM targeted therapies involve macrophage depletion, receptor targeting (Tyro3, Axl, and MerTK), effector functions inhibition, reprogramming towards antitumor phenotype, and inhibiting recruitment within TME. Still, all of these therapies are limited to identifying TAM-specific markers (10). Many macrophage targeted drugs are under clinical investigations: monoclonal antibodies targeting CSF-1R (IMC-CS4, R05509554, RG7155, FPA008, PLX3397) and CCL2 (Carlumab), small molecule inhibitors, antibodies targeting reprogramming strategies (anti-CD47, anti-CD40), toll-like receptor agonists, PI3Kγ inhibitors, inhibition of microRNA activity, histone deacetylase inhibitors (TMP195), anti-PD-1 and CTLA4 therapies to name a few. Each of these strategies needs careful investigations as they have certain limitations and require practicing new approaches as underpinned by current knowledge of macrophage biology.



T Cell and B Cell Immunotherapy

T cell therapeutics is advancing since the discovery of a breakthrough of chimeric antigen receptor (CAR) -modified T cells and immune modulation using antibodies that block immune regulatory checkpoints in 2013. Both CD8+ and CD4+ cells have multifaceted roles in antitumor immunity. CD4+ cells secrete interleukin (IL)-2 activating CD8+ T cells, cytokine secretion (IFN-γ, TNF-α), activation of CD40 ligands that activates dendritic cells and leads to differentiation and maturation of B cells (146). Immune checkpoint blockade (ICB), adoptive cell transfer (ACT), and engineering TCR therapy are some primary T cell-based therapies currently in clinical trials. ICB involves the use of antibodies to neutralize inhibitory receptors CTLA-1, PD-L1/B7-H1/CD274, lymphocyte-activation protein 3 (LAG-3), T-cell immunoglobulin, mucin-domain containing-3 (TIM-3), T-cell immunoreceptor with Ig and ITIM domains (TIGIT) (147). The role of B cells in immune protection is currently in research. Besides producing antibodies, B cells have crucial roles in immune regulation or functions as an antigen-presenting cell, but involvement in cellular therapy is unclear, despite having numerous effector functions. Recently Helmink and co-workers identified differentially expressed B cell markers (MZB1, JCHAIN, and IGLL5) in ICBs responders relative to non-responders indicating the driving force of B cells in immunotherapy (148).



Therapies Involving NK Cells

NK cells can induce direct killing of tumor cells, and recruit or activate of T cells and DCs. Three forms of NK therapy have emerged: Bi-specific antibodies, induction of antibody-dependent cell-mediated cytotoxicity (ADCC), and gene therapy with NK cells. Current possibilities to use NK cells are (a) targeting inhibitory NK cell surface receptors or (b) targeting activating NK cell receptors (149). NKG2A is a novel heterodimeric (expressed along with CD94) intracytoplasmic tyrosine-based inhibitory motif (ITIM) expressed on both T and NK cells and recognizes human leukocyte antigen (HLA)-E present on tumor cells (150). Binding of NKG2A/CD94 to its cognate ligand inhibits T and NK cell effector functions and thus are immunosuppressive. Andrea and co-workers developed a humanized anti-NKG2A immunoglobulin G (IgG) 4-blocking mAb (monalizumab) and showed that NKG2A blockade activates NK and CD8+ T cells (150). Another possibility is targeting activating NK cell receptors such as natural killer group 2D (NKG2D), CD16, signaling lymphocyte activation molecule (SLAM)-family members, and the natural cytotoxicity receptors (NCRs) NKp30, NKp44, and NKp46 (151). CD16 in tumor conditions binds to EGFR and leads to tumor cell proliferation. Antibody such as cetuximab and trastuzumab inhibits EGFR signaling and binds to CD16 to promote ADCC. Moreover, many tumors are consistent with a high frequency of NKp46 receptors. Targeting this receptor would help in the activation of other NK cell receptors that lead to cytokine release and the killing of tumor cells. Gauthier and co-workers developed a multifunctional antibody (NKp46 specific) targeting CD19, CD20, or EGFR as tumor antigens and triggering tumor killing by NK cells (151, 152). CD73 is another immune checkpoint that defines regulatory NK cells within TME. CD73 is associated with immune suppression and tumor progression involving CD4+ T cell suppression (153). Developing future therapies CD73 would be beneficial for T cell functioning and tumor regression.




Conclusions

Research in the field of the tumor microenvironment is an impressive and significant stage. Despite progress in cancer immunotherapies, the incidence of tumor relapse and recurrence had necessitated a profound study of tumor heterogeneity. Clinically we are struggling with therapies that would target a wide range of cells, being unaware of subtypes that escape and show resistance. Many drugs target tumor biome by using monoclonal antibodies, angiogenic, and protein kinase inhibitors, but the precise targets are rare. With advances in single-cell technology, intra-tumoral heterogeneity is not much explored. Characterization of stromal and immune cell subtypes inhabiting at different tumor stages, early or late-stage, and the corresponding normal tissues revealed a broad range of cell subsets, differentiation patterns, and immunological regulations within TME. Targeting these well-explored immuno-modulatory cells directs the development of next-generation therapeutics. These next-generation therapies are at an early stage of development and would involve trials on small molecule inhibitors, non-coding RNAs, and cell-specific receptors that may lead to better cancer cure.



Future Perspectives

There are still several questions in the TME that needs careful investigation. One aspect is the lineage tracing. A challenge in tumor biology is associating molecular differences among progenitor cells and their capacity to generate differentiated cell types. Studies are needed to associate changes in progenitor and mature cell types and answer questions such as a) Does a differentiated cell have the capability to transdifferentiate in other differentiated cell types in TME? If yes, what are these cells in the tumor microenvironment that shows cellular plasticity? b), and how the cellular plasticity is regulated? To answer these questions, we need to understand the origin of stromal or immune cell types in TME.

The second aspect is understanding the heterogeneity of stromal and immune cells that make up most of the TME. Fibroblasts and macrophages are among the most diversified populations whose characteristics change with their location in tumors- perivascular, hypoxic, necrotic areas, and regions of interaction with blood vessels and lymph nodes. Rare information is available on the interaction of these cells with other cell types and how different tumor zones influence the development of subtypes. Technologies such as spatial transcriptomics (seqFISH, MERFISH, STARmap) and multiplex immunofluorescence would be pivotal to identify prevailing subtypes.

The third aspect requiring attention is tumor secretome. Investigations on exosomal secretions, non-coding RNA transcriptomics, and epigenetic remodeling would boost our understanding of tumor biome. Single-cell genomic technologies are an efficient approach to understand every subtype residing within TME. It can also enhance our ability to discover novel target molecules, specific pathways targeted by these drugs, that would facilitate effective strategies. Identification of precise sub-typical population by scRNAseq analysis can serve as biomarkers to develop accessory treatments. Assessment at a single cell level can also provide us cell variations before and after immunotherapies with which medications can be optimized. In summary, we anticipate that single-cell analysis would be a great approach to understand tumor biology and designing therapies that would revolutionize the tumor treatments as it may reduce the gap between responders and non-responders.
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Breast tumors contain both transformed epithelial cells and non-transformed stroma cells producing secreted factors that can promote metastasis. Previously, we demonstrated that the kinase MEKK1 regulates cell migration and gene expression, and that transgene-induced breast tumor metastasis is markedly inhibited in MEKK1-deficient mice. In this report, we examined the role of MEKK1 in stroma cell gene expression and the consequent effect on breast tumor cell function. Using a heterotypic cell system to quantify the effect of stroma cells on breast tumor cell function, we discovered that MEKK1−/− fibroblasts are significantly less effective at inducing tumor cell invasion than MEKK1+/+ fibroblasts. Expression array analysis revealed that both baseline and tumor cell-induced expression of the chemokines CCL3, CCL4, and CCL5 were markedly reduced in MEKK1−/− mammary fibroblasts. By focusing on the role of MEKK1 in CCL5 regulation, we discovered that MEKK1 kinase activity promotes CCL5 expression, and inactive mutant MEKK1 strongly inhibits CCL5 transcription. CCL5 and the other MEKK1-dependent chemokines are ligands for the GPCR CCR5, and we show that the CCR5 antagonist Maraviroc strongly inhibits fibroblast-induced tumor cell migration. Finally, we report that fibroblast growth factor 5 (FGF-5) is secreted by MDA-MB 231 cells, that FGF-5 activates MEKK1 effectors ERK1/2 and NFκB in fibroblasts, and that chemical inhibition of NFκB inhibits CCL5 expression. Our results suggest that MEKK1 contributes to the formation of a breast tumor microenvironment that supports metastasis by promoting expression of stroma cell chemokine genes in response to tumor cell-induced paracrine signaling.
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Introduction

In addition to transformed mammary epithelial cells, breast tumors consist of an array of non-transformed stroma cells that interact with cancer cells and infiltrate the tumor mass (1). Evidence compiled from gene expression studies (2), creative in vivo imaging experiments (3) and 3D culture approaches (4) to recreate the tumor environment support a model wherein stroma cells influence tumor cell function. The possibility that this diverse cellular milieu might influence tumor progression and response to therapy has spurred considerable interest in the role of breast stroma cells in the tumor environment. Some reported examples include cancer-associated fibroblasts (CAFs) that promote tumor cell growth and metastasis (5), and tumor-associated macrophages forming a paracrine “pas de deux” with cancer cells to provoke mutual migration (6). These examples and others show that stroma cells can promote metastasis through the expression and secretion of factors such as cytokines that bind receptors on tumor cells to induce functional responses ranging from proliferation to cell migration. The CC class of chemokines (7) are known to induce immune cell chemotaxis, and CAFs have been shown to express CCL proteins (1). Indeed, several lines of evidence support a role for CCL chemokines in tumor progression. For example, Silzle and colleagues demonstrated that CAFs produce CCL2 and the pro-inflammatory cytokine IL-6, and CAF-induced monocyte recruitment in a co-culture system required CCL2 (8). In addition, both CAFs harvested from breast tumors and normal renal fibroblasts have been found to express CCL5/RANTES (9); (10), and CCL5 has been found to be highly expressed in aggressive breast tumors (11–14). Largely characterized in the regulation of T cell and monocyte function in immune response (15), CCL5 induces chemotaxis when bound by its high affinity receptors, including the seven transmembrane G protein-coupled receptor CCR5 (16). Interestingly, some tumor cells express chemokine receptors as well, suggesting that stromal fibroblast chemokine production can influence the tumor microenvironment and promote tumor cell migration and invasion (12, 14). CCL5 can induce breast tumor cell migration through binding and activation of CCR5, and an inhibitory mutant CCL5 (met-RANTES) inhibits breast tumor growth and migration (17). In addition to CCL5, CCR5 has been shown to bind multiple chemokine ligands, including CCL3 and CCL4 (16). Overall, these reports suggest that this nexus of tumor cells that express CCR5 and stroma cell-derived CC class chemokine ligands provide breast cancer investigators a new set of novel therapeutic targets (7, 12, 13, 16, 18, 19). Due to the role of CCR5 as a key factor in HIV infection, CCR5 inhibitors such as Maraviroc/UK-427,857 have been developed and approved for use as anti-retroviral therapy in HIV patients (20). Taken together, studies showing that CCR5 ligands may be highly expressed in breast tumors suggests that therapeutics designed to prevent viral infection of T cells may be useful if repurposed as cancer drugs.

The current understanding of the transcriptional regulatory mechanisms that control CCL expression is less developed than that of CCR5 function. Transcription of CCL5 expression is at least partly under control of transcription factor response elements within the 5’ promoter region that are bound by AP-1 and NFκB transcription factor proteins (21, 22). AP-1 (activating protein 1) dimeric transcription factors control gene expression in response to a formidable array of environmental stimuli, and are regulated by both phosphorylation and ubiquitylation (23–26). NFκB also is regulated by upstream kinase activity that is required to relieve inhibition by regulatory proteins (27–29). AP-1 regulators include the family of mitogen-activated protein kinases (MAPK), with multiple isoforms of the ERK, JNK, and p38 proteins that have long been established as AP-1 regulators that both directly phosphorylate AP-1 proteins and indirectly control AP-1 function by activating MAPK-dependent kinases that consequently phosphorylate AP-1 proteins (24, 30, 31). MAPK activity is tightly controlled by a complex network that mediates MAPK phosphorylation, dephosphorylation and ubiquitylation, but at the core of MAPK control is the consecutive activation of three kinases that form the canonical MAPK cascade, consisting of a MAPK that is phosphorylated and activated by a MAPK kinase (MAP2K) that is, in turn, phosphorylated and activated by a MAPK kinase kinase (MAP3K) (30). MEKK1 is a MAP3K protein that our group and others have shown the MAP3K MEKK1 to be a key regulator of both ERK1/2 and JNK MAPK activity (30–32). MEKK1 activity promotes AP-1 phosphorylation and activation (24, 30), and also has been shown to phosphorylate and activate IκB kinases, leading to NFκB activation (27–29, 33). Furthermore, our group and others have demonstrated that MEKK1 further controls AP-1 activity through control protein stability (24–26), thus identifying MEKK1 as a key regulator of both AP-1-dependent and NFκB-dependent gene transcription and expression.

Our earlier work revealed that MEKK1-deficient mice are resistant to transgene-induced breast tumor metastasis (34), and that MEKK1 is necessary for expression of cancer cell proteases that are associated with breast tumor cell invasiveness, but did not define the role of stroma cells in these breast tumors. In the present study, we model the breast tumor microenvironment by exposing mammary fibroblasts to soluble factors derived from breast tumor cells, and then perform expression array analysis of mammary fibroblasts, comparing cells that express MEKK1 to MEKK1-decient cells. We reveal that MEKK1 regulates chemokine expression in mammary fibroblasts that induces breast tumor cell migration. Our results indicate that MEKK1 controls metastasis-related functions of both cancer cells and non-cancer stroma cells, and thereby plays a key role in determining the nature of the breast tumor cellular environment that influences tumor metastasis.



Materials and Methods


Antibodies and Reagents

Antibodies specific for MEKK1 were purchased from Santa Cruz Biotechnology. Anti-pERK antibodies were purchased from Cell Signaling Technology. U0126 was purchased from Promega (Madison, WI), CAY10512 was purchased from Cayman Chemical (Ann Arbor, MI), SSR128129E was purchased from Selleckchem (Houston, TX), Maraviroc, and PEITC were purchased from Sigma-Aldrich (St. Louis, MO).



Cell Culture and Transfection

MDA-MB 231 breast tumor cells, HTB-125 human mammary fibroblast cells and primary mouse mammary fibroblasts were cultured in DMEM (Dulbecco’s modified Eagle’s medium) (Invitrogen) containing 10% (v/v) fetal bovine serum (Atlanta Biologicals) at 37°C and maintained in 5% CO2 in a humidified atmosphere. All transfections were conducted using linear polyethylenimine (PEI, MW 25000, Polysciences Inc., Warrington, PA). Briefly, PEI was dissolved in water and mixed with DNA vectors at a 3:1 ratio (µg/µg) in OptiMEM (Life Technologies) and allowed to form complexes for 20 min at room temperature prior to adding the complexed DNA dropwise to cells in culture. Cells were harvested 48 h post-transfection.



Isolating Primary Mammary Fibroblasts

The inguinal mammary glands from 8-10 week-old female mice were removed, minced to <1mm pieces and then mixed with serum-free DMEM. The tissue was digested at 37C with shaking in 2.5 mg/ml collagenase type 3 (Worthington), 1 mg/ml hyaluronidase (Sigma) and 100 U/ml pen/strep (Life Technologies) for 3 h. The digestion mixture was then allowed to rest at room temperature for 10 min to allow the fat to collect at the top of the fluid and an epithelial cell pellet to form at the bottom of the tube. The fat is then removed and the cell suspension is transferred to a new sterile centrifuge tube. The pellet is discarded. The cell suspension is centrifuged at 800 × g for 10 min, and the fluid discarded. The pellet containing the fibroblasts is re-suspended in DMEM with 10% serum and transferred to 10 cm tissue culture plates.



RNA Extraction and Expression Arrays

Total cell RNA was extracted with the RNeasy kit (Qiagen, Valencia, CA, USA). Reverse transcription, cDNA synthesis and expression array hybridization, chip reading and preliminary analysis of the array results were performed by the Northwestern University Genomics CORE facility. An Illumina Mouse 8 chip platform was utilized to compare expression of mammary fibroblasts derived from six mice (3 × MEKK1+/+, 3 × MEKK1−/−), whereas an Illumina Human chip was utilized to determine gene expression in three separate replicates of MDA-MB 231 cells. Array expression data were z-score normalized and statistical inference was performed according to Cheadle et al. (35). Heat map image representing normalized expression data was generated in MATLAB.



Immunoblotting

Proteins were separated by SDS-PAGE and transferred on to Protran nitrocellulose membranes (Whatman). Membranes were blocked in 5% (w/v) non-fat dried skimmed milk powder diluted in TBST (20 mM Tris, 137 mM NaCl and 0.1% Tween-20, adjusted to pH 7.6) or 5% globulin-free BSA (Sigma) in TBST and incubated in the appropriate antibody at 4°C overnight. After extensive washing, the membranes were then incubated with HRP (horseradish peroxidase)–conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch) or HRP–sheep anti-mouse IgG (Amersham-GE Healthcare) secondary antibodies for 1 h at room temperature. After extensive washing, the targeted proteins were detected by ECL (enhanced chemiluminescence, Thermo Scientific). Where indicated, blots were stripped by treatment with 2% (w/v) SDS and 100 mM 2-mercaptoethanol in TBS, and then re-probed with the desired antibodies.



CCL5 Reporter Assay

The Dual-Luciferase Reporter Assay System reagent kit was purchased from Promega (Madison, WI) and reporter assays using transfected cell lysates were performed as per manufacturer recommendations. The pGL2-CCL5-220 reporter plasmid was a generous gift of Dr. Antonella Casola (University of Texas Medical Branch at Galveston, Galveston, TX). Fibroblasts transfected with reporter vectors were exposed to either breast tumor cell-conditioned media or regular growth media +/- indicated drugs for indicated times prior to lysis and quantification of reporter activity.



CCL5 ELISA

HTB-125 human breast fibroblast cells were treated with MDA-MB-231-conditioned medium for 1, 2 and 4 h, after which the conditioned medium was replaced with regular growth medium for 24 h. The culture supernatants were then collected and any cells removed by filtration. CCL5 concentration was determined using the ELISA for human CCL5/RANTES Kit (R&D Systems Inc. Cat# DY278-05) according to the manufacturer’s protocol. Briefly, 300 µl of reagent diluent were placed in the capture antibody-coated wells to block plate for 1 h. After washing, 100 µl of test samples or standards were added per well and incubated 2 h. The wells were then washed and incubated with 100 µl of detection antibody for 2 h. After washing, 100 µl of the working dilution of streptavidin-HRP was added to each well for 20 min. Following wash step, 100 µl of substrate solution was added before incubation for 20 min. The color reaction was stopped by adding 50 µl of stop solution and the absorbance of the samples was measured using an ELISA plate reader. The CCL5 concentrations were calculated based on the standard curve.



Breast Cancer Cell Migration Assay

MDA-MB 231 cells were suspended in serum-free medium containing either CCR5 inhibitor Maraviroc (10 µM) or DMSO. Chemotaxis was assessed by Transwell (Corning) assay, wherein 105 cells were allowed to migrate through a filter (8 µm pore) toward 4% serum for 5 h, and then migrating cells were stained with Wright’s stain and counted.




Results


Primary Mammary Fibroblasts Induce MEKK1-Dependent Chemotaxis in MDA-MB 231 Breast Tumor Cells

We previously reported that transgene-induced breast tumor metastasis is significantly delayed in MEKK1-deficient mice, and the tumors markedly less invasive (34). Breast tumors arising in the ductal lumen are surrounded by basement membrane and assorted stroma cells, including mammary fibroblasts capable of secreting factors that promote tumor cell invasion. To determine whether MEKK1 is required for mammary fibroblasts to induce tumor cell invasiveness, we isolated primary fibroblasts from the mammary glands of both MEKK1+/+ and MEKK1−/− mice and used these cells to condition media for use as an invasion assay chemoattractant. We found that media conditioned by mammary fibroblasts consistently induced MDA-MB 231 breast cancer cell invasion in an in vitro assay (Figure 1). However, tumor cell invasiveness was significantly diminished when media conditioned by MEKK1-deficient fibroblasts is utilized as the chemoattractant (Figure 1). Since direct contact with fibroblasts was not required to induce invasion, these results indicate that the one or more fibroblast-derived factors capable of promoting breast tumor invasiveness is under the control of MEKK1. In order to identify the MEKK1-dependent secreted proteins, we investigated gene expression in mammary fibroblasts.




Figure 1 | MEKK1 expression is necessary for mammary fibroblasts to promote breast tumor cell invasion. The graph depicts results from BioCoat Matrigel assays of MDA-MB 231 cell invasiveness induced by media that had been conditioned by either MEKK1+/+ or MEKK1−/− mammary fibroblasts for 72 h. The data represented in graph are derived from at least three independent experiments. *p < 0.05 by paired t-test.





Breast Tumor Cells Induce MEKK1-Dependent Chemokine Expression in Mammary Fibroblasts

To identify MEKK1-dependent secreted factors that could induce breast tumor cell migration and invasion, we performed array analysis comparing gene expression in mammary fibroblasts harvested from both MEKK1+/+ (n=3) and MEKK1−/− mice (n=3). To model fibroblast gene expression induced by the secretory breast tumor environment, we exposed fibroblasts to media conditioned by MDA-MB 231 cells. We focused on identifying MEKK1-dependent genes that encode soluble factors known to promote cell migration, and we discovered that expression of several CC class chemokines displayed reduced expression in MEKK1-deficient fibroblasts (Figure 2). Intriguingly, several chemokines that are ligands for the receptor CCR5 (murine CCL3, 4, 5, 6, and 12) displayed reduced expression in MEKK1-deficient cells in either basal conditions, induced conditions, or both. CCL5 expression in particular was reduced under both basal and induced conditions in MEKK1-deficient cells compared to fibroblasts that express MEKK1 (Figure 2, basal conditions: 3.16-fold reduction, p=0.017, induced conditions: 2.8-fold reduction, p=0.029). Although reduced in MEKK1 knockout cells, CCL5 expression was induced significantly by breast tumor cell-conditioned media in both MEKK1+/+ and MEKK1−/− fibroblasts, indicating that control of induced CCL5 expression is at least partly independent of MEKK1.




Figure 2 | CCL5 expression in primary mammary fibroblasts is enhanced by MEKK1. Heat map of z-score normalized microarray expression data for 36 chemokines in primary mammary fibroblasts cultured from six mice (3× MEKK1+/+ and 3× MEKK1−/−) either unstimulated (CTL) or induced with cultured medium from MDA-MB-231 cells (231CM). Columns show mean expression by group (N=4 culture replicates per condition), with asterisks indicating significance by z-tests with Benjamini-Hochberg false discovery rate adjustment for multiple testing. *FDR < 0.05, **FDR <0.01, ***FDR < 0.001, †unadjusted p < 0.05.



To determine whether breast tumor-derived soluble factors can induce CCL5 protein expression in human mammary fibroblasts, we measured the CCL5 protein produced by HTB-125 human mammary fibroblasts exposed to MDA-MB 231 cell-conditioned media (Figure 3). We observed that CCL5 protein production was significantly increased in human fibroblasts exposed to breast tumor cell factors compared to untreated fibroblasts. Furthermore, we observed that fibroblasts that were exposed to tumor cell-conditioned media for 4 h produced significantly more CCL5 protein than fibroblasts exposed to tumor cell factors for 2 h, suggesting that the magnitude of the fibroblast CCL5 protein production is dose-dependent. Together, our mRNA and protein data indicate that soluble factors produced by breast tumor cells can induce CCL5 protein production in non-tumor mammary stroma cells. Given the reported role of CCL5 in tumor metastasis, we then directed our investigation to define the mechanisms by which MEKK1 controls CCL5 expression.




Figure 3 | Breast tumor cells stimulate CCL5 protein production in human mammary fibroblasts. The graph depicts results from CCL5 ELISA analysis of cell culture supernatant from HTB-125 human mammary fibroblasts exposed to 231CM compared to supernatant from fibroblasts maintained in regular growth media. Fibroblasts exposed to tumor cell-conditioned media were treated for 2 h or 4 h, after which the media was replaced growth media. 24 h later the media were collected and subjected to ELISA analysis. The data represented in graph are derived from at least three independent experiments. *p < 0.05 against control by t-test.





CCL5 Expression Requires MEKK1 Kinase Activity, but Not Ubiquitin Ligase Activity

MEKK1 is unique among kinases in that it contains ubiquitin ligase activity (25, 36). We previously reported that MEKK1 kinase activity was a key component in the regulation of AP-1 transcription factor activity and function (24), and we demonstrated that MEKK1 ubiquitin ligase activity plays a role in transcription factor ubiquitylation and stability (25). MEKK1 phosphorylates the kinases MEK4 and MEK1/2, thereby activating MAPK proteins JNK and ERK1/2 (30). MEKK1 also phosphorylates and activates IKKα and IKKβ, promoting phosphorylation and subsequent degradation of NFκB inhibitor protein IKB and the consequent activation of NFκB (33). To determine whether either MEKK1 kinase activity or ubiquitin ligase activity is necessary for CCL5 expression, we transfected mammary fibroblasts with vectors encoding either wild type MEKK1, kinase-inactive mutant MEKK1 (K1253M), or ubiquitin ligase-inactive mutant MEKK1 (C441A) (36), and co-transfected with a CCL5 luciferase-based reporter vector. In our assay, luciferase expression is driven by the proximal 200 bases of the Ccl5 promoter that is reported to contain both NFκB and AP-1 transcription factor response elements (37). Our reporter assays revealed that CCL5 reporter activity was markedly induced by co-expression of wild type or ubiquitin ligase-mutant MEKK1, whereas kinase inactive mutant MEKK1 did not induce CCL5 promoter activity (Figure 4A), indicating that kinase activity is necessary for MEKK1 to promote CCL5 expression. In order to compare the relative CCL5 production of cancer and stroma cells, we utilized ELISA analysis to quantify CCL5 protein secreted by both breast cancer cell lines and mammary fibroblasts that had been harvested from murine mammary tumors (cancer-associate fibroblasts, (34)). To determine whether CCL5 secretion varies among breast cancer cells, we tested media conditioned by breast cancer cell lines that are commonly used to model distinct breast cancer types, including luminal (MCF7), HER2+ (SKBr3), and triple negative (MDA-MB 231) breast cancers. Strikingly, we found that cancer-associated fibroblasts secreted greater than 60-fold more CCL5 protein than any of the breast cancer cells (Figure 4B).




Figure 4 | MEKK1 kinase activity, but not ubiquitin ligase activity, is required to induce CCL5 expression. Gene reporter and ELISA analysis are used to determine whether transfection of kinase-inactive mutant MEKK1 (K1253M) or ubiquitin ligase-inactive mutant MEKK1 (C441A) induces CCL5 expression. (A, D) Graphs depict CCL5 reporter analysis of mammary fibroblasts transfected with the pGL2-CCL5-220 luciferase reporter vector and a pCDNA3.1/MEKK1 expression vector. **p < 0.01 by t-test. (B) CCL5 ELISA analysis of cell culture supernatant from both multiple breast tumor cell lines compared to cell culture supernatant of cancer-associated mammary fibroblasts. (C) Graph shows both AP-1 and NFκB reporter analysis of mammary fibroblasts transfected with either the pGL2-AP-1 or pGL2- NFκB luciferase reporter vector and a pCDNA3.1/MEKK1 expression vector or pCDNA3.1 empty vector. (D) CCL5 reporter assay analysis showing effect of chemical inhibitors on CCL5 reporter activity. Cells were treated for six hours prior to lysis with the following drugs concentrations: (MEK inhibitor, 10 ng/ml, n = 3), CAY10512 (NFκB inhibitor, 1.3 μg/ml, n = 3), and PEITC (0.3 μM, n = 3). *p < 0.05, **p < 0.01 by t-test.



To determine how MEKK1 kinase activity regulates CCL5 transcription, we first confirmed the effect of MEKK1 on activation of the AP-1 and NFκB transcription factors. We observed that co-expression of MEKK1 significantly enhanced activity of gene reporters driven by either AP-1 or NFκB response elements (Figure 4C). We then sought to elucidate which MEKK1-dependent signaling pathway induces CCL5 expression by including chemical inhibitors of either NFκB or AP-1 transcription in our reporter experiments. We observed that blockade of NFκB by the inhibitor CAY10512 resulted in a 60% reduction in CCL5 reporter activity (p=0.037) (Figure 4D), whereas inhibition of ERK activation by MEK blocker U0126 reduced CCL5 reporter activity by 35% (p=0.068). Selective MEKK1 inhibitors have not yet been reported, so to determine whether chemical inhibition of MEKK1 blocks CCL5 reporter activity, we treated transfected fibroblasts with phenethyl isothiocyanate (PEITC), a naturally occurring compound that has been reported to display some inhibitory activity toward MEKK1 (38). We observed that exposure to PEITC consistently, albeit not significantly (p=0.08) reduced CCL5 reporter activity by 24%. These results support the conclusion that MEKK1 kinase activity promotes activation of transcription factors that drive CCL5 expression. Taken together, these data suggest that signaling arising from MEKK1 kinase activity promotes induction of CCL5 expression in mammary fibroblasts, whereas MEKK1 ubiquitin ligase activity is dispensable for CCL5 induction.



CCR5 Inhibitor Maraviroc Blocks Mammary Fibroblast-Induced Breast Cancer Cell Chemotaxis

Given that MEKK1-deficient fibroblasts showed both reduced CCL5 expression (Figures 2 and 4) and diminished ability to induce tumor cell invasion (Figure 1), we decided to examine the importance of breast stroma-derived CCL5 in MDA-MB 231 tumor cell migration. Several MEKK1-dependent chemokines are CCR5 ligands, and recent reports suggest that CCR5 function may be important in breast cancer metastasis (11, 12, 14, 19). To determine whether CCR5 blockade would inhibit tumor cell migration, we performed chemotaxis assays in the presence of Maraviroc, which is a selective and non-competitive CCR5 antagonist that blocks ligand binding and subsequent signaling (20). We observed that exposure to Maraviroc reduces MDA-MB 231 chemotaxis induced by mammary fibroblast-conditioned media by 50% (Figure 5), thus indicating that CCR5 function contributes to tumor cell chemotaxis induced by mammary fibroblasts. When considered with our expression data, these results demonstrate that MEKK1 strongly enhances the ability of mammary fibroblasts to produce chemoattractant proteins that are detected by breast tumor cells. Furthermore, our findings suggest that MEKK1 is a key regulator of CCL5 expression. Once released by mammary fibroblasts, MEKK1-dependent chemokine expression would be predicted to drive migration of CCR5-expressing cells in the breast tumor microenvironment.




Figure 5 | Mammary fibroblast-induced breast tumor cell migration is blocked by CCR5 inhibitor Maraviroc. Graph shows results from Boyden chamber assays of MDA-MB231 cell chemotaxis. Mammary fibroblast-conditioned media was used as a chemoattractant and includes either Maraviroc (10µM) or an equal volume of vehicle. The data represented in graphs are derived from at least three independent experiments. *p < 0.05 against control by t-test.





Breast Tumor Cell-Derived FGF-5 Induces CCL5 Expression in Mammary Fibroblasts

Breast tumor cells have been reported to secrete multiple factors that may activate mammary fibroblast signaling. To identify tumor cell-derived secreted factors that induce MEKK1-dependent CCL5 expression, we performed expression analysis of mRNA extracted from MDA-MB 231 cells (three replicates) and observed that of the fibroblast growth factor (FGF) family of secreted factors, FGF-5 alone was highly expressed (Figure 6A). FGF-5 is a ligand for the receptor tyrosine kinase FGFR1 (39), and although FGFR1 ligation initiates cell signaling that regulates cell function, our investigation did not reveal any published study linking FGF-5 activation to MEKK1. Active MEKK1 phosphorylates and activates kinases of the MEK family that subsequently phosphorylate the activation loop of JNK and ERK1/2 MAPKs (30), so we utilized immunoblot analysis with phospho-specific ERK1/2 (T202/Y204) and JNK (T183/Y185) antibodies to determine whether FGF-5 activates MAPK signaling. We observed that exposure to recombinant FGF-5 had little effect on JNK phosphorylation (not shown), but consistently induced ERK1/2 phosphorylation that was reversed by the MEKK1 inhibitor PEITC (Figure 6B). Finally, we determined whether FGF-5-induced signaling induces CCL5 expression by performing CCL5 reporter assays in mammary fibroblasts treated with recombinant FGF-5. Since we had found that CCL5 expression was sensitive to inhibition of NFκB and AP-1, we also performed reporter assays to determine whether FGF-5 promotes activation of these CCL5-regulating transcription factors. As predicted, we found that FGF-5 significantly (53%) activated NFκB reporter activity, and consistently activated both the CCL5 (30%) and AP-1 (16%) reporter assays (Figure 6C). Finally, we examined the importance of tumor-derived FGF-5 to CCL5 expression in mammary fibroblasts. FGF-5 is a ligand for FGFR1 and FGFR2, and to determine whether inhibition of FGFR1 activation alone was responsible for CCL5 reporter activity induced in mammary fibroblasts by tumor-derived factors, we pre-treated mammary fibroblasts with the selective FGFR1 inhibitor SSR128129E prior to stimulation with breast cancer cell-conditioned media (Figure 6D). We observed only a modest partial inhibition of CCL5 reporter activity, suggesting that FGFR1-independent signaling plays a major role in tumor cell-induced CCL5 expression in mammary fibroblasts.




Figure 6 | Breast tumor cell-derived FGF-5 activates MEKK1 in mammary fibroblasts. Analysis of MEKK1 signaling induced by MDA-MB 231-derived FGF-5. (A) Graphical representation of relative expression of FGF genes expressed in cultured MDA-MB 231 cells as detected by Illumina expression array analysis. X axis label indicates FGF family member assigned to each column (column 5 = FGF-5). (B) Phospho-ERK1/2 MAPK immunoblot analysis of lysates extracted from mammary fibroblast pre-treated for 1 h with vehicle or PEITC (0.3 µM) prior to stimulation with FGF-5 (25 ng/ml). An anti-tubulin immunoblot is displayed as a loading control. (C) Luciferase reporter analysis of mammary fibroblasts transfected with reporter plasmids wherein luciferase expression is driven by either the CCL5 promoter or response elements that bind AP-1 or NFκB. (D) CCL5 reporter analysis of mammary fibroblasts treated with FGFR1 inhibitor SSR128129E (0.3 µM) prior to an 8 h stimulation with culture media conditioned by MDA-MB 231 cells (231CM). The data represented in graphs are derived from three independent experiments. *p < 0.05, **p < 0.01 against control by t-test.






Discussion

For cancers to metastasize to secondary tissues and organs, cancer cells must first migrate from the primary lesion and invade into the surrounding stroma. One possible mechanism driving cancer cell expansion into surrounding tissues and distant organs would be for cancer cells to migrate toward a source of chemoattractant, such as organs or tissue environments that produce migration-inducing chemoattractants. Soluble chemoattractants such as chemokines drive directed cell migration, and breast cancer cells that express chemokine receptors can migrate in the direction of increasing concentrations of cognate chemokine ligands present in the tumor microenvironment. The chemokine ligand CCL5/RANTES drives directed migration of cells that express the chemokine receptors activated by CCL5, including the cell surface receptor CCR5. While the importance of CCL5 in driving leukocyte migration has long been known, CCL5 may well induce chemotaxis in other cells that similarly express one or more of the CCL5 receptors.

Our data would suggest that MEKK1 is an important regulator of chemokine expression in fibroblasts within the breast stroma tissue that serve as a major source of chemokines that induce chemotaxis of cancer cells (Figure 7), possibly contributing to cancer cell migration to distant tissues and organs from the primary tumor. It is important to note that our model represents a part of a very complex cellular system, and does not exclude the possibility that other stroma cell types may contribute to the overall protein concentration of stroma-derived CCL5 within tumors. We recognize that breast cancer cells may produce secreted factors other than FGF-5 that induce expression of CCL5. Furthermore, fibroblasts and other stroma cells localized in additional non-tumor tissues could release chemokines that provide a chemoattractant stimulus for breast tumor cells to localize to those tissue, thereby providing a means by which breast tumor cells home to the sites of secondary tumor formation and eventual metastases.




Figure 7 | Model of MEKK1-Ccl5 expression induced by paracrine interaction between breast cancer cells and mammary stroma. MDA-MB 231 breast cancer cells express and secrete FGF-5 in the tumor microenvironment, inducing expression of mammary fibroblast-derived CCL5 that promotes tumor cell migration. FGF-5 binds to FGFR1 proteins on the surface of mammary fibroblasts, triggering receptor tyrosine kinase activity that induces MEKK1 activation and signaling that leads to the phosphorylation of transcription factors, binding of an active transcriptional complex to the CCL5 promoter and CCL5 expression.



CCR5 function is well described in leukocytes such as lymphocytes, neutrophils and macrophages. CCR5 binding to chemokine ligands secreted at sites of inflammation contributes to the ability of leukocytes to detect and migrate to inflamed tissues in order to promote a functional immune response. While it is an important component a functional immune system, CCR5 also represents an avenue by which the immune system is compromised by viral infection. HIV utilizes CCR5 to bind and infect target lymphocytes, and discovery of the HIV-CCR5 interaction led to the development of Maraviroc as an FDA-approved HIV therapeutic agent. It is reasonable to postulate that nonimmune cells that express CCR5 may migrate in response to a concentration gradient of CCL5, and thus investigation of CCR5 blockers as breast cancer therapeutic agents is in its early stages, and is bolstered by data from animal models of tumor progression showing promise as anti-metastasis agents (12). We recognize that, as our data identify MEKK1 as a regulator of multiple chemokines, selective MEKK1 inhibition may have functional consequences that far exceed the impact of CCR5 inhibition alone (e.g. immune function) that will influence the utility of MEKK1 inhibitors as cancer therapeutic agents. We have chosen to focus our functional assays on CCL5 in part because of the availability of Maraviroc as an FDA-approved HIV therapeutic that we would propose may have the potential to be repurposed for cancer treatment. We realize that much work remains to be done to investigate the importance of the other MEKK1-dependent chemokines identified in this study.

In this study, we have found that mammary fibroblasts express chemokines that promote immune cell directed migration. We demonstrated that CCL5 expression is strongly promoted by MEKK1 kinase activity, and that ablation of MEKK1 kinase activity, either via gene knockout, chemical inhibition of MEKK1, or transfection of dominant negative MEKK1, greatly reduces CCL5 expression. We previously reported that MEKK1 signaling is required for expression of proteases that are transcriptionally controlled by AP-1 and promote tumor invasiveness (31), so our discovery that MEKK1 controls chemokine gene expression in breast stroma cells strongly supports a model of the breast tumor microenvironment in which MEKK1-dependent gene expression in stroma cells can promote breast cancer cell migration. When combined with our previous reports, a paradigm emerges wherein MEKK1 controls gene expression in both malignant cancer cells and non-cancer stroma cells, and MEKK1-dependent genes in both cell types promote invasion and metastasis.

MEKK1 belongs to a family (MAP3K) of more than twenty different protein kinases, with many exhibiting similar substrate preferences. For example, six of these kinases can activate ERK1/2 signaling, whereas at least fourteen drive JNK activation (30). We maintain that one evolutionary explanation for the abundance of MAPK regulators may be that many cellular functions require carefully modulated MAPK activity, and that response to distinct signals by different MAP3K proteins promotes specific functional outcomes. If several related proteins have similar MAPK regulatory capabilities, why is MEKK1 essential to CCL5 expression? One function that distinguishes MEKK1 from some other MAP3K is that it can activate IKB kinases to promote NFκB activity. Combined with the capacity to control AP-1 activity by promoting both MAPK signaling and ubiquitin ligase activity, MEKK1 has the unique capacity to serve as a transcriptional regulator of both AP-1 and NFκB-dependent gene expression. Why does ablation of MEKK1 result in a marked reduction of CCL5 expression? We propose that the ability of MEKK1 to integrate signals arising from environmental stimuli that activate both AP-1 and NFκB activity may be necessary for expression of genes like CCL5 that require both NFκB and MEKK1-dependent AP-1 transcriptional complexes.



Conclusions

In conclusion, we provide evidence that MEKK1-dependent CCL5 expression in mammary fibroblasts can induce a functional response in breast tumor cells that is a key requirement for breast tumor metastasis to occur. When considering our previous reports that MEKK1 regulating breast tumor cell function, and that MEKK1-deficient mice are significantly protected from breast tumor metastasis, we conclude that MEKK1 activity in both malignant breast cancer cells and non-cancer stroma cells drive the creation of a breast tumor environment that favors metastasis. Chemokines have been proposed to be potential breast cancer therapeutic targets, and our work provides evidence to support the contention that pharmacologic inhibition of MEKK1 may be one approach to reduce expression of chemokines and thereby alter the tumor microenvironment that promotes metastasis. At present, we would postulate that CCR5 competitive inhibitors such as Maraviroc should be investigated in future translational research as potential anti-metastasis therapeutics.
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Osteosarcoma (OS) is the most common primary bone cancer characterized by an aggressive phenotype with bone destruction. The prognosis of OS patients remains unoptimistic with the current treatment strategy. Recently, osteoclasts are believed to play a crucial role in cancer bone metastasis. Thus, osteoclast could be a target both in bone destruction and cancer progression in OS. However, mechanisms governing osteoclastogenesis in OS remain poorly understood. miRNA delivered by small extracellular vesicles (sEVs) could mediate cellular communications. In this study, we investigated the effects of sEVs on osteoclastogenesis and osteoclast function, also clarified the underlying mechanism. We herein found that sEVs promoted pre-osteoclast migration, osteoclastogenesis and resorption by exposing RAW264.7 cells to sEVs derived from OS cells. Bioinformatics analysis showed that phosphatase tension homologue (PTEN), and miR-19a-3p were involved in OS progression. Overexpression of miR-19a-3p or sEVs’ miR-19a-3p promoted osteoclast formation and function through PTEN/PI3K/AKT signaling pathway, while inhibition of miR-19a-3p showed the contrary results. The bone marrow macrophages (BMMs) were used to verify the results. OS mice, which were established by subcutaneous injection of OS cells, exhibited increased levels of sEVs’ miR-19a-3p in blood. Moreover, micro-computed tomography (CT) and histomorphometry analysis demonstrated that OS mice exhibited osteopenia with increased number of osteoclasts. In conclusion, miR-19a-3p delivery via OS cell-derived sEVs promotes osteoclast differentiation and bone destruction through PTEN/phosphatidylinositol 3 -kinase (PI3K)/protein kinase B (AKT) signaling pathway. These findings highlight sEVs packaging of miR-19a-3p as a potential target for prevention and treatment of bone destruction and cancer progression in OS patients. And this finding provides a novel potentially therapeutic target for the bone metastasis.
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Introduction

Osteosarcoma (OS) is the most common primary bone malignancy with extremely poor prognosis and mortality. Patients may present pathologic fracture and bone metastasis. The combination of surgery, chemotherapy and adjuvant chemotherapy is current treatment strategy (1). Despite the significant progress that has been made in the diagnosis and treatment of OS during the last 30 years, the prognosis of OS patients remains unoptimistic (1–3). Thus, it is urgent to explore new targets for OS therapies (4). It is well established that osteoclasts are responsible for bone destruction in cancer bone metastasis such as breast cancer and prostate cancer and this is necessary for tumor expansion within the bone (5–7). And in OS progression, osteoclasts are believed to play a crucial role. It was reported that the receptor activator of nuclear factor kappa-β ligand (RANKL)/the receptor activator of nuclear factor kappa-β (RANK) signaling pathway plays an indispensable role in osteoclast differentiation and the MOTO-RANK-/- OC mice exhibited delayed tumor initiation, prolonged life span, and fewer metastatic nodules in lung (8). Similarly, Lamoureux F reported that the osteoprotegerin (OPG), an inhibitor of osteoclast differentiation and function, inhibited osteolysis associated with OS and indirectly inhibited tumor progression indicating the significant contribution of osteoclasts in OS (9). Due to the crucial role both in bone resorption and OS progression, osteoclast may be a promising target for OS treatment and extensive research is required to further elucidate the effects of OS cells on osteoclast formation, activation and the underlying mechanism (8–10). However, the process of how OS cells affect osteoclast differentiation and function remains incompletely understood.

Small extracellular vesicles (sEVs), with typical marker proteins such as Reagents Heat shock protein 90 (Hsp90), tumor susceptibility gene 101 (Tsg101) and CD63 without calnexin, are the well-studied subpopulation (11, 12). It has been recognized that sEVs could mediate the communication between cells by transferring the specific material such as cytokine, signal molecular and miRNA (13, 14). Besides, the crucial role of sEVs as tools in monitoring tumor progression has attracted extensive attention (15). miRNAs delivered by sEVs has been regarded as potent mediators on tumor progression. The roles of miRNAs in OS have been demonstrated with increasing clinical implication. For instance, miR-19 has been identified to be overexpressed in various cancers including OS and plays a crucial role in tumor growth and progression (16–18). Similarly, it was reported that sEVs’ miR-25-3p and miR-675, highly expression in OS, affect the tumor progression and the circulating sEVs’ miRNA could be a novel diagnostic and prognostic biomarker (19, 20). Although various functions of sEVs’ miRNAs have been well identified in the biological behavior of OS cells, the role of these miRNAs in the osteoclast differentiation and function remains poorly understood.

Here, we reported that OS cells secret sEVs containing miRNAs that can be taken up into pre-osteoclasts, leading to osteoclastogenesis and bone resorption. Besides, treatment with sEVs leads to a decrease of the phosphatase tension homologue (PTEN) expression in osteoclasts. miR-19a-3p is highly expression in OS and promotes tumor initiation, progression and metastasis. Our study showed that miR-19a-3p is abundant in OS cells-secreted sEVs and that miR-19a-3p could promote osteoclastogenesis and function through PTEN/phosphatidylinositol 3 -kinase (PI3K)/protein kinase B (AKT) signaling pathway. Thus, sEVs packaging of miR-19a-3p could be a promising target for prevention and treatment of bone destruction and cancer progression in OS patients. And this finding provides a novel potentially therapeutic target for the bone metastasis.



Materials and methods


Materials and Mice

K7M2, MG63, HOS, RAW264.7 and human embryonic kidney 293 cells (293E cells) were purchased from China Center for Type Culture Collection (Shanghai, China). The female BALB/c nude mice were from Beijing Vital River Laboratory Animal Technology (Beijing, China). High-glucose Dulbecco’s modified eagle’s medium (DMEM) was from Hyclone (UT, USA). Fetal bovine serum (FBS) was obtained from Gibco (CA, USA). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Kumamoto, Japan). Tartrate resistant acid phosphatase (TRAP) Kit and PKH26 were from Sigma-Aldrich (MO, USA). TRITC Phalloidin was from Yeasen (Shanghai, China). DAPI staining solution was from Beyotime (Shanghai, China). RANKL and macrophage-colony stimulating factor (M-CSF) were from R&D Systems (MN, USA). Primary antibodies for PTEN (Cat.No. 9559), AKT (Cat.No. 9272) and Phospho-AKT (p-AKT, ser473) (Cat.No. 4060) were purchased from Cell Signaling Technology (MA, USA). Primary antibody for Cathepsin K (CTSK) (Cat.No. AP7381) was from abcepta (Jiangsu, China). Primary antibodies for Hsp90 (Cat.No. 13171-1-AP), Tsg101 (Cat.No. 144971-AP), calnexin (66903-1-Ig) and matrix metalloproteinase-9 (MMP9) (Cat.No. 10375–2-AP) were from Proteintech (Hubei, China). CD63 (Cat.No. ab217345) was from abcam (MA, USA). BCA protein assay kit and CFSE were from Thermo Fisher Scientific (Rockford, USA). PCR related agents were from Takara (Tokyo, Japan).



Isolation and Analysis of sEVs

K7M2, MG63 and HOS cells were cultured in DMEM containing 10% FBS at 37°C in a humidified 5% CO2 atmosphere. When 80% confluence was achieved, cells were washed with PBS and then cultivated with FBS-free DMEM. After 12 h, the supernatant was centrifuged at 800g, 10min; 1500g, 15min; 20000g for 35min and then sEVs were isolated by ultracentrifugation at 110000 g for 70 min. Following washed with PBS by using the same ultracentrifugation conditions, the sample was re-suspended in PBS.

Morphology of sEVs was observed with a transmission electron microscope (TEM) (HT7700, Japan). The particle size distribution of sEVs was analyzed with Nano-ZS ZEN 3600 (Malvern Instruments, UK). SEVs concentration was measured by BCA protein assay kit. For sEVs tracing, after incubation with 15μg/ml PKH26-labeled sEVs for 6 hours, RAW264.7 cells labeled by CFSE were washed with PBS and then observed with confocal microscope.



Proliferation Viability and Migration Assays

RAW264.7 cells (5×104/ml) were incubated in 96-well plates with or without sEVs for 1, 2, 3 and 4 days. After incubation with CCK-8 solution for 1 hour, optical density was determined at 450 nm.

RAW264.7 cells (1×104 cells/ml) were pre-treated for 24 hours with sEVs (15μg/ml). Then cells were seeded into the upper chambers of 24-well transwell (8μ-pore filters) with 200μl FBS-free DMEM, whereas the lower chamber was filled with 500μl DMEM containing 10% FBS. Filters were fixed with PFA after 12 hours incubation. Cells that traversed to the reverse face were stained with crystal violet, photographed and counted.



Preparation of Bone Marrow Macrophages (BMMs)

BMMs were isolated from femur and tibia marrow of 5 weeks old C57BL/6 female mice. Briefly, bone marrow cells were flushed from the femur and tibia with DMEM. After 24 hours incubation, non-adherent cells were collected and slowly layered on Ficoll-Hypaque gradient and centrifuged at 440g for 30 minutes at 4°C. Cells at the gradient interface were classified as BMMs. BMMs were cultured in DMEM containing 10% FBS and 30ng/ml M-CSF at 37°C in a humidified 5% CO2.



Osteoclast Differentiation Assay and Fibrous Actin (F-actin) Ring

RAW264.7 cells (1×104/ml) and BMMs (1×105/ml) were seeded into 96-well plate with DMEM containing 10% FBS and 50ng/ml RANKL. 30ng/ml M-CSF was used for BMMs growth. SEVsoligos from OS cells which were transfected with miR-19a-3p oligos including miR-19a-3p mimics-NC, mimics, inhibitor-NC and inhibitor (GenePharma, Jiangsu, China) were incubated with cells respectively. Every 2 days, the medium was replenished and osteoclasts were formed at 4-6 days. Then cells were stained with TRAP kit or TRITC Phalloidin according to instruction.



Resorption Pit Assay

Calcium phosphate cements have been identified previously as synthetic biomimetic materials to investigate the osteoclast function (21, 22). Firstly, 96-well plates were incubated by simulated body fluid (SBF) containing 50% tris buffer (50nM, PH=7.4), 25% calcium stock solution (25mM CaCl2, 1.37M NaCl, 15 mM MgCl2 · 6H2O) and 25% phosphate stock solution (11.1 mM Na2HPO4, 42 mM NaHCO3) for 3 days with daily refreshment. Secondly, Calcium phosphate solution (CPS) was prepared by mixing 2.25 mM Na2HPO4, 4 mM CaCl2 and 0.14M NaCl in tris buffer. CPS was added to 96-well plates for 1day. Finally, plates were washed, dried at 37°C and sterilized with ultraviolet for 1 hour. Prior to use, plates were incubated with 100μl FBS for 1 hour.

RAW264.7 cells and BMMs were induced in plates above. After 7 days, plates were treated with 1 M sodium chloride containing 0.5% Triton100 to remove cells. Images were recorded and the relative area of pits was quantified by Image-Pro Plus 6.0 (Media Cybernetic, USA).



Microarray Analysis

OS transcriptome microarray data (GSE87624) obtained from Gene Expression Omnibus (GEO) were utilized to identify the differentially expressed genes (DEGs) related to OS with Limma package of R language. The Gene oncology (GO) enrichment analysis was conducted with DAVID 6.8 to predict the potential functions and enrichment degree of DEGs in biological processes (BP), cellular components (CC) and molecular functions (MF). Additionally, the genes associated with tumorigenesis and progression in OS were analyzed by the DisGeNET database. Protein–protein interaction (PPI) network among DEGs was performed through STRING database. The database of miRDB, miRtarbase, RegRNA2.0 and TargetScan were used to predict the miRNAs that target PTEN.



Dual-Luciferase Reporter Gene Assay

PTEN plasmids (pGL3) encoding wild or mutant 3′UTR were co-transfected with miR-19a-3p oligos into 293E cells. Highgene transfection reagent (abclone, Hubei, China) was used as the transfectant. After 48 hours transfection, luciferase activity was measured by Dual-Luciferase Reporter Assay Kit (Promega, Madison, USA). The sequence of synthesized oligonucleotides was listed (Table 1).


Table 1 | Sequences of the synthesized oligonucleotides.





Quantitative Real-Time PCR Analysis

Total RNA was extracted by Trizol reagent. mRNA and miRNA were reverse transcribed with the PrimeScript™RT reagent Kit with gDNA Eraser and miRNA first strand cDNA synthesis (Sangon Biotech, Shanghai, China) respectively. The primer sequences were designed and synthetized (Table 2). Quantitative real-time PCR (qRT-PCR) was conducted with SYBR Premix Ex Taq™ II. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or U6 was used to respectively normalize the mRNA expression or miRNA expression. The data were compared to normalized control values.


Table 2 | Sequences of quantitative PCR primers.





Western Blot Assay

Cells or sEVs were lysed with radioimmunoprecipitation lysis buffer containing protease and phosphatase inhibitor on ice. The protein concentration was measured by BCA assay. Western blot analyses were performed using 10% SDS-PAGE and 0.45μm polyvinylidene fluoride membranes. The membranes were incubated with primary antibody overnight at 4°C. Following incubating with anti-mouse/rabbit secondary antibody, the signals were detected with chemiluminescence (Bio-Rad, Singapore). The results were normalized to β-actin level.



Tumorigenicity Assay in Nude Mice

The study was approved by the Ethics Committee of the Hospital of Stomatology at Wuhan University (approval numbers: S07918110A). PBS or K7M2 cells (5×106) in 100μL PBS was injected subcutaneously into the right flank of the female BALB/c nude mice (n=5/group). All mice were raised in a SPF animal laboratory and randomly grouped. After 6 weeks, the blood was collected from the heart, followed the sEVs were extracted. After micro-CT analysis, the femurs and tibias were sectioned for Hematoxylin and Eosin (HE) and TRAP staining according to instructions.



Micro–computed Tomography (CT) Scanning and Analysis

Femurs were scanned using a Skyscan 1176 micro-CT instrument (Broker, Kontich, Belgium) at a voxel size of 9μm. The volume of interest was above 0.5 mm from the growth plate of distal femur and the region of interest (ROI) in trabecular bone was manually defined as a constant threshold (50-100). subsequently, parameters within ROI were evaluated including bone volume per tissue volume (BV/TV), trabecular number (Tb. N), connectivity density (Conn. Dn), and bone surface (BS).



Statistical Analyses

The independent experiments were performed in triplicate. Results were analyzed by SPSS software (SPSS, Chicago, USA). All quantitative data were presented as mean ± SEM from triplicates of independent experiments. Statistical comparisons were performed by student’s t-tests if the data is normally distributed (The normality test was (alpha=0.05) conducted with Shapiro-Wilk test) and the non-parametric should be used in other cases. Differences with values were considered statistically significant when P<0.05.




Results


OS Cell-secreted sEVs Promote Osteoclast Differentiation and Function

The sEVs from OS cells were purified by differential centrifugation and verified. After nanovesicles negative staining, sEVs (red arrow) exhibited as a typical cup-shaped morphology by TEM (Figure 1A). According to MISEV2018, EV subtypes smaller than 200 nm are defined as sEVs (12). In our study, the nanovesicles distribution was within 200 nm, which was consistent with the size range of sEVs (Figure 1B). The marker proteins including Hsp90, Tsg 101 and CD63 were expressed in these nanovesicles and cell lysis, whereas calnexin was only expressed in cell lysis (Figure 1C). SEVs tracing assay showed that the red fluorescence was observed in cytoplasm, indicating the internalization of sEVs in RAW264.7 cells (Figure 1D).




Figure 1 | OS cell-secreted sEVs promote osteoclast differentiation and function. (A, B) SEVs released by OS cells were identified by using TEM (red arrow) and dynamic light scattering analysis. (C) Western blot analysis of markers: Calnexin, Hsp90, Tsg101, and CD63. (D) The uptake of PKH26-labeled sEVs by CFSE-labeled RAW264.7 cells observed under confocal microscope. (E) Proliferation viability of RAW264.7 cells detected by CCK-8 at 1, 2, 3 and 4 days in the presence or absence of sEVs. Optical density was measured at 450 nm. (F) Transwell migration assays of RAW264.7 cells untreated or pretreated for 24 hours with 15μg/ml of sEVs. (G) Representative images showing the osteoclastogenesis stained with TRAP kit, podosome belts stained with TRITC Phalloidin kit and hydroxyapatite resorption studied with resorption pit assay in each group and corresponding statistics. During the osteoclastic formation, RAW264.7 cells were treated with 15μg/ml of sEVs. After 4 days induction, the cells were TRAP and TRITC Phalloidin stained, and after 7 days, resorption pits were detected. (H, I) Representative qRT-PCR and Western Blot results of the effects of K7M2 cells’ sEVs on MMP-9 and CTSK expression. RAW264.7 cells were stimulated with RANKL (50 ng/mL) in the absence or presence of sEVs for 4 days before RNA and protein collection. Values are mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01.



CCK8 assay showed that there was no obvious distinction between groups (Figure 1E). Migration assay revealed that pretreatment of K7M2 cells’ sEVs increased the migratory attitudes of RAW264.7 cells (The number of migrated RAW264.7 cell: CON vs sMVs=3704 ± 127.6 vs 7139 ± 246.9, p<0.01) (Figure 1F).

To determine the effect of sEVs on osteoclastogenesis and function, RAW264.7 cells were treated with sEVs from K7M2 cells. SEVs treatment significantly increased osteoclast number in RAW264.7 cells (Figure 1G). Rhodamine phalloidin staining exhibited the formation of well-defined podosome belts in mature osteoclasts, and larger osteoclasts with more nuclei were observed after sEVs treatment. Besides, treatment with sEVs statistically increased the resorption area and the expression of MMP-9, CTSK (Figures 1H, I).



PTEN and miR-19a-3p are involved in OS

The expression dataset of OS (GSE87624) was downloaded and analyzed in order to obtain DEGs in OS. There were 2670 DEGs in total. As shown in Figure 2A, GO enrichment analysis resulted variedly from GO classification and expression change of DEGs. As to BP, CC, MF, the DEGs markedly enriched in multiple terms and some of them are associated with bone metabolic process which is regulated by osteoblastic bone formation and osteoclastic bone resorption such as skeletal system morphogenesis, microtubule cytoskeleton organization, cell differentiation and energy metabolism. Therefore, it was proposed that DEGs in OS may participate in osteoclast formation and activation. To investigate the molecules associated with osteoclastogenesis in OS, the known genes related to OS (score > 0.05) from DisGeNET were intersected with DEGs, which confirmed 16 intersected genes (Figure 2B). PPI network showed a core position of PTEN (Figure 2C). Then, K7M2 cells’ sEVs treatment resulted in decreasing the expression of PTEN and activating AKT phosphorylation during the osteoclastogenesis (Figures 2D, E).




Figure 2 | PTEN and miR-19a-3p are involved in OS. (A) GO enrichment analysis of DEGs in expression dataset of OS (GSE87624). The representative terms in BP, CC and MF were listed. X-axis represents the GO term. The left Y-axis represents the -Log10 (P Value) and the right Y-axis represents the count of genes. (B) The intersection of DEGs and the genes related to OS. The data DEGs was obtained from GSE87624 and the genes related to OS were from DisGeNET. (C) Interaction network among predicted OS-related DEGs. (D) QRT-PCR analysis of PTEN expression. (E) Western Blot analysis of the effects sEVs on p-AKT, AKT and PTEN expression. (D, E) were performed with RAW264.7 cells stimulated with RANKL in the absence or presence of K7M2 cells’ sEVs for 4 days. Values are mean ± SEM of three independent experiments. **P < 0.01.





miR-19a-3p Targets 3’UTR of PTEN

To predict miRNAs that target the PTEN, the bioinformatics analysis was applied based on databases including miRDB, miRtarbase, RegRNA2.0 and TargetScan and the results revealed that the PTEN gene was targeted by four miRNAs including miR-301a-3p, miR-19a-3p, miR-19b-3p and miR-466q (Figure 3A). miR-19a-3p is overexpressed in OS and there were some reports about the function of miR-19a-3p in the biological behavior of OS cells (15). However, the role of miR-19a-3p in osteoclastogenesis remains poorly understood. In our study, qRT-PCR showed that the miR-19a-3p was abundant in OS cells (K7M2)-secreted sEVs (Figure 3B). Treatment with sEVs increased the expression of miR-19a-3p during the osteoclastogenesis (Figure 3C). As shown in Figure 3D, PTEN 3’UTR contained potential miR-19a-3p binding sites. Dual-luciferase reporter assay revealed that the activity of firefly luciferase was significantly suppressed in 293E cells co-transfected with the miR-19a-3p mimics and the wild-type 3’UTR of PTEN whereas co-transfection with miR-19a-3p inhibitor and wild-type 3’UTR of PTEN enhanced the luciferase activity (Figures 3E, F).




Figure 3 | miR-19a-3p targets 3’UTR of PTEN. (A) Putative miRNAs that target the PTEN. The bioinformatics analysis was applied based on miRDB, miRtarbase, RegRNA2.0 and TargetScan. (B) The expression of predicted miRNA in sEVs derived from K7M2 cells determined by qRT-PCR. (C) qRT-PCR analysis of the effect of sEVs on miR-19a-3p expression after 4 days induction of RAW264.7 cells. (D) The miR-19a-3p binding site in PTEN 3’UTR. (E, F) Analysis of luciferase activity. 293E cells were co-transfected with the miR-19a-3p oligos and the wild-type or mutated type 3’UTR of PTEN, and luciferase activity was detected after 48 hours. Values are mean ± SEM of three independent experiments. **P < 0.01.





miR-19a-3p Enhances Osteoclastogenesis and Activation Through PI3K/AKT Signaling Pathway

The effect of miR-19a-3p on osteoclast differentiation and activation was analyzed. The results indicated an augment of miR-19a-3p after 24 hours post transfection with mimics (Figure 4A). Overexpression of miR-19a-3p enhanced the number of osteoclasts, the size of podosome belt and the area of resorption (Figure 4B). After induction of RAW264.7 cells transfected with mimics, miR-19a-3p was high expression while PTEN was down-regulation (Figure 4C). As shown in Figures 4C, D, up-regulation of miR-19a-3p elevated the transcription and translation level of MMP-9, CTSK. Besides, PTEN protein level was reduced in the presence of miR-19a-3p mimics, whereas the p-AKT protein was increased (Figure 4D). In contract, miR-19a-3p was inhibited with the transfection of inhibitor after 24 hours (Figure 4E). After induction of RAW264.7 cells transfected with inhibitor, osteoclast number, podosome belt size and resorption area both were suppressed (Figure 4F). QRT-PCR revealed that miR-19a-3p was down-regulation while PTEN was up-regulation (Figure 4G). Simultaneously, the expression of MMP-9, CTSK were suppressed (Figures 4G, H). Besides, the protein level of PTEN was increased in the presence of miR-19a-3p inhibitor while the p-AKT was decreased (Figure 4H). As shown in Figure 4I, p-AKT was down-regulation in RAW264.7 cells transfected with PTEN. Notably, p-AKT was markedly decreased following the transfection of both miR-19a-3p and PTEN compared to transfection of miR-19a-3p alone. Base on the above results, miR-19a-3p could activate the PI3K/AKT signaling pathway by down-regulation of PTEN.




Figure 4 | miR-19a-3p enhances osteoclastogenesis and activation through PI3K/AKT signaling pathway. (A) Transfection efficiency of miR-19a-3p mimics in RAW264.7 cells. miR-19a-3p expression was analyzed by qRT-PCR after 24 hours post transfection with mimics. (B) Representative images showing the osteoclastogenesis, podosome belts and hydroxyapatite resorption in each group and corresponding statistics. (C, D) Representative qRT-PCR and Western Blot analysis of miR-19a-3p, PTEN, MMP-9, CTSK, p-AKT and AKT expression. RAW264.7 cells transfected with miR-19a-3p mimic-NC or mimics were stimulated with RANKL (50 ng/mL) for 4 days before RNA and protein collection. (E) QRT-PCR analysis of miR-19a-3p level in RAW264.7 cells after 24 hours post transfection with inhibitor-NC or inhibitor. (F) Representative images showing the osteoclastogenesis, podosome belts and hydroxyapatite resorption in each group and corresponding statistics. (G, H) Representative qRT-PCR and Western Blot results of the effects of miR-19a-3p inhibitor on miR-19a-3p, PTEN, MMP-9, CTSK, p-AKT and AKT expression. RAW264.7 cells transfected with miR-19a-3p inhibitor-NC or inhibitor were stimulated with RANKL (50 ng/mL) for 4 days before RNA and protein collection. (I) AKT protein level and phosphorylation level in RAW264.7 cells transfected with PTEN-vector and/or miR-19a-3p mimics. Western Blot analysis was conducted after transfection 48 hours. Values are mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01.





SEVs’ miR-19a-3p Promotes Osteoclastogenesis and Activation

As shown in Figure 5A, sEVs from OS cells transfected with FAM-tagged miR-19a-3p mimics were further labeled with PKH26 and then incubated with RAW264.7 cells. Both FAM and PKH26 fluorescence were observed around the nuclear. However, no FAM or PKH26 fluorescence was observed in cells treated with non-labeled sEVs or naked FAM-tagged miR-19a-3p. Thus, OS cell-secreted sEVs’ miR-19a-3p could be internalized by RAW264.7 cells.




Figure 5 | SEVs’ miR-19a-3p promotes osteoclastogenesis and activation. (A) uptake of sEVs from OS cells transfected with FAM-tagged miR-19a-3p. (B) QRT-PCR analysis of miR-19a-3p level in K7M2 cells’ sEVsmimics-NC and sEVsmimics. (C) Representative images showing the osteoclastogenesis, podosome belts and hydroxyapatite resorption in each group and corresponding statistics. (D, E) Representative qRT-PCR and Western Blot results of the effects of K7M2 cells’ sEVsmimcs on miR-19a-3p, PTEN, MMP-9, CTSK, p-AKT and AKT expression. RAW264.7 cells treated with K7M2 cells’ sEVsmimics-NC or sEVsmimics were stimulated with RANKL (50 ng/mL) for 4 days before RNA and protein collection. (F) QRT-PCR analysis of miR-19a-3p level in K7M2 cells’ sEVsinhibitor-NC and sEVsinhibitor. (G) Representative images showing the osteoclastogenesis, podosome belts and hydroxyapatite resorption in each group and corresponding statistics. (H, I) Representative qRT-PCR and Western Blot results of the effects of K7M2 cells’ sEVsinhibitor on miR-19a-3p, PTEN, MMP-9, CTSK, p-AKT and AKT expression. RAW264.7 cells treated with K7M2 cells’ sEVsinhibitor-NC or sEVsinhibitor were stimulated with RANKL (50 ng/mL) for 4 days before RNA and protein collection. (J) Representative images showing the osteoclastogenesis differentiated from BMMs in each group and corresponding statistics. Values are mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01.



QRT-PCR showed that miR-19a-3p was higher expression in K7M2 cells sEVsmimics compared to sEVsmimics-NC (Figure 5B). Treatment with sEVsmimics efficiently potentiated the osteoclast number, podosome belt size and resorption area (Figure 5C). As shown in Figure 5D, miR-19a-3p was up-regulation while the PTEN was down-regulation upon the treatment with sEVsmimics. Meanwhile, the expression of MMP-9 and CTSK were increased (Figures 5D, E). PTEN protein was reduced after treatment with sEVsmimics, while p-AKT protein was increased (Figure 5E). Conversely, sEVsinhibitor contained less miR-19a-3p (Figure 5F) and significantly decreased the osteoclast number, podosome belts size and resorption area (Figure 5G). The expression of MMP-9 and CTSK in transcription and translation level were decreased (Figures 5H, I). Besides, treatment with sEVsinhibitor upregulated the expression of PTEN but downregulated the phosphorylation of AKT (Figure 5I). To confirm the effects of sEVs’ miR-19a-3p on osteoclast differentiation, similar experiments were conducted using another model of osteoclast generation: mouse BMMs (Figure 5J). Obviously, sEVs efficiently potentiated the formation of osteoclast and sEVsmimics further potentiated the effect, whereas sEVsinhibitor largely abrogated this promotional effect.

Furthermore, miR-19a-3p was abundant in MG63 and HOS cells-secreted sEVs (Supplementary Figure A). SEVs derived from MG63 and HOS cells efficiently increased the number of osteoclast and sEVsmimics further potentiated the effect, whereas sEVsinhibitor largely abrogated this promotional effect (Supplementary Figures B, C).



The sEVs’ miR-19a-3p from OS Mice Results in Osteopenia In Vivo

The OS models were established by injecting subcutaneously K7M2 cells (Figure 6A). The blood level of sEVs’ miR-19a-3p in OS mice was evidently higher than control mice (Figure 6B). Micro-CT of femurs revealed osteopenia in OS mice (Figure 6C). Namely, Bone parameters including BV/TV, Tb. N, Conn. Dn, and BS were all lower in OS group (Figure 6C). Consistently, histological examination displayed the osteopenia in OS mice (Figure 6D). BV/TV were lower and Tb. Sp were larger in OS mice although there was no statistical difference in Tb. Th (Figure 6D). Furthermore, N.Oc/BS and Oc.S/BS in sections were analyzed and there was a marked increase in the number of osteoclast in OS mice (Figure 6E).




Figure 6 | The sEVs’ miR-19a-3p from OS mice results in bone osteopenia in vivo. The mice were randomly divided into two groups (N=5 per group): Normal group and OS group. (A) Schematic illustration of the establishment of OS model and the experimental design. (B) Representative qRT-PCR analysis of the blood level of sEVs’ miR-19a-3p in normal and OS mice. (C) Representative micro-CT images showing the bone loss in OS femur and the analysis of parameters regarding bone microstructure, including bone volume per tissue volume (BV/TV), trabecular number (Tb. N), connectivity density (Conn. Dn), and bone surface (BS). (D) Representative images of HE staining of decalcified bone sections and quantitative analyses of BV/TV, Tb. Th and Tb. Sp in tissue sections. (E) Representative images of TRAP staining of decalcified bone sections and quantitative analyses of N.Oc/BS and Oc.S/BS in tissue sections. Values are mean ± SEM from five mice data per group. *P < 0.05, **P < 0.01.






Discussion

OS is clinically characterized by extensive bone destruction and metastasis in which osteoclasts play essential roles (23–26). It was reported that osteoclasts are responsible for bone destruction and metastasis in bone metastases (5). Herein, osteoclast could be a target both in bone destruction and cancer progression. OS, deriving from mesenchymal tissue, could produce RANKL to regulate osteoclast differentiation and activation (8). However, it is unclear whether there are additional approaches for the OS cell-osteoclast communication. SEVs, with enclosed lipid bilayer membrane, could stably transport and efficiently deliver biologically active molecules such as mRNAs, miRNAs to recipient cells. Raimondi L et al. reported that exosomes isolated from three OS cell lines induced osteoclast differentiation (27). Our results confirm that sEVs derived from OS cells could be absorbed by pre-osteoclasts further promoting the osteoclast differentiation and resorption. Whereas the related mechanism remains incompletely understood.

According to the bioinformatics analysis, PTEN was located at the core position among DEGs in OS. Consequently, PTEN may act as a crucial regulator in OS progression. It was reported that PTEN expression was negatively associated with OS metastasis and survival (28). Besides, Blüml S showed that PTEN (-/-) displayed increased osteoclast number and bone resorption, indicating the negative regulation of osteoclastogenesis and function by PTEN (29). Interestingly, our results exhibited a decrease of the PTEN expression in osteoclasts after treatment with sEVs. Therefore, we convinced that sEVs could promote osteoclast formation and function by delivering biologically active molecules into RAW264.7 cells and further down-regulating the expression of PTEN. Previous studies have suggested that PTEN can be directly targeted by multiple miRNAs such as miR-214, miR-142-5p, and affect the osteoclast differentiation and function (30, 31). miR-19a-3p is overexpressed in OS and there were some reports about the facilitating function of miR-19a-3p in the biological behavior of OS cells including proliferation, migration, invasion and metastasis (16). The negative role of miR-19a-3p in OS cells’ apoptosis was also reported (32). Zhang B et al. demonstrated that downregulation of miR-19a-3p enhanced the chemosensitivity of OS cells by elevating the expression of PTEN (33). Besides, it is well known that the overexpression of miR-19a-3p is an underlying risk of poor prognosis in many human malignancies, especially in osteosarcoma (34, 35). Elevated miR-19a-3p expression is associated with the potential of lymph node metastasis (34, 35). Moreover, recent study highlighted the positive role of miR-19a-3p in osteoblast differentiation by targeting Hoxa5 (36). However, the role of miR-19a-3p in osteoclastogenesis remains poorly understood. Our studies showed that miR-19a-3p promoted osteoclast differentiation and function by targeting and down-regulating PTEN. Herein, due to the promotion of miR-19a-3p in bone resorption and OS progression, miR-19a-3p may be a promising target for OS therapy.

Studies have proved that PTEN is a potent inhibitor of PI3K/AKT signaling cascade. Tian K et al. demonstrated that miR-23a plays a positive effect on migration and invasion through PI3K/AKT pathway via suppressing the expression of PTEN in OS (37). Consistently, our study showed that miR-19a-3p activated PI3K/AKT signaling pathway through suppressing the expression of PTEN. The above findings were further supported by the study reported by Adapala NS et al., which suggested that the activation of PI3K/AKT signaling pathway leads to the increase in osteoclast formation and resorption in vitro (38).

Furthermore, we also showed that miR-19a-3p was high expression in OS cell-derived sEVs and could be delivered into RAW264.7 cells by sEVs. Treatment with sEVsmimics enhanced the osteoclast formation, resorption and the expressions of MMP-9, CTSK. Simultaneously, sEVsmimics inhibited the expression of PTEN and increased the phosphorylation of AKT. However, these effects were inversed when RAW264.7 cells were treated with sEVsinhibitor. From the above results, we convinced that sEVs derived from OS cells could promote osteoclast differentiation and function via miR-19a-3p targeting PTEN/PI3K/AKT signaling pathway. Besides, the conclusion was confirmed by the model of BMMs.

Lim JS found that 47.5% patients had osteoporosis and 30.0% had osteopenia and the regions affected covered femur neck of OS site unaffected femur neck, lumbar spine, and total body (39). Besides, Holzer et al. reported that 65% OS patients who received chemotherapy had BMD deficits in 16 ± 2.2 years follow-up from diagnosis (40). In this study, we established OS mice model to investigate the effect of OS on osteoclastogenesis and the osteoclastic bone resorption by injecting subcutaneously K7M2 cells into the flank of nude mice excluding the direct effect of OS cells on bone microstructure. In our study, the blood sEVs’ miR-19a-3p was higher in OS mice than normal. Micro CT exhibited the osteopenia in OS mice and the histological examination showed the decrease in bone parameters and the increase in the number of osteoclasts in femur. Above all, we demonstrated that blood sEVs’ miR-19a-3p derived from OS could be considered as a crucial factor in osteoclastogenesis and bone destruction, and we clarified the associated mechanism in vitro study. However, we cannot precisely regulate the expression of sEVs’ miR-19a-3p in OS model to further verify the results due to the limitation of the current technology in vivo and this will be the focus of our future research.

Given the significant role of osteoclast in bone destruction and OS progression, sEVs’ miR-19a-3p becomes a potential target for the treatment of OS. Recently, it has emerged that osteoclasts play a crucial role in local OS growth and metastasis. Therefore, additional studies should be performed to explore the effect of osteoclasts on OS progression.



Conclusion

In conclusion, our study demonstrated that OS cell-derived sEVs could deliver miR-19a-3p to promote osteoclast differentiation and function resulting in bone destruction through PTEN/PI3K/AKT signaling pathway (Figure 7). This finding provides a novel potentially therapeutic target against OS and may present a new target for the treatment of bone metastasis in cancers.




Figure 7 | Schematic model for the promotion of sEVs derived from OS cells on osteoclast differentiation and function. OS cells deliver sEVs packaging miR-19a-3p into pre-osteoclasts. Subsequently, sEVs’ miR-19a-3p targets PTEN and down-regulates the expression of PTEN resulting in the activation of phosphorylation of AKT. Consequently, osteoclast differentiation and function are promoted.
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The chemokine receptor 4 (CXCR4) and 7 (CXCR7) are G-protein-coupled receptors (GPCRs) activated through their shared ligand CXCL12 in multiple human cancers. They play a key role in the tumor/tumor microenvironment (TME) promoting tumor progression, targeting cell proliferation and migration, while orchestrating the recruitment of immune and stromal cells within the TME. CXCL12 excludes T cells from TME through a concentration gradient that inhibits immunoactive cells access and promotes tumor vascularization. Thus, dual CXCR4/CXCR7 inhibition will target different cancer components. CXCR4/CXCR7 antagonism should prevent the development of metastases by interfering with tumor cell growth, migration and chemotaxis and favoring the frequency of T cells in TME. Herein, we discuss the current understanding on the role of CXCL12/CXCR4/CXCR7 cross-talk in tumor progression and immune cells recruitment providing support for a combined CXCR4/CXCR7 targeting therapy. In addition, we consider emerging approaches that coordinately target both immune checkpoints and CXCL12/CXCR4/CXCR7 axis.
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Introduction

Chemokines are small chemoattractant molecules that control cell migration, proliferation and survival in physiological and pathological processes including cancer (1). They are divided into CC, CXC, XC and CX3C subfamilies based on their cysteine motif (2) and are functionally categorized as inflammatory (CXCL1, CXCL2, CXCL3, CXCL5, CXCL7, CXCL8, CXCL9, CXCL10, CXCL11, and CXCL14) and homeostatic chemokines (CCL14, CCL19, CCL20, CCL21, CCL25, CCL27, CXCL12 and CXCL13) (3). Chemokines act on chemokine receptors, G-protein coupled-7 transmembrane receptors (GPCRs) grouped according to chemokines nomenclature (CCR, CXCR, XCR and CX3CR) (2). About 50 chemokines and 23 human chemokine receptors have been identified (4) including the atypical chemokine receptors (ACKRs), unable to trigger the canonical G protein-signaling and thus called decoys, scavengers or interceptors. Four molecules are included in the ACKR subfamily: ACKR1, or duffy antigen receptor for chemokines (DARC); ACKR2, or D6 or CCBP2; ACKR3, also called CXC-chemokine receptor 7 (CXCR7) or RDC1; and ACKR4, or CC chemokine receptor-like 1 (CCRL1) (5). In TME, both immune cells and stromal cells, express chemokines that regulate tumor vascularization and invasion (6). Herein, the focus is on the CXCL12 that activates CXCR4 and CXCR7. CXCL12, initially known as stromal-derived factor 1 (SDF-1), encoded on chromosome 10q11, is a homeostatic chemokine secreted in lymph nodes, kidney, brain, colon, lung and liver by stromal cells, fibroblasts and epithelial cells in six different isoforms. CXCL12 regulates adhesion of tumor cells with laminin, fibrinogen, stromal cells and endothelial cells (ECs) by activating cell surface adhesion molecules (7, 8). CXCR4 is a co-receptor for Human Immunodeficiency Virus (HIV)-1 entry (9) and binds solely CXCL12, while CXCR7 binds with high affinity CXCL12 and with lower affinity CXCL11 that is also involved in CXCR3 binding (10). CXCL12/CXCR4 axis controls bone marrow (BM) hematopoietic stem cells (HSCs) trafficking (11). CXCL12 transcript and protein levels change periodically in BM with light/dark cycles regulating the retention/mobilization in and from BM of CXCR4-positive HSCs; these cells leave BM during sleep when CXCL12 levels are low and return to BM when CXCL12 increases (12). CXCR7 contributes to the circadian oscillations of CXCL12 within BM and to the neutrophils cycles (13). CXCL12/CXCR4/CXCR7 axis plays a role in cancer regulating cell migration and proliferation, as well as angiogenesis (14). Although molecules targeting CXCR4/CXCR7 have been developed for preclinical and clinical studies in cancer (15), efforts are needed to develop specific and efficient drugs that target both tumor and TME. In this review, we focus on the contribution of the CXCL12/CXCR4/CXCR7 axis in signaling in tumor/TME cells and we evaluate the possible combined targeting of CXCR4 and CXCR7.



CXCL12/CXCR4/CXCR7 Axis

CXCR4 is a seven-span transmembrane domains (352 amino acids, 48 kDa) GPCRs encoded on chromosome 2.1 (16, 17). CXCR4 is considered a key molecule for normal development as the CXCR4−/− knock-out mice die before birth (18). CXCR4 −/− knock-out mice show a very low number of mature B and T cells in lymphoid organs and a compromised vascularization in the intestines, stomach, heart and ventricular septal defect that occurs during embryogenesis (19). CXCL12 binding to CXCR4 triggers multiple signal transduction pathways that regulate intracellular calcium flux, chemotaxis, transcription and cell survival (20). CXCL12-CXCR4 forms a complex with the Gαi subunit G protein, inhibiting the adenylyl cyclase–mediated cyclic adenosine monophosphate production and promoting mobilization of intracellular calcium. Gαi subunit dissociates from Gβγ activating Akt, JNK, MEK and ERK1/2 effectors (21). In addition, Gα subunit activates Ras and Rac/Rho pathways, leading to the phosphorylation of ERK and P38 proteins, respectively. CXCR4 homodimerization results in G protein independent activation of the JAK/STAT pathway promoting polarization and chemotactic responses (22). When CXCL12 binds CXCR4, the receptor is modified by ubiquitination before the endocytosis and lysosomal degradation. CXCR4 is desensitized by G proteins uncoupling via GPCR kinase (GRK)-dependent phosphorylation and interaction with β –arrestin (23). CXCR7 plays a role in the central nervous system (24), angiogenesis (25), neurogenesis (26) and cardiogenesis (27). Although CXCR7 −/− knock-out mice show a normal hematopoiesis, they die perinatal due to heart malformation, disturbed lymphangiogenesis and cardiomyocyte hyperplasia (28). Initial studies in zebrafish embryos convincingly show a key role of CXCR7 in progenitor cell migration during embryo- and organo-genesis. CXCR7 sequesters CXCL12 from non-target area permitting the correct CXCR4 positive cell migration (29). Without CXCR7, the required CXCL12 gradient for a directional migration is missing thus the migrating cells still respond to CXCL12 but end in undesirable areas (30). CXCR7, as well as CXCR4, is necessary for the correct migration of interneurons and neuronal development and their subcellular location is different: CXCR4 in the plasma membrane and CXCR7 in intracellular recycling endosomes (31). CXCR7 controls CXCL12 signaling in cortical astrocytes and Schwann cells that also express CXCR4. CXCL12-mediated stimulation of astrocytes activates ERK1/2, Akt but not p38, while in Schwann cells CXCL12 activates p38, ERK1/2 and Akt (32). Studies suggest that CXCR7 internalizes CXCL12 and/or CXCL11 inducing intracellular pathways, such as Akt, MAPkinase (MAPK) and JAK/STAT3, through β-arrestin (10) or in heterodimers with CXCR4 (33). CXCR4/CXCR7 complex recruits β-arrestin and activates downstream cell signaling (ERK1/2, p38, SAPK/JNK), inducing cell migration in response to CXCL12 (10). Overall, the CXCR7 signaling relies on cellular context and on relative expression as compared to CXCR4.



Role of CXCL12-CXCR4/CXCR7 in Cancer

An active CXCL12/CXCR4 pathway is considered a feature of aggressive tumors (34) as it positively correlates with tumor size (17), grading (16), tumor recurrence (35, 36), poor prognosis and patient survival (17, 37, 38). CXCL12/CXCR4 overexpression has been reported in a wide range of tumors such as prostate, brain, breast, lung, liver, colon, ovary and pancreas (39–42). In breast cancer, CXCR4 overexpression promotes tumor cell dissemination to the lungs and lymph nodes (43) while in melanoma, CXCR4 induces lung metastases but not lymph nodes dissemination (44). In non-small cell lung cancer, high CXCR4 expression enhances cellular motility and invasion via Epidermal Growth Factor Receptors (EGFRs) and Matrix Metallopeptidase 9 (MMP-9) (45). Also CXCR7 is overexpressed in numerous tumors such as liver, cervical, colon, breast, and pancreatic cancer (46). CXCR7 acts on tumor progression and metastases at different levels upon interaction with endogenous ligands, including CXCL12, CXCL11 and the Macrophage Inhibitory Factor (MIF) (13). The pro-tumorigenic activity of CXCR7 is presumably linked to the interplay with membrane receptors such as estrogen receptor (ER) and EGFR (47, 48). CXCR4 signaling activates mTOR pathway in pancreatic, gastric and renal cancer (49–51). In ovarian cancer, estrogen induces CXCR7 expression that promotes tumor cell migration, invasion and epithelial-mesenchymal transition (EMT) through CXCL11 (52) while CXCL12-stimulated EMT depends on CXCR4, suggesting a context-independent contribution of CXCR7 to EMT-signaling (36). CXCR7 mRNA and protein are overexpressed in colorectal cancer patients and correlate to disease stage and distant metastasis (53). In cervical cancer, high CXCR7 independently correlates to shorter disease-specific survival and it is positively associated with larger tumor size and lymph nodes metastasis (54). In lung adenocarcinoma, CXCR7 expression is considered a poor prognostic marker promoting tumor growth and transforming growth factor-β (TGF-β) mediated EMT (55). Accordingly, CXCR7 together with CXCR4 predicts worse prognosis in renal cell carcinoma patients (56). Conversely, in rhabdomyosarcoma, CXCR7 expression correlates with a less-metastatic phenotype (57). CXCL12 potentiates CXCR7+/CXCR4+ cancer cell trans-endothelial migration toward CCL19 and CXCL13, chemokines expressed by ECs in the lymph nodes (58). In addition, CXCR7 inhibition sensitizes cells to chemotherapy or radiation in murine brain tumors (6). In neuroblastoma, CXCR4 and CXCR7 expression are different or even opposed, as CXCR7 is observed in neural-associated compartment of differentiated and matured tumors while CXCR4 in highly aggressive and undifferentiated tumors. CXCR4 favors neuroblastoma diffusion to liver and lungs, whereas CXCR7 promotes liver and adrenal gland dissemination, both CXCR4 and CXCR7 increase BM invasion (59). In breast cancer, CXCR7 overexpression decreases intravasation thus reducing metastasis while enhancing primary tumor growth via angiogenesis (60). Hence, the role of CXCR7 in cancer progression is controversial as some reports suggest pro-metastatic responses and others indicate inhibition of metastasis. The CXCR7-mediated pro-metastatic responses may depend on CXCL11 or on higher receptors availability such as ER (47), EGFR (48) or CXCR4 that significantly contribute to tumor growth and metastasis. CXCR7 regulates CXCR4 surface expression by scavenging CXCL12 (61) or by heterodimerize with CXCR4, reducing CXCR4 internalization and degradation (62), or promoting CXCR4 interactions with intracellular effectors (63). On the other hand, in breast cancer CXCR7 promotes cancer proliferation and angiogenesis but reduces tumor cells intravasation (60). Thus, CXCR7, in the context of high CXCR4, improves chemotaxis to CXCL12 but decreases invasion suppressing CXCL12-induced matrix degradation.



CXCL12-CXCR4/CXCR7 in the Tumor Microenvironment

Tumor-derived chemokines are responsible for recruitment of immunosuppressive cells (T regulatory cells (Tregs), myeloid derived suppressor cells (MDSCs), and dendritic cells (DCs) to the tumor niche (64). CXCL12 has an anti-inflammatory role by mediating T cell polarization towards Tregs (65, 66), generating poor functional DCs, and macrophages expressing proangiogenic factors (31). In prostate cancer, high stromal TGF-β induces CXCR4 and activates Akt through stromal CXCL12, thus abrogating the growth-inhibitory responses to TGF-β (67). CXCL12/CXCR4 axis promotes migration and survival of MDSCs in osteosarcoma inhibiting cytotoxic T cell (CTL) expansion and thus controlling tumor growth (68). CXCR7 is highly expressed by tumor associated blood vessels of melanoma, breast and lung cancers, but not by normal vasculature (69). In tumor vascular endothelium, CXCR7 promotes breast, prostate and lung cancer invasive and migratory capability (70). CXCR7 protein is detected in human secondary lymphoid organ-derived B cells, natural killer (NK), basophil and DCs (71, 72). CXCR7 has been reported on CD4+ T cells but not on CD8+ T cells (71). CXCR7 is expressed by lymphocytes and granulocytes in BM and by monocytes, granulocytes, and platelets in peripheral blood. Interestingly, these cells fail to express CXCR7 when isolated from umbilical cord blood (73). In breast cancer, CXCR7 modulates TME-recruiting M2 macrophages through macrophage colony-stimulating factor (M-CSF)/macrophage colony-stimulating factor receptor (MCSF-R) pathway, enhancing tumor growth and metastasis (74). CXCR7/CXCR4 heterodimers promote Monocytic-MDSC (M-MDSCs) and M2-like macrophages in colon cancer turning the TME toward immunosuppression (75). CXCL12/CXCR4/CXCR7 crosstalk in TME is illustrated in Figure 1.




Figure 1 | CXCL12/CXCR4/CXCR7 axis in TME. CXCL12 is responsible for TME suppressive cell populations recruitment. CXCL12 induces vascular permeability and allows tumor cell extravasation, thus promoting the metastatic process. ECs CXCR7-positive promote primary tumor growth through secretion of angiogenic factors, such as VEGF. CXCR4 promotes migration and survival of MDSCs and CXCR7 enhances the infiltration of M-MDSCs. The expression of CXCR4 on Tregs promotes intratumoral migration.. CD8+ T cells express CXCR4. Regulatory B cells are recruited to the tumor by CXCL12/CXCR4 and CXCR7 overexpression is involved in the regulation of B cells development and differentiation. Intratumoral CXCR4+ DCs stimulate cytotoxic T cells. Plasmacytoid DCs express CXCR7.





CXCR4 and CXCR7 in Endothelial Cells

In hepatocellular carcinoma (HCC), CXCR4 is expressed in tumor endothelium sprouting tumor vessels (76) and CXCR4-positive ECs predict sorafenib susceptibility. Monocytes/macrophages-TNF-α induces CXCR4 expression on ECs via Raf-ERK pathway (77). CXCR7 expression, low in the endothelium, is upregulated during inflammation by pro-inflammatory cytokines such as IL-8 (78) or IL-1b (79), by lipopolysaccharide (80) or during infection by oncoviruses (46). CXCR7 is expressed by ECs and tumor endothelial cells (TECs) promoting their migration (81) and survival (82). It is specifically up-regulated by TNF-α treated/inflamed ECs (83, 84) and is strongly induced by hypoxia-inducible factor-1 alpha (HIF-1α) (85). CXCL12 secreted by TECs, compared to normal endothelial cells (NECs), promotes CXCR7-mediated angiogenesis via ERK1/2 suggesting an autocrine/paracrine loop between tumor and TECs (83). Thus, CXCR7 is a promising target for vascular targeted therapies due to its restricted expression and the concomitant effects on leukocytes (e.g., inhibition of immune suppressive Tregs). In contrast, knockout mice with selective depletion of CXCR7 in vascular ECs present more spontaneous lung metastases in “in vivo” breast cancer model, indicating that CXCR7 by sequestration of CXCL12 could limit cancer metastases development (86).



CXCR4 and CXCR7 in Dendritic Cells

DCs are the most potent antigen presenting cells (APCs) in the immune system (87). Immature DCs (iDCs) express CXCR4 to reach inflamed peripheral tissues (88). CXCR4 retains pre-DCs in the BM, CCR2 and CX3CR1 direct migration of pre-DCs to the lung at steady state while CCR2 controls inflammation-directed pre-DCs migration (89). CXCR4 is important for DCs survival, as CXCR4 antagonism reduces mature murine bone marrow-derived DCs (BMDCs) and Langerhans cells (LCs) (90). Plasmacytoid dendritic cells (pDC) secrete type I interferon in response to pathogens while RNA viral natural monoamines/synthetic amines inhibits pDC activation engaging CXCR4 (91). Although CXCR7 mRNA is upregulated in pDCs, it does not correlate with surface protein (71).



CXCR4 and CXCR7 in T-Regulatory Cells

Tregs (CD4+CD25high FoxP3+) are CD4+ T cells with predominantly suppressive activity (5–10% of circulating CD4+ T cells in humans). Tregs impair immune effector cells function via cytokines, direct lysis, inhibitory receptors, metabolic disruption, IL-2 depletion or inducing an immunosuppressive microenvironment (92, 93). Tregs overexpress CXCR4 in advanced cervical cancer (94), malignant pleural mesothelioma (95), ovarian cancer (92) and renal cell carcinoma (96, 97). CXCR4 expression on Tregs correlates with prognosis in ovarian (98), pancreatic (99) and liver cancer (100), or it may not correlate with patient outcome (93, 101). CXCL12 secreted by mesotheliomas attracts CXCR4-positive Foxp3+CD25+ T cell and is associated with the inflammatory response to these tumors (95). HIF pathway promotes Tregs immunosuppressive function through the expression of their lineage transcriptional regulator FOXP3. In the CXCR4-positive Tregs, tumoral CXCL12 enhances recruitment and suppresses the anti-tumor immune response in basal-like breast cancer (102). CXCR7 is minimally detected but functional on the surface of T cells (69).



CXCR4 and CXCR7 in CD8 T Cells

CD8+ T cells positively correlate with good prognosis in breast, colorectal, glioblastoma and cervical cancers. In TME, naïve CD8+ T cells are differentiated into effector CD8+ T cells and further differentiated into cytotoxic and memory CD8+ T cells (103). CXCR4 is highly expressed in BM on both naive and memory CD8+ T cells where regulates homing to the BM in mice (104). CXCR4 in CD8+ T cells (TCXCR4) potentiates migration toward vascular-associated CXCL12-positive cells in the BM. In lymphoma-bearing mice, TCXCR4 potentiates the effector function increasing tumor protection (105). In fresh human pancreatic ductal adenocarcinoma (PDAC) slices treated with programmed cell death protein 1 (PD-1) and CXCR4 blockers, CD8+ T cells expansion and apoptosis is detected (106). CD8+ T cells do not express CXCR7 receptor (71).



CXCR4 and CXCR7 in B Cells

Relatively few B cells are usually found in tumor infiltrates (107). Recent data show that tumor B and plasma cells may exert both pro-tumor and anti-tumor effects depending on the TME, phenotypes of B cells and the relative antibodies production. CXCR4 is expressed at all stages of B cell development in BM from HSCs to mature B cells and plays a major role in the homing of B cell precursors (108). CXCR4 is necessary for developing B cells in the BM but not for mature B cells (109). CXCR4-positive mature B cells home to the BM niche, completing their maturation and staying in contact with CXCL12-expressing BM stromal cells (110). CXCL12/CXCR4 mediates the B regulatory cells recruitment to the tumor inhibiting T cell activity (111). In a spontaneous lymph node metastasis murine breast cancer model, primary tumors induce B cell accumulation in draining lymph nodes. B cells selectively promote lymph node metastasis through pathogenic IgG production that activates the HSPA4-binding protein ITGB5 and the Src/NF-κB pathway in tumor cells for CXCR4/SDF1α-axis-mediated metastasis (112). CXCR7 is expressed in mature B cells and is involved in the regulation of their development and differentiation (69), specifically it is highly restricted to marginal zone B cells and its deletion or CXCR7 specific inhibition, reduces marginal zone B cell numbers and disrupts splenic marginal zone architecture (113). CpG-activated pDCs downregulate CXCR7 expression on primary B cells. CXCR7 expression is required for mature B cells and for the survival and differentiation of the switch memory components, being expressed only in cells that produce antibodies (71). CXCR7 overexpression in Mesenchymal Stem Cells (MSCs) could stimulate regulatory B cells. B cells may negatively regulate tumor immunity and promote tumor progression via IL-10 and TGF-β expression (114).



Targeting the CXCL12/CXCR4/CXCR7 Axis in Combination Therapy

The only approved drug CXCR4 inhibitor is AMD3100 (known as Plerixafor or Mozobil) (115) while multiple antagonists are in different stages of development. CXCR4 antagonists on the field are: (i) modified peptides (BL8040, Balixafortide, FC131); (ii) small-molecules CXCR4 antagonists (AMD3100, AMD11070, MSX-122, GSK812397); (iii) CXCL12 peptide analogs (CTCE-9908, NOX-A12); or (iv) antibodies (MDX-1338/BMS 93656, ALX-0651). BL-8040 promotes infiltration of effector T cells and decreases the number of immune suppressor cells (116). BL-8040 plus the anti PD-1, pembrolizumab, in the COMBAT trial demonstrates that effector T cells potentiate the benefit of chemotherapy in pancreatic ductal adenocarcinoma (PDAC) patients (117). In ovarian cancer, a novel oncolytic vaccinia virus expressing a CXCR4 antagonist (OVV-CXCR4-A-Fc), in combination with DCs pulsed with tumor lysates, can modulate TME by reducing immunosuppressive elements with higher spontaneous antitumor immunity (118). Balixafortide (POL6326) is a cyclic peptide CXCR4 antagonist that effectively mobilizes HSCs. Balixafortide treatment versus eribulin is currently being evaluated in a phase 3 trial after the objective response of balixafortide plus eribulin in the treatment of metastatic Her-negative breast cancers (119). Table 1 lists CXCR4 inhibitors in clinical development. In contrast to CXCR4 antagonists, there are only few studies describing CXCR7 inhibitors. CCX771 (ChemoCentryx) induces β-arrestin recruitment to the receptor (120), inhibits tumor growth, lung metastasis and tumor angiogenesis in vivo (83). In prostate cancer models, CCX771 plus the androgen blocker enzalutamide significantly suppresses tumor growth probably due to low pro-angiogenic signaling (121). Other analogues have been developed with various pharmacological profiles, including the partial agonist CCX777 (122) or CCX733 (ChemoCentryx) which has been reported to act as CXCR7 antagonist (123). The antibody 89Zr-labeled 11G8 is able to detect CXCR7 in mice xenografted with human breast, lung and oesophageal cancers, suggesting that CXCR7 is a viable diagnostic marker (124). Recently, an anti-CXCR7 single chain antibody (X7Ab) with a human immunoglobulin G1 (IgG1) Fc sequence has been described (84). It binds to the same site on the receptor as CXCL12 and inhibits CXCL12-mediated receptor activation. It engages anti-tumor immune response through Fc-driven antibody dependent cell cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) in glioblastoma U343, U251X7, and GL261 cells and, in combination with the temozolomide, significantly reduces glioblastoma progression. Interestingly, commonly prescribed medications atorvastatin and pioglitazone have been shown to decrease CXCR7 expression via cholesterol synthesis and peroxisome proliferator-activated receptor (PPAR)-γ respectively, particularly in macrophages (125). Some antagonists could bind both receptors, others bind exclusively CXCR4 or CXCR7 acting as antagonists and/or partial agonist. AMD3100, a CXCR4 antagonist, acts as partial agonist for CXCR7 (126). The cyclic peptidomimetic TC14012 provides therapeutic advantage targeting the CXCR4-CXCL12 axis in chronic lymphocytic leukemia (CLL) while it behaves as CXCR7 agonist in glioma cells (127). A CXCR4 ECL2-based peptide also inhibits CXCR7 internalization (128). Peptide ECL2-X4 displays anti-HIV properties towards CXCR4-using viruses blocking CXCL12 interactions with both CXCR4 and CXCR7.


Table 1 | CXCR4 antagonists in clinical development.





Targeting CXCL12/CXCR4/CXCR7 Axis in Combination With Immune Checkpoints Inhibitors (ICIs)

Recently, CXCR4 antagonists have been coupled to ICIs with the intent to remodel TME improving ICIs efficacy (129). Since the initiation of immune checkpoint cascades, such as PD-1 signaling cascade, leads to immune evasion, treatment with ICIs can activate T cells response and enable the immune cells to target tumor cells (130). The lack of immune effector cells, the presence of immune suppressive cells and the polarization of immune cells in the TME play a fundamental role in shifting the balance from an immune active ‘hot’ or ‘T-cell-inflamed TME’ to ‘cold’ TME or ‘non-T-cell-inflamed TME’, such as those from the prostate and pancreas (131, 132). ‘Hot tumors’ are identified by infiltration of T cells and molecular immune activation (133, 134). Chemokines and chemokine receptors represent valuable targets for optimizing antitumor immune responses. In the leukemic hematopoietic microenvironment (LHME) in MLL-AF9-induced mouse acute myeloid leukemia (AML) model, CCL3-CCR1/CCR5 and CXCL12-CXCR4 inhibition block leukemia progression by impairing Tregs migration (135). Combinatorial blockade of CXCR4 and PD-1 reduces Tregs and MDSCs recruitment within the immunosuppressive TME promoting tumor-specific cell-mediated immune responses in ovarian cancer (136). Moreover, CXCR4 blocking inhibits PD-1 expression on CD8+ T cells and promotes the conversion of Tregs into CD4+CD25–Foxp3+IL2+CD40L+ helper-like cells (137). Inhibition of CXCR4 with AMD3100 decreases desmoplasia, reduces immunosuppression, and improves T cell infiltration and response to ICIs in breast cancer (138) while targeting PD-1 and CXCR4 potentiates anti PD-1 efficacy in murine immune sensitive and immune resistant tumors (139). A nanocomplex of CXCR4 antagonist-paclitaxel-loaded has been developed for pulmonary delivery of anti– programmed death-ligand 1 (PD-L1) small interfering RNA (siPD-L1). The nanocomplex promotes T cell infiltration, decreases alpha-smooth muscle actin (α-SMA) and collagen, reduces MDSCs and Tregs recruitment (140). Thus, considering CXCR4 and CXCR7 crosstalk in immune cells within the tumor microenvironment, some mechanisms underlying tumor resistance to immunotherapy may be impaired targeting the CXCR4/CXCR7–CXCL12 axis.



Discussion and Conclusions

Immuno-resistance and vascularization are acquired tumor features that contribute to cancer growth and metastasis. Among the different signaling pathways, directly or indirectly involved in cancer immune-resistance and angiogenesis, CXCR4/CXCR7/CXCL12 is crucial for participating in cancer migration, angiogenesis and immunosuppressive cell recruitment. Thus, the inhibition of the CXCR4/CXCL12 or CXCR7/CXCL12 axis is attractive in cancers overexpressing both receptors such as colorectal cancer (15), renal cancer (51) or glioblastoma (30). Since several CXCR4 antagonists, including peptides, small molecules and antibodies, have been developed and considered for clinical development, the identification of agents able to efficiently block the CXCL12/CXCR7 pathway is still ongoing. However, the observation that CXCR4 inhibition could only partially block the responsiveness of tumor/TME cells to CXCL12 gradients, has questioned the effective role of the exclusive CXCR4/CXCL12 or CXCR7/CXCL12 interaction during cancer progression. CXCL12 inhibitors, such as NOX-012 (141), neutralizing CXCL12 nanobodies (142), or chalcone 4 derivate LIT-927 (143), may affect both CXCR4 and CXCR7 signaling. Unfortunately, the blockage of CXCL12 cannot interfere with CXCR7 signaling mediated by ligands different from CXCL12, such as CXCL11, or cannot provide CXCR4/CXCR7 co-expression, crosstalk and heterodimerization. Thus, despite possible opposite effects should be considered during the design of combination therapies, the administration of antagonists of CXCR4/CXCR7 could offer a valid therapeutic option as a stand-alone therapy or in combination with current immunotherapies.
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The major obstacle to treat cervical squamous cell carcinoma (CSCC) is the high prevalence of metastasis, which severely affects 5-year survival rate and quality of life for cancer patients. The DEAD-box helicase family has been reported to be a critical mediator in the development and metastasis of various cancers. DEAD-box helicase 19A (DDX19A) is a member of the DEAD-box helicase family; however, its functional role in CSCC is unclear. In this study, bioinformatics analysis of clinical samples from public databases demonstrated that the expression of DDX19A was elevated in CSCC tissues and that high expression of DDX19A was positively correlated with metastasis and poor clinical outcome. Functionally, we found that DDX19A promoted CSCC cell migration and invasion in vitro and lung metastasis in vivo. Mechanistically, overexpression of DDX19A increased NADPH oxidase 1 (NOX1) expression, enhanced reactive oxygen species (ROS) production, and induced the migration and invasion of CSCC cells. Rescue experiments revealed that DDX19A-induced CSCC functional alterations were dependent on NOX1 and that DDX19A-promoted CSCC metastasis was abrogated upon the inhibition of ROS. Our results demonstrated that DDX19A could promote CSCC metastasis by inducing NOX1-mediated ROS production and that blockage of the NOX1/ROS axis might serve as a potential therapeutic target for patients with DDX19A-overexpressed CSCC.

Keywords: DDX19A, cervical squamous cell carcinoma, metastasis, Nox1, reactive oxygen species


INTRODUCTION

Cervical cancer is one of the most common gynecological malignancies and the second leading cause of cancer-related deaths among women worldwide (1). Thanks to advances in surgery, chemotherapy, radiotherapy, and immunotherapy, the 5-year survival rate for patients with cervical cancer has increased to 80%. However, once local metastasis or distant metastasis occurs, the 5-year survival rate slumps to ~50% (2). Metastasis is the primary cause of death in patients with cervical cancer (3, 4), and cervical squamous cell carcinoma (CSCC) is the most common pathologic type of cervical cancer, accounting for ~80% of all cases (5). Thus, it is imperative to understand the underlying mechanism regarding the metastasis of CSCC and to identify novel targets and therapies.

The DEAD-box family, characterized by the conserved Asp-Glu-Ala-Asp (DEAD) motif, represents a large group of RNA helicases consisting of 37 members (6, 7). DEAD-box proteins are involved in various RNA metabolic processes including transcription, RNA transport, and RNA degradation (8–10). Recent studies have revealed that many DEAD-box proteins were abnormally expressed and play pivotal roles in cancer metastasis (11–14). For example, DEAD-box helicase 39 (DDX39) could promote hepatocellular carcinoma progression and metastasis by activating the Wnt/β-catenin pathway (15), and DDX3 activated CBC-eIF3-mediated translation of uORF-containing oncogenic mRNAs to promote metastasis in head and neck squamous cell carcinoma (16). On the contrary, DDX1 could inhibit ovarian tumor metastasis through regulating primary microRNA maturation (17). However, the expression and function of DEAD-box proteins in CSCC remain unknown.

DDX19A, a member of the DEAD-box family, was identified as a novel cytosolic RNA sensor that could activate the NLRP3 inflammasome during virus infection (18). DDX19A was proven to be associated with NADPH oxidase 1 (NOX1)-mediated oxidative stress in tumor necrosis factor (TNF)-α-induced A549 cells (19). The expression and function of DDX19A in tumor development have not been defined. Interestingly, immunohistochemical (IHC) staining data from the Human Protein Atlas website (https://www.proteinatlas.org/) indicate that the expression of DDX19A protein was highest in cervical cancer among all the common cancer types. According to data from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) websites, DDX19A was found highly expressed in CSCC samples compared with normal cervical tissues. High expression of DDX19A was positively correlated with metastasis and poor clinical outcome of patients. Therefore, we attempt to verify the function and investigate the underlying mechanism of DDX19A in the metastasis of CSCC. Our findings may provide a novel therapeutic target of CSCC.



MATERIALS AND METHODS


Clinical Tissues

A tissue microarray (TMA) containing 76 pairs of CSCC tissues, non-adjacent normal tissues, and 10 non-paired CSCC tissues was constructed with clinical specimens obtained between January 2008 and February 2016 from the Fifth Affiliated Hospital of Sun Yat-sen University. The diagnosis of CSCC was confirmed by pathologists, and the study was approved by the Institutional Research Ethics Board of the Fifth Affiliated Hospital of Sun Yat-sen University. Patients had not received any chemotherapy or interventional treatments prior to surgical resection. General information and clinical characteristics of the CSCC patients are provided in Supplementary Table 1.



Cell Culture

The human CSCC cell lines, HCC94, CaSki, C33A, SiHa, and MS751, were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). HCC94, CaSki, C33A, and SiHa cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Life Technologies). MS751 cells were grown in RPMI-1640 medium (Life Technologies, Carlsbad, CA, US) supplemented with penicillin G (100 U/ml), streptomycin (100 mg/ml), and 10% FBS (Life Technologies). All cell lines were cultured at 37°C in a humidified atmosphere of 5% CO2.



Quantitative Real-Time PCR

Total RNA was isolated using TRIzol followed by DNase (Invitrogen) treatment. qRT-PCR was performed using SYBR Green master mix (Vazyme Biotech Co., Ltd., Nan Jing, China) on a Bio-Rad iCycler. The primers used for qRT-PCR were listed as follows: DDX19A forward primer: 5′-CATGGGCTTCAATCGACCCT-3′, reverse primer: 5′-GCACAGACACTGGGGGTATC-3′; NOX1 forward primer: 5′-GTTTTACCGCTCCCAGCAGAA-3′, reverse primer: 5′-GGATGCCATTCCAGGAGAGAG-3′; GAPDH forward primer: 5′-AGGGCTGCTTTTAACTCTGGT-3′, reverse primer: 5′-CCCCACTTGATTTTGGAGGGA-3′.



Protein Isolation and Western Blot Analysis

Protein samples were prepared from cell lysates, and the protein concentration was determined using a bicinchoninic acid (BCA) kit (Beyotime Biotechnology, Beijing, China). The proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membrane. The membrane was blocked with 5% nonfat milk in phosphate-buffered saline (PBS) for 1 h at room temperature and then incubated overnight at 4°C with primary antibody: anti-DDX19A (#ab235531, 1:1,000, Abcam), anti-NOX1 (#17772-1-AP, 1:1,000, Proteintech), and anti-GAPDH (#60004-1, 1:1,000, Proteintech). The membranes were washed and incubated with the corresponding horseradish peroxidase (HRP) secondary antibodies for 1 h at room temperature. Finally, the protein signals were detected semiquantitatively using the SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Scientific™).



Immunohistochemical Staining

Seventy-six pairs of CSCC and adjacent normal tissues and 10 non-paired CSCC tissues were used to prepare a TMA. After incubating at 60°C for 2 h, the tissues were deparaffinized with dimethylbenzene and rehydrated in different concentrations of alcohol. To retrieve antigen, the slides were heated at 95°C in 0.01 M citrate buffer (pH 6.0), and 3% hydrogen peroxide was used to quench peroxidase activity for 20 min. To avoid non-specific staining, the tissues were incubated with normal goat serum, followed by incubation overnight with anti-human DDX19A (HPA045252, 1:250, Sigma) or anti-human NOX1 (#GTX103888-S, 1:100, GeneTex) at 4°C. After rinsing with PBS, the tissues were incubated with a secondary antibody for 1 h and stained with 3,3′-diaminobenzidine (DAB; Zhongshan Biotech, Beijing, China). After hematoxylin counterstaining, the sections were dehydrated and sealed. Two experienced pathologists independently evaluated the percentage of positive tumor cells and the staining intensity. The values for DDX19A and NOX1 staining intensity were assigned as follows: 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). The values for the percentage of positive tumor cells were scored as follows: (1) (0–25%), (2) (26–50%), (3) (51–75%), and (4) (76–100%). The immunoreactive score (IRS) for each section was calculated by the product of the staining intensity and the percentage of tumor cells.



Cell Migration and Invasion Assays

Cell migration and invasion assays were performed as previously described (20). Transwell chambers (Corning, Corning, NY, USA) equipped with 8-μm pore insets were used for the migration and invasion assays. For the migration assay, Transwell chambers (Corning, Corning, NY, USA) containing 8-μm pores were uncoated with Matrigel in the upper chamber. For the invasion assay, Transwell chambers (Corning, Corning, NY, USA) containing 8-μm pores were coated with 100 μl of 1:8-diluted Matrigel (BD Biosciences) in the upper chamber. Briefly, 100 μl of cell suspension (8 × 104 cells) of serum-free medium was plated in the upper chamber; medium with 10% FBS was added to the lower chamber. After incubating 18 h for migration and 22 h for invasion, we removed the cells of the upper chamber and then stained the migration and invasive cells of the lower chamber using crystal violet solution. The results were photographed by light microscopy and counted by ImageJ. The experiment was done in triplicate.



Measurement of Cellular Reactive Oxygen Species

ROS levels in the human CSCC cell lines were measured using the Reactive Oxygen Species (ROS) Assay Kit (Beyotime, China) following the manufacturer's protocol. CSCC cells were incubated with 2′,7′-dichlorofluorescin diacetate (DCFH-DA) probe at 37°C for 20 min and washed three times with serum-free DMEM medium. DCFH-DA fluorescence was measured using a Micro Fluorescence Reader with an excitation wavelength of 488 nm and an emission wavelength of 525 nm.



Plasmids, Retroviral Infection, and Transfection

DDX19A overexpression and knockdown by shRNA were conducted by a lentiviral infection system, which was purchased from Shanghai Genechem Co., Ltd. (Shanghai, China). Briefly, lentiviral vector and 1 μg/ml polybrene were added to infect CSCC cells in growth medium for 12–24 h. Then, the growth medium of the lentiviral vector-infected CSCC cells was removed, and fresh growth medium was added to the culture dish for 24–48 h. Finally, 2 μg/ml puromycin was added to the growth medium of CSCC cells for selecting lentiviral vector-infected cells to obtain stable expression clones. Plasmid transfection and siRNA transfection were performed using Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instruction. Briefly, 1 μg DNA and 5 μl of transfection reagent were mixed in serum-free growth medium and added into a 60–90% confluent cell layer. Plasmid, siRNA, and shRNA were used in this study as follows: (a) DDX19A lentiviral vector U6-sh-DDX19A-EGFP-IRES-puromycin; (b) DDX19A-specific short hairpin RNA (RNA#1: 5′-GTACTCGGTGAAGTCGTTTT-3′ and RNA#2: 5′-CTGTCAAGTCGATGACCAA-3′); (c) DDX19A-specific siRNA (siRNA#1: 5′-GATCGTGACTCCCACTGTA-3′ and siRNA#2: 5′-GGCAGTATATCTTTGTTAA-3′); (d) NOX1-specific siRNA (siRNA#1: 5′-CTGTCAAGTCGATGACCAA′ and siRNA#2: 5′-TGTCAAGTCGATGACCAAT′); (e) DDX19A or NOX1 overexpression vector pcDNA3.1-DDX19A (pcDNA3.1-NOX1) and control vector plasmids were designed and synthesized by RiboBio (Guangzhou, China).



In vivo Metastasis Experiment

BALB/c nude mice (4–5 weeks of age, female, 20–24 g) were purchased from Vital River Lab Animal Technology Co., Ltd., housed under standard conditions at the animal care facility at Guangdong Provincial Key Laboratory of Biomedical Imaging. BALB/c nude mice were used for tail vein injection experiments to evaluate the metastatic ability of CSCC cells in vivo. SiHa cells with DDX19A stable knockdown (1 × 106) or negative control SiHa cells (1 × 106), and SiHa cells overexpressing DDX19A or control SiHa cells, were injected into the tail veins of nude mice. After 10 weeks of caudal intravenous injection, the lungs were harvested and weighed, and the number of metastatic nodules was counted on the surface of the lungs. Then, lungs were fixed in 4% formalin and embedded in paraffin, and 5-μm sections were stained with H&E. Animal protocols were approved by the Institutional Animal Care and Use Committee of the Fifth Affiliated Hospital of Sun Yat-sen University.



Bioinformatics and Data Analyses

DDX19A mRNA expression in normal cervical tissues and CSCC tissues were examined according to TCGA (https://gdc.cancer.gov/) and the GEO dataset (GSE7803) (see URL https://www.ncbi.nlm.nih.gov/geo). Gene expression was presented as the mean value of multiple probes for each gene after log2 transformation. Comparisons (normal cervical tissues vs. CSCC tissues) were analyzed by the Mann–Whitney U-test. p < 0.05 was considered statistically significant.



Statistical Analysis

Results are presented as the mean ± SEM. All statistical analyses were performed using GraphPad Prism 5 software (GraphPad software, Inc., La Jolla, CA). Data from three independent experiments were expressed as the mean ± SD. A value of p < 0.05 was considered to be significant, p < 0.05, p < 0.01, and p < 0.001 are designated as *, **, and ***, respectively.




RESULTS


DDX19A Is Upregulated in Cervical Squamous Cell Carcinoma Tissues and Is Associated With Poor Prognosis in Cervical Squamous Cell Carcinoma Patients

IHC staining data from the Human Protein Atlas website (https://www.proteinatlas.org/) indicated that the expression of DDX19A protein was highest in cervical cancer among all the common cancer types (Figure 1A), suggesting a pivotal role for DDX19A in this gynecological malignancy. Furthermore, microarray analysis [GEO dataset (GSE7803) and TCGA (CSCC data)] revealed that the expression of DDX19A mRNA was upregulated in CSCC samples compared with that in normal cervical tissues (Figures 1B,C). In-depth analysis of TCGA database showed that DDX19A expression was higher in CSCC with distant metastasis (M1) than that in specimens without metastasis (M0) (Figure 1D).
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FIGURE 1. DEAD-box helicase 19A (DDX19A) is upregulated in cervical squamous cell carcinoma (CSCC) tissues and is associated with poor prognosis in CSCC patients. (A) DDX19A protein expression in 20 types of human cancers on Human Protein Atlas website (https://www.proteinatlas.org). (B,C) The expression level of DDX19A mRNA in GSE7803 database and The Cancer Genome Atlas (TCGA) database (NC, normal cervix; CSCC, cervical squamous cell carcinoma). (D) The expression level of DDX19A mRNA between metastasis (M1) and non-metastasis (M0) in TCGA database (CSCC). (E) Representative images of the immunohistochemical (IHC) staining of DDX19A in human CSCC tissue and adjacent non-tumor tissues (200× and 400× magnification; scale bar: 200 μm). (F) Dot plots to show the IHC score of DDX19A expression using 76 pairs of CSCC tissues and adjacent non-tumor tissues tissue microarray (TMA) tissue sections (p < 0.001). (G) Correlation between lymph node metastasis and DDX19A expression in CSCC patients. Chi-square test was used. (H) Kaplan–Meier analysis was performed for our CSCC patients' cohort to evaluate the association between DDX19A protein expression and 86 CSCC patients' overall survival. (I) Kaplan–Meier analysis was performed for CSCC patients' cohort in TCGA database (CSCC) to evaluate the association between DDX19A mRNA level and patients' overall survival. Results were shown as means ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 by Student's t-test. NS, not significant.


In order to validate these findings, the protein expression of DDX19A was examined in 76 pairs of CSCC and adjacent normal tissues and 10 non-paired CSCC tissues by TMA. Our results showed that CSCC tissues had significantly higher staining intensity of DDX19A compared with the adjacent non-tumor tissues (Figures 1E,F, Supplementary Table 2). To further assess the clinical significance of DDX19A expression, we divided 86 CSCC cases into low-expression (n = 31) group and high-expression (n = 55) group, with the cutoff value defined as the median of the IHC immunoreactive score (IRS = 6). Intriguingly, high expression of DDX19A was associated with lymph node metastasis and larger tumor size (Figure 1G, Supplementary Table 1). Furthermore, Kaplan–Meier survival plot revealed that patients with high DDX19A expression levels had an unfavorable prognosis relative to those with low DDX19A expression (Figure 1H). Moreover, TCGA data echoed the above survival correlation (Figure 1I). In summary, these data indicate that DDX19A may play a tumor-promoting role in CSCC.



DDX19A Promotes the Metastasis of Cervical Squamous Cell Carcinoma Cells in vitro and in vivo

Using bioinformatics analysis and confirmatory experiments in clinical specimens, we found that the expression of DDX19A was positively correlated with tumor metastasis. Moreover, the occurrence of metastasis is an important reason for the poor prognosis of CSCC patients. To validate the function of DDX19A in CSCC metastasis, we conducted functional studies both in vitro and in vivo. Firstly, DDX19A expression was identified in various CSCC lines by Western blot (Supplementary Figure 1A). Subsequently, we knocked down DDX19A in two CSCC cell lines, SiHa (Figure 2A) and MS751 (Figure 2B), and overexpressed DDX19A in two cell lines, SiHa (Figure 2C) and HCC94 (Figure 2D). Transwell migration and cell invasion assays showed that knockdown of DDX19A suppressed the migration and invasion abilities of CSCC cells (Figures 2E,F), whereas, DDX19A upregulation markedly enhanced these functions (Figures 2G,H).
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FIGURE 2. DEAD-box helicase 19A (DDX19A) promotes the metastasis of cervical squamous cell carcinoma (CSCC) cells in vitro and in vivo. (A,B) qRT-PCR and Western blot were employed to evaluate the efficacy of DDX19A mRNA and protein knockdown in SiHa and MS751 (n = 3). (C,D) qRT-PCR and Western blot were employed to evaluate the efficacy of DDX19A mRNA and protein overexpression in SiHa and HCC94 (n = 3). (E,F) Cell migration assay and Matrigel invasion assay were employed to investigate the effect of DDX19A knockdown in SiHa and MS751 cell migration and invasion ability (scale bar: 200 μm) (n = 3). (G,H) Cell migration assay and Matrigel invasion assay were employed to investigate the effect of DDX19A overexpression in SiHa and HCC94 cell migration and invasion ability (scale bar: 200 μm) (n = 3). (I,J) Arrows showed the representative results of metastatic lung nodules. H&E staining was used to stain metastatic lung nodules (200× and 400× magnification; scale bar: 200 μm). Dot plots showed the results of the number of lung metastasis nodules and lung weight (n = 6). Results represent three independent experiments (A–H). The results were shown as means ± SD, **p < 0.01, ***p < 0.001 by two-tailed Student's t-test.


We further investigated whether DDX19A could affect tumor metastasis in vivo. Stable SiHa cell lines with DDX19A knockdown or overexpression were established and verified (Supplementary Figures 1B,C). The pulmonary metastasis nude mouse model was established by caudal intravenous injection of the above cell lines into nude mice. As shown in Figure 2I, compared with the control groups, DDX19A knockdown cells exhibited fewer lung metastases in nude mice, as measured by both the number of nodules and tumor weight. In contrast, overexpression of DDX19A significantly promoted lung metastasis (Figure 2J). Collectively, these results indicate that DDX19A may promote the metastasis of CSCC cells both in vitro and in vivo.

In addition, epithelial–mesenchymal transition (EMT) has been widely recognized as a critical mechanism of cancer metastasis (21–23). Thus, we further explored whether DDX19A affected EMT of CSCC cells. As shown in Supplementary Figure 1D, DDX19A knockdown in SiHa cells led to a significantly increased protein level of zonula occludens 1 (ZO-1) and E-cadherin and decreased expression of N-cadherin, Snail, and β-catenin. Therefore, these data indicate that DDX19A promotes the metastatic ability of CSCC cells by inducing EMT.



DDX19A Regulates NOX1 Expression and Enhances Reactive Oxygen Species Production in Cervical Squamous Cell Carcinoma

It has been previously reported that DDX19A participates in the activation of the NOX1 promoter in TNF-α-induced A549 cells (19). NOX1, a member of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family, is a key enzyme that regulates redox reactions in the body (24). It has been widely reported that the biological function of NOX1 is to produce ROS (25–27), and ROS is found to regulate the metastasis through extracellular signal-regulated kinase (ERK) signaling pathway and EMT in a variety of tumors (28–30). In cervical cancer, ROS can promote cervical cancer metastasis through the β-catenin–WNT signaling pathway (31) and EMT (32). We assumed that DDX19A promotes the expression of NOX1 increases the production of ROS. Therefore, we measured the expression of NOX1 in DDX19A-knockdown or -overexpressing cells. Both NOX1 mRNA and protein were decreased as the expression of DDX19A was inhibited in SiHa and MS751 (Figures 3A,B) and vice versa (Figures 3C,D).
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FIGURE 3. DEAD-box helicase 19A (DDX19A) regulates NADPH oxidase 1 (NOX1) expression and enhances reactive oxygen species (ROS) production in cervical squamous cell carcinoma (CSCC). (A,B) qRT-PCR and Western blot were performed to detect the mRNA and protein levels of NOX1 in DDX19A knockdown cells (SiHa and MS751) (n = 3). (C,D) qRT-PCR and Western blot were performed to detect the mRNA and protein levels of NOX1 in DDX19A-overexpressing cells (SiHa and HCC94) (n = 3). (E) Immunohistochemical (IHC) staining was performed to investigate the correlation between the protein levels of DDX19A and NOX1 in CSCC tissues (200× and 400× magnification; scale bar: 200 μm). (F) Correlation between DDX19A expression and NOX1 expression in patients. Chi-square test was used. (G) The correlation between the IHC scores of the DDX19A protein and the NOX1 protein was evaluated using Spearman rank analysis. (H) The 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence assay was performed to investigate the effect of DDX19A knockdown on ROS production in SiHa and MS751 (n = 3). (I) The DCFH-DA fluorescence assay was performed to investigate the effect of DDX19A overexpression on ROS production in SiHa and HCC94 (n = 3). Results represent three independent experiments (A–D,H,I). The results were shown as means ± SD, ***p < 0.001 by two-tailed Student's t-test.


Next, we examined the expression of NOX1 in CSCC tissues. As shown in Figures 3E,F, CSCC tissues with a higher DDX19A expression exhibited significantly increased staining intensity of NOX1 protein compared with those showing a lower DDX19A expression. A correlation analysis showed that the IHC score of DDX19A was positively correlated with that of NOX1 (Figure 3G). DDX19A knockdown resulted in reduced ROS production in SiHa and MS751 (Figure 3H), and DDX19A overexpression stimulated ROS production in SiHa and HCC94 (Figure 3I). Overall, these results confirmed that DDX19A regulated NOX1 expression and enhanced ROS production in CSCC.



NOX1 Promotes Metastasis and Reactive Oxygen Species Production in Cervical Squamous Cell Carcinoma Cells and May Serve as a Prognostic Marker in Cervical Squamous Cell Carcinoma Patients

We further explored the effect of NOX1 on the function of CSCC. SiHa and MS751 were generated by transfection with NOX1 siRNA (Figures 4A,B). Inhibition of NOX1 expression arrested the migration and invasion of SiHa and MS751 cells (Figures 4E,F), whereas enhanced NOX1 expression (Figures 4C,D) promoted cell migration and invasion (Figures 4G,H). ROS production followed the same trend as NOX1 (Figures 4I,J). Taken together, these data demonstrated that NOX1 could promote cell migration and invasion and enhanced ROS production in CSCC cells.
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FIGURE 4. NADPH oxidase 1 (NOX1) promotes metastasis and reactive oxygen species (ROS) production in cervical squamous cell carcinoma (CSCC) cells and may serve as a prognostic marker in CSCC patients. (A,B) qRT-PCR and Western blot were employed to evaluate the knockdown efficacy of NOX1 in SiHa and MS751 (n = 3). (C,D) qRT-PCR and Western blot were employed to evaluate the overexpression efficacy of NOX1 in SiHa and HCC94 (n = 3). (E,F) Cell migration assay and Matrigel invasion assay were employed to investigate the effects of NOX1 knockdown cells (SiHa and MS751) (scale bar: 200 μm). (G,H) Cell migration assay and Matrigel invasion assay were employed to investigate the effects of NOX1-overexpressing cells (SiHa and HCC94) (scale bar: 200 μm). (I) ROS level was reduced in NOX1 knockdown cells (SiHa and MS751). (J) ROS level was increased in NOX1-overexpressing cells (SiHa and HCC94) (n = 3). (K) Representative images of the immunohistochemical (IHC) staining of NOX1 in human CSCC tissues and adjacent non-tumor tissues (scale bar: 200 μm). (L) Dot plots to show the IHC score of DDX19A expression using 76 pairs of CSCC tissues and adjacent non-tumor tissues tumor microarray (TMA) tissue sections (p < 0.001). (M) Correlation between lymph node metastasis and DDX19A expression in CSCC patients. Chi-square test was used. (N) Kaplan–Meier analysis was performed for our CSCC patients' cohort to evaluate the association between DDX19A protein level and 86 CSCC patients' overall survival. Results represent three independent experiments (A–J). The results were shown as mean ± SD, ***p < 0.001 by two-tailed Student's t-test.


To explore the clinical significance of NOX1, we performed IHC staining of NOX1 in CSCC TMA (Figure 4K) and demonstrated that NOX1 expression level was significantly elevated in CSCC tissues compared to adjacent non-tumor tissues (Figure 4L, Supplementary Table 3). Furthermore, NOX1 expression was associated with tumor size and lymph node metastasis (Figure 4M, Supplementary Table 4). Additionally, high expression of NOX1 significantly decreased overall survival (Figure 4N). Collectively, these data show that NOX1 may function as a prognostic marker for CSCC.



The NOX1/Reactive Oxygen Species Axis Exerts a Pro-metastasis Effect Downstream of DDX19A

To further investigate whether NOX1/ROS signaling acts downstream of DDX19A in regulating CSCC metastasis, we performed a series of rescue experiments. Western blot analysis was used to evaluate the efficacy of NOX1 overexpression in DDX19A-knockdown SiHa and MS751 (Figures 5A,B). Overexpression of NOX1 reversed the reduction of cell migration and invasion (Figures 5C,D) as well as ROS production induced by DDX19A knockdown (Figure 5E). In addition, we treated HCC94 and SiHa cells with the ROS inhibitor, N-acetylcysteine (NAC), which effectively abolished ROS production induced by DDX19A overexpression (Figure 5F). Consequently, NAC treatment reversed the decrease in migration and invasion induced by DDX19A overexpression in HCC94 and SiHa cells (Figures 5G,H). In addition, treating SiHa cells with the ROS inhibitor NAC led to a significantly increased protein level of ZO-1 and E-cadherin and decreased the expression of N-cadherin, Snail, and β-catenin (Supplementary Figures 2A,B), while elevating ROS in DDX19A-knockdown SiHa can decrease the protein level of ZO-1 and E-cadherin and increase the expression of N-cadherin, Snail, and β-catenin (Supplementary Figures 2C,D). These data suggest that the NOX1/ROS axis exerts a metastasis-promoting effect downstream of DDX19A.


[image: Figure 5]
FIGURE 5. The NADPH oxidase 1 (NOX1)/reactive oxygen species (ROS) axis exerts a pro-metastasis effect downstream of DEAD-box helicase 19A (DDX19A). (A,B) Western blot was employed to evaluate the overexpression efficacy of NOX1 proteins in DDX19A knockdown cell lines (SiHa and MS751) (n = 3). (C,D) Cell migration assay and Matrigel invasion assay were performed to evaluate whether restoring NOX1 expression could increase cellular migration and invasion in DDX19A knockdown cell lines (SiHa and MS751) (n = 3). (E) The 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence assay was performed to investigate whether NOX1 overexpression weakens the increase of ROS production induced by DDX19A knockdown in SiHa and MS751. (F) The DCFH-DA fluorescence assay was used to examine the ROS level in DDX19A-overexpressing cell lines (SiHa and HCC94) treated with or without N-acetylcysteine (NAC) (ROS inhibitor). (G,H) Cell migration assay and Matrigel invasion assay were performed to investigate whether NAC treatment could recover cell migration and invasion ability in DDX19A-overexpressing cell lines (SiHa and HCC94) (scale bar: 200 μm). Results represent three independent experiments. The results were shown as mean ± SD, ***p < 0.001 by two-tailed Student's t-test.





DISCUSSION

Tumor metastasis is considered the major cause for treatment failure and death in CSCC. However, the mechanisms underlying CSCC metastasis have not been fully understood. In this study, we identified DDX19A as a novel regulator of CSCC metastasis, which exerts pro-metastasis function via the NOX1/ROS pathway.

DDX19A was identified as a novel cytosolic RNA sensor that bridged porcine reproductive and respiration syndrome virus RNA and NLRP3 to activate the NLRP3 inflammasome (18). Moreover, a meta-analysis showed that a downsized four-gene signature, consisting of DDX19A, FOXM1, KPNA4, and H2AFV, represents a highly significant finding for the biology underlying histological grades in breast cancer, in particular, regarding cell proliferation, and DNA stability (33). However, the expression and function of DDX19A in cancer have not been reported. In this study, data from public databases and the results obtained from our clinical specimens consistently showed increased expression of DDX19A in CSCC, suggesting a tumor-promoting role in CSCC. Functional assays further confirmed that DDX19A exerted tumor-promoting roles in CSCC by stimulating cell metastasis.

A recent study has revealed that DDX19A participates in the activation of the NOX1 promoter in TNF-α-induced A549 cells (19). NOX1, a member of the NADPH oxidase family, is the main source of ROS production (34). Accumulating evidence suggests that NOX1 is involved in the occurrence and development of a variety of cancers (35). For example, NOX1 promoted cell metastasis by mediating ROS production in hepatocellular carcinoma (36). NOX1 regulated colorectal cancer metastasis by modulating the stability of a disintegrin and metalloprotease domain 17 (37). NOX1 could stimulate gastric carcinogenesis by enhancing inflammation or oxygen radical activity (38). However, the expression and function of NOX1 in CSCC remain undefined. We assume that DDX19A promotes the expression of NOX1 and thus enhances the production of ROS. Our results showed that DDX19A affected NOX1 expression in CSCC cell lines and that DDX19A expression was found positively correlated with NOX1 expression in CSCC specimens. DDX19A could promote migration and invasion of CSCC cells using both gain- and loss-of-function assays. Furthermore, overexpression of NOX1 reversed the influence of DDX19A downregulation on metastasis in vivo. Taken together, our data demonstrated that DDX19A could accelerate migration and invasion of CSCC cells in vitro and promote cancer cell metastasis in vivo via enhancing NOX1 expression. However, the underlying molecular mechanism of interaction between DDX19A and NOX1 in CSCC remains unknown, which is worthy of a future study.

As a product of NOX1, ROS levels were essential regulators in cancer growth, metastasis, and other malignant behaviors (39). Numerous researches have shown that ROS can affect the invasion and metastasis of different tumors through different ways. For example, in colon cancer, chloride intracellular channel 1 can regulate cancer cell migration and invasion through ROS–ERK–matrix metalloproteinase 2 (MMP2) pathway (40). In breast cancer, benzo[a]pyrene exposure leads to cancer cell migration and invasion through ROS–ERK–MMP9 axis signaling (30). In addition, ROS can influence the invasion, and migration of tumor cells in lung cancer (41), gastric cancer (28), and liver cancer (29) through the EMT process. In cervical cancer, ROS has been confirmed to regulate cervical cancer cell invasion and metastasis through induction of EMT, activation of Nrf2, and Wnt/β-catenin signaling (42–44). In this study, a novel regulator of ROS production, DDX19A, was identified. DDX19A knockdown reduced ROS production in SiHa and MS751 cells, while DDX19A overexpression resulted in the opposite effects in HCC94 and SiHa cells. Moreover, NAC treatment blocked the promoting effects of DDX19A on cell migration and invasion. Therefore, the regulatory effect of DDX19A on ROS production is responsible for the capabilities of cellular migration and invasion in CSCC cells with DDX19A overexpression.

In summary, the current study demonstrated that DDX19A contributed to metastasis of CSCC by inducing NOX1-mediated ROS production. Moreover, DDX19A/NOX1 may represent biomarkers of metastasis and novel therapeutic targets in CSCC patients.
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Supplementary Figure 1. DDX19A protein expression in human CSCC cell lines. (A) DDX19A protein expression in human cervical cancer cell lines was detected using Western blotting (n = 3). (B,C) Western blot was employed to evaluate the efficacy of DDX19A knockdown and overexpression in SiHa (n = 3). (D) Western blot were employed to evaluate the effect of DDX19A knockdown on the expression level of E-cadherin, N-cadherin, Snail, and β-catenin (n = 3).

Supplementary Figure 2. (A) DCFH-DA fluorescence assay was used to examine ROS level in SiHa treated with NAC (ROS inhibitor) (n = 3). (B) Western blot were employed to evaluate the expression level of E-cadherin, N-cadherin, Snail, and β-catenin in SiHa treated with NAC (ROS inhibitor) (n = 3). (C) DCFH-DA fluorescence assay was used to examine ROS level in DDX19A knockdown cells (SiHa) treated with H2O2 (n = 3). (D) Western blot were employed to evaluate the expression level of E-cadherin, N-cadherin, Snail, and β-catenin treated with H2O2 in DDX19A knockdown cells (SiHa) (n = 3).

Supplementary Table 1. Correlation analysis between the clinical features and DDX19A expression in CSCC.

Supplementary Table 2. DDX19A expression levels in different tissue specimens.

Supplementary Table 3. NOX1 expression levels in different tissue specimens.

Supplementary Table 4. Correlation analysis between the clinical features and NOX1 expression in CSCC.
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Background

Cancer stem cells (CSCs) and Circulating tumor cells (CTCs) have been proposed as fundamental causes for the recurrence of hepatocellular carcinoma (HCC). CTCs isolated from patients with HCC illustrate a unique Nanog expression profile analysis. The aim of this study was to enhance the prediction of recurrence and prognosis of the CTC phenotype in patients with HCC by combining Nanog expression into a combined forecasting model.



Subjects, Materials, and Methods

We collected 320 blood samples from 160 patients with HCC cancer before surgery and used CanPatrol™ CTC enrichment technology and in situ hybridization (ISH) to enrich and detect CTCs and CSCs. Nanog expression in all CTCs was also determined. In addition, RT-PCR and immunohistochemistry were used to study the expression of Nanog, E-Cadherin, and N-Cadherin in liver cancer tissues and to conduct clinical correlation studies.



Results

The numbers of EpCAM mRNA+ CTCs and Nanog mRNA+ CTCs were strongly correlated with postoperative HCC recurrence (CTC number (P = 0.03), the total number of mixed CTCS (P = 0.02), and Nanog> 6.7 (P = 0.001), with Nanog > 6.7 (P = 0.0003, HR = 2.33) being the most crucial marker. There are significant differences in the expression of Nanog on different types of CTC: most Epithelial CTCs do not express Nanog, while most of Mixed CTC and Mesenchymal CTC express Nanog, and their positive rates are 38.7%, 66.7%, and 88.7%, respectively, (P=0.0001). Moreover, both CTC (≤/> 13.3) and Nanog (≤/>6.7) expression were significantly correlated with BCLC stage, vascular invasion, tumor size, and Hbv-DNA (all P < 0.05). In the young group and the old group, patients with higher Nanog expression had a higher recurrence rate. (P < 0.001).



Conclusions

The number of Nanog-positive cells showed positive correlation with the poor prognosis of HCC patients. The detection and analysis of CTC markers (EpCAM and CK8, 18, CD45 Vimentin,Twist and 19) and CSCs markers (NANOG) are of great value in the evaluation of tumor progression.
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Introduction

Tumor invasion and metastasis can cause cancer-related mortality to reach more than 90% of the key reasons (1–3). The latest research shows that CTCs may be present in cell populations that come from either a common invasion of the cancer cell population or fragments shed from the primary tumor into the vascular system (4, 5). CTCs that mobilize from the primary lesion and enter the blood circulation are considered important factors for postoperative recurrence and metastasis in patients with malignant tumors (6–8). There have been studies that can isolate a single CTC in the blood of cancer patients (9). Surgical removal of tumors or (including biopsy) will increase CTCs in the blood system. In many cancers, the higher the content of CTCs in the blood system, the worse the prognosis after surgery (10, 11). and correlate with poor outcomes in patients with inchoate HCC (12–14).

During the EMT process, the invasion and metastasis rate of tumors increases, and the resistance of chemotherapy drugs is improved (15–17). There are phenotype and morphological changes of cancer cells formed by EMT in circulating tumor cells of HCC (18, 19). If the content of CSCs in HCC is high, the rate of tumor recurrence and metastasis will increase, the prognosis will be poor, and chemotherapy resistance will be strong (20). Due to the heterogeneity of tumors, the more tumor stem cells there are, the stronger the tumor metastasis (21).

CTCs may enhance their self-renewal capacity during cancer metastasis (22–25). Tumor cells with a mesenchymal-like phenotype are highly invasion and metastasis, but not all EMT-transformed cells are CSCs. Mesenchymal stem cells exhibit intrinsic therapeutic resistance and maintain their self-renewal ability to form a heterogeneous lineage of tumor cells (26–28). Previous studies have proposed different biomarkers for the self-renewal capabilities of HCC (29). NANOG as a transcriptional regulator is highly expressed in some cancer stem cells. Past research has indicated that Nanog plays an important part in HCC resistance and self-renewal (17, 30). In addition to Nanog, CTC-related CSC biomarkers include CD44 (25, 31), CD34 (32), and CD133 (33). Therefore, double checking of CTCs and CSCs can be an crucial monitoring therapy tool for liver cancer.

In this research, we speculated that CSCs embue CTCs with tumorigenicity and are the underlying initiators of HCC recurrence and metastasis (34). Thus, CSCs might be linked to an adverse clinical outcome. We optimized the CanPatrol TM CTC analysis system to isolate and classify CTCs based on EMT and Nanog phenotypes (35). Thus, We conducted this study mainly to investigate the relationship between the total number of CTCs in the blood, various phenotypes, nanog (CSCs markers) and postoperative recurrence and prognosis of liver cancer patients (35).



Material and Methods


Patient Samples

From March 2012 to December 2019, a total of 160 patients treated with R0 resection at the Southwest Hospital, Chongqing, China, were enrolled. The inclusion criteria were as follows: 1) PST score(performance status test) 0-1 and Child-Pugh A stage; 2) World Health Organization Standards were used for the pathological diagnosis of HCC; 3) Achievement of R0 resection (Thorough elimination of the tumor and negative margins according to the naked eye, and no intrahepatic and extrahepatic metastases were observed); and 4) Without prior antitumor therapy. BCLC stage and Edmondson were used for tumor staging and differentiation, respectively (36). Tumor markers PIVKA (vitamin K deficiency or antagonist-II induced protein) and AFP (alpha-fetoprotein) and related detection factors AST (aspartate aminotransferase) and ALT (alanine aminotransferase) are often used to improve the diagnosis of liver cancer Correct rate (37). The deadline recorded follow-up was July 31, 2019. The research is based on the Helsinki Guidelines Declaration, in which the ethics of the pilot program was derived from the Ethics Committee of the Southwest Hospital. Written informed consent has been obtained from the selected patient.



Isolation of CTCs With the CanPatrolTM System and Tri-Color RNA-ISH Assay

In order to separate and detect CTCs we used Can -Patrol TM system (38, 39) (Figure 1A). We collected peripheral blood of liver cancer patients 1-3 days before surgery. Collected 15 ml of peripheral blood sample from each patient, placed in EDTA tubes and centrifuged and collected cell beads. The supernatant was discarded, 5 mL PBS was added to the tube, and the cell pellet was resuspended. The high-concentration cell suspension was passed through the filter membrane under vacuum conditions, and CTCs were collected on the filter membrane (37).




Figure 1 | Use RNA-ISH technology to enrich and analyze CTCs in blood samples of HCC patients (A) The expression of epithelial marker mRNA (EpCAM and E-cadherin) and (B) mesenchymal marker mRNA (Twist and vimentin) and CSC marker mRNA (nanog) were validated by qPCR, p<0.05; (C) The protein expression levels of epithelial markers (EpCAM and E-cadherin), p<0.001. (D–G) The total number of CTCs, epithelial CTCs, mixed CTCs, and mesenchymal CTCs correlated with BCLC staging, p<0.05.



We have adopted multiple RNA in situ hybridization (RNA-ISH) technology and designed three sets of nucleic acid probes to detect the expression of CSCs marker (nanog), Leukocyte Marker (CD45), epithelial marker (CK8, 18 and 19 and EpCAM), and mesenchymal marker (Twist and Vimentin) in CTCs (40). We used fluorescence optical microscope to quantitatively analyze the cells, red to mark epithelial cells, green to mark mesenchymal cells, purple to mark Nanog+ cells, and white to mark CD45+ cells, and used 4,6-diamidino-2-phenylindole (DAPI) to stain Nucleus (37, 41). The primer sequences used by the probes are shown in Table S2.



Immunohistochemistry

To assess the relationship of Nanog expression in human HCC, we retrospectively studied Nanog expression in resected tissues from HCC patients. We collected 160 paraffin-embedded hepatocellular carcinoma specimens. The sections were then incubated with anti-N-cadherin (Proteintech, 22018-1-AP, 1:1000) and anti-Nanog (Abcam, ab80892, 1:200) antibodies at 4°C overnight. We used DAKO En-Vision (K5007) for immunohistochemical analysis, and two pathologists from Southwest Hospital independently completed the pathological assessment of each patient's tissue specimen. The final score of the immune response = the percentage of stained area × the intensity of staining, the staining area score method: 75-100% = 4, 50-74% = 3, 25-49% = 2; staining intensity score: high staining = 3, moderate staining =2, weak staining=1, negative=0, the final score range of staining is 0-12 (42). Follow-up information of patients was collected. The mean follow-up time was 28.5 months, and the longest was 71 months (43, 44).



Statistical Methods

SPSS 20.0 was used for all statistical analyses. Pearson, Spearman and Kendall's tau-b correlations were used for correlation analysis. We used the χ2 test and t test to evaluate categorical data and measurement data respectively (35). To evaluate the prognostic factors of early recurrence, univariate analysis and multivariate Cox regression analysis were used. Kaplan-Meier survival analysis was used to assess the association between recurrence and prognostic factors, and log-rank tests were used to evaluate the differences between curves. A P value<0.05 was considered statistically significant.




Results


Patient Characteristics

Among the patients included in the clinical study, 160 patients with HCC provided a total of 320 blood samples. The characteristics of the study participants are listed in Additional file 1. .A total of 160 HCC patients (141 males and 19 females) with an average age of 52 years (range: 22-83 years) underwent resection. There were 23 (14.4%) well-differentiated hepatocellular HCC patients, 103 (64.4%) moderately differentiated HCC patients, and 34 (21.3%) poorly differentiated HCC patients. There were 95 (58.1%) BCLC stage A patients, 39 (23.8%) BCLC stage B patients, and 29 (18.1%) BCLC stage C patients. Analysis of TNM stage revealed 91 TNM stage I patients (56.9%), 22 stage II patients (13.8%), 44 stage III patients (27.5%), and 3 stage IV patients (1.9%). Within the cohort, all the patients had cirrhosis, and 143 (89.4%) were HBV -positive patients. Intrahepatic metastasis occurred in 21 cases (13.1%), and tumor vascular invasion occurred in 59 cases (36.9%) (Table S1).



Identification of CTC Subpopulations and Nanog-Expressing Cells in the Blood of All Patients

To study the cell capture efficiency, using Can-Patrol™ CTC technology to enrich and detect CTCs in blood samples. The red and green fluorescent signals represent epithelial and mesenchymal gene expression, respectively. The white fluorescent signal represents CD45 gene expression (a leukocyte marker), whereas the violet fluorescent signal represents Nanog gene expression (a CSC marker) (Figure 1B, Table S2).

For the purpose of classifying and counting CTCs, we used RNA-ISH analysis to divide CTCs into the following five subgroups: 1) Epithelial CTCs (E-CTCs), 2)Epithelial-predominant mixed CTCs (E>M-CTCs), 3) Epithelial/mesenchymal mixed CTCs (E≈M-CTCs), 4) Mesenchymal-predominant mixed CTCs (M>E-CTCs), and 5) mesenchymal CTCs (M-CTCs) (Figure 1C). Patient demographics were listed in Table S1. Most of the 144 patients (90%) had CTC-positive (EpCAM+CK+ CD45-DAPI +), and 16 patients (10%) had CTC-negative (EpCAM-CK+CD45-DAPI+) in their blood samples. Our study found that in CTC-positive HCC patients, epithelial (E type) accounted for 10 (6.3%), mesenchymal (M type) accounted for 121 (75.6%) and mixed type (mixed type) accounted for 13 (8.1%) (Table S3).



Association of CTC Counts and Subtypes With Early Clinical Characteristics

We first proved that BCLC staging is significantly related to the total number of CTCs (P = 0.002) (Figure 1D); Further verify the correlation between various phenotypes of CTC and BCLC staging. Found no correlation between epithelial CTC and BCLC staging (Figure 1E). Larger numbers of mixed CTCs tended to be associated with larger tumors (P = 0.018; Figure 2A) and the possibility of BCLC (B + C) (P = 0.003; Figure 1F). Interestingly, it can also cause high expression of HBV-DNA (P = 0.004; Figure 2D), direct bilirubin (P = 0.022) (Figure S1) and ALT (P = 0.042) (Figure 2C). A high number of mesenchymal CTCs also showed a reasonably high correlation with tumor size (P = 0.024; Figure 2B), BCLC stage (P = 0.031; Figure 1G), PIVKA (P = 0.023; Figure 2E) and AST (P = 0.018; Figure 2F) in HCC patients (Table S3).




Figure 2 | Association of CTC counts and subtypes with early clinical characteristics. (A, B) Tumor size was connected with the number of mixed CTCs and the number of mesenchymal CTCs, p<0.05; (C, D) alanine transaminase (ALT) and HBV DNA were correlated with the mixed CTC number, p<0.05; (E, F) PIVKA and aspartate amino transferase (AST) are related to mesenchymal CTC number, p<0.05.





High Numbers of CTCs Enhance Tumor Vascular Invasion and Promote Tumor Growth

According to the total number of CTCs, the admitted HCC patients are divided into the following categories, with 13.3 designated the cutoff. In patients in the CTC high group, vascular invasion was frequently identified (P = 0.041). The tumor size of the group with a high number of CTCs was larger than that of the group with a low number of CTCs (P=0.008). The two indicators related to hepatitis B, AST (p = 0.048) and HBV-DNA (≤100/>100) (P=0.004), were all proportional to the number of CTCs.

There is no significant correlation between the total number of CTCs and the clinical characteristics of gender, age, and liver cirrhosis, AFP, NLR, INR, Hb, PLT, PT and ICG (Table 1).


Table 1 | Study on the correlation between the total number of CTCs and the clinical characteristics of HCC.





Correlation Between CTC Number and Nanog Expression in Peripheral Blood and Clinical HCC Tissues

In total, 160 patients (CTCs/5 mL blood) were eligible for analysis of Nanog expression in this study, with 110 patients (68.8%) presenting Nanog-positive blood samples. The percentage of individuals with Nanog-positive cells was 75.7% (109/144). There are significant differences in the expression of Nanog on different types of CTC: most Epithelial CTCs do not express Nanog, while most of Mixed CTC and Mesenchymal CTC express Nanog, and their positive rates are 38.7%, 66.7%, and 88.7%, respectively, (Figure 3B, P=0.0001). We found that clinical HCC tissues showed higher relative Nanog, N-cadherin, and Vimentin expression (2-ΔΔCt) than peritumoral liver tissues (p<0.05; Figure 3A). The group with high Nanog expression (Nanog>6.7) had a high total number of CTCs (Figure S2, P=0.0001), E-CTCs (Figure 3C, P=0.003), mixed CTCs (Figure 3D, p<0.001), and M-CTCs (Figure 3E, p<0.001).In order to explore whether the various phenotypes of CTC and the expression of CSCS marker (Nanog) are related to the occurrence of liver cancer, we used 160 cases of HCC tissue chip array for immunohistochemical analysis. E-cadherin and N-cadherin are located in the cell membrane, and Nanog is located in the nucleus. (Figures 3F, G). The expression of N-cadherin and Nanog is positively correlated, and the expression of both in liver cancer tumor tissues is higher than that in adjacent tissues. The expression of E-cadherin was negatively correlated with N-cadherin and Nanog, respectively.




Figure 3 | The expression of Nanog and CTCs in liver cancer peripheral blood and clinical liver cancer tissues. (A) Expression differences of E-cadherin, N-cadherin, and Nanog in 7 pairs of cancer and adjacent tissues (*P < 0.05 , 2-△△Ct). (B) The correlation between the phenotype of CTC and the Nanog positive rate in peripheral blood. (C–E) Correlation between phenotype and number of Nanog in peripheral blood. (F, G) Immunochemistry : Expression of E-cadherin, N-cadherin and Nanog in liver cancer tissues and their paired adjacent tissues (magnification, ×100 and ×400). ***P < 0.001.





Nanog Correlates With BCLC Stages and Tumor Growth in Pretreated HCC Patients

The 160 research subjects were divided into three groups according to their ages, young people (≤39), middle-aged people (35, 41, 43–50), and old people (≥50). The results of Fisher's exact test showed that there were 14 young people High expression of nanog occurred in 9 persons (64.3%), 17 out of 50 subjects of middle-aged people had high expression of nanog (34%), and 29 out of 96 subjects of elderly had high expression of nanog (30.2 %) The difference between the above three groups is statistically significant (χ2=5.941, P=0.047). Pairwise comparison found that there was a significant difference in the high expression of Nanog between the young group and the elderly group and middle-aged group (p<0.05) (Table S6)

The correlation between Nanog expression and the patients’ clinicopathological features was analyzed, and the results are shown in Table 2. According to the level of Nanog expression, HCC patients were divided into two groups, with low expression NANOG (Nanog≤6.7) and high Nanog expression (Nanog> 6.7). Patients with high Nanog levels had an increased probability of tumor size > 5 cm (P=0.031; Table 2, Figure 4B). The number of patients with high Nanog expression in the BCLC stage (B+C) was 54.5% higher than that of patients with low Nanog expression (35.2%) (P=0.019; Figure 4A). The incidence of HBsAg-positive status in patients with high Nanog expression was higher than that in patients with low Nanog expression (P=0.038). HBV-DNA (≤100/>100) showed a similar trend in the group with high Nanog expression (P=0.004; Figure 4D). In addition, patients who drink heavily are more likely to have higher Nanog expression (67.3%) (P = 0.032). The Nanog level is related to AST (≤45/>45; Figure 4C) and ALT (≤84/>84 IU/L; Figure 4E). These results suggest a positive trend in the correlation between Nanog expression in CTCs and the degree of tumor malignancy.


Table 2 | Study on the correlation between clinical liver cancer and the total number of Nanog + CSCs.






Figure 4 | The clinicopathological features of patients are related to the expression of Nanog (A) BCLC staging, (B) tumor size, (C) AST, (D) HBV DNA, and (E) ALT are associated with Nanog.





Nanog+ CTC Expression Is Positively Correlated With Recurrence

The one-year recurrence rate of patients with high Nanog expression (69.1%) was higher than that of patients with down-regulated expression (41.0 %) (48). Furthermore, the total number of CTCs (P =0.03; Figure 5A), mixed CTC count (P=0.02; Figure 5B) and Nanog levels (P = 0.016; Figure 5C) were all factors that led to the recurrence of liver cancer (Table S4). During the follow-up, 81 cases (50.6%) recurred, the BCLC stage A recurrence rate was 46.2% (43/93), and the BCLC stage (B+C) recurrence rate was 56.7% (38/67) (Table S4). These results suggest that Nanog expression, CTC count, mixed CTC count, and BCLC stage before surgery are significantly correlated with recurrence.




Figure 5 | Nanog+ CTC expression is positively correlated with recurrence (A) CTC number, (B) Nanog count, (C) The higher the expression of Mixed CTC number and Nanog, the higher the early recurrence rate of liver cancer; (D) Kaplan–Meier estimates of disease-free survival (E) (p<0.001) and overall (F) (p<0.001) survival of 160 HCC patients with high-level Nanog (≥500 μm2/field) and low-level Nanog (< 500 μm2/field).





AFP and Nanog as Key Prognostic Factors

We have used univariate and multivariate Cox analysis to construct a prognostic model for HCC. Univariate analysis of prognostic factors of HCC has been the following: Tumor size > 5 cm (P =0.049), BCLC stage (B+C) (P = 0.024), AFP > 400 μg/L (P = 0.002), PIVKA > 400 μg/L (P=0.039), Nanog > 6.7 (P = 0.005), and HBV-DNA > 100 (P=0.017). In addition, we have obtained the following results using multivariate Cox analysis:AFP > 400 μg/L [P=0.000067, HR (95% CI) = 2.733 (1.667-4.481)] and Nanog > 6.7 [P = 0.000282, HR (95% CI) = 2.33 (1.476-3.679)] were independent factors of prognosis. These two factors were identified as key prognostic factors (Table 3) (48).


Table 3 | Cox proportional regression analysis of univariate and multivariate.



Use immunohistochemistry to observe the expression of nanog in liver cancer and adjacent cancers to determine the content of CSCs. The density of CSCs was quantified, and liver tumor tissues from patients were designated high-level or low-level densities (compared to those in para carcinoma tissue) (Figure 3F). According to the correlation analysis of clinicopathological characteristics, Nanog concentration is positively correlated with liver cancer vascular invasion, metastasis, capsular infiltration, tumor stage (BCLC, TNM) and differentiation. However, gender, age, lymph node metastasis or tumor size are not related to Nanog expression. Next, we performed the correlation analysis between nanog concentration and patient survival. The study found that overall survival (OS) and disease-free survival are significantly related to the intensity of Nanog expression (Figures 5E, F). The above results indicate that high expression of Nanog results in poor prognosis for patients.




Discussion

The study found that the content of Nanog + CTCs in HCC patients is high In addition, high expression of Nanog+CTCs was relevant to poor OS and disease-free survival and acted as an independent factor for predicting OS and disease-free survival. What's more, by merging Nanog expression into an integrated prediction model, the prognostic precision of the CTC phenotype in patients with HCC was significantly enhanced.

Quantification of CTCs in breast cancer (6, 13), non-small-cell lung cancer (NSCLC) (14), colorectal cancer (46), bladder cancer (16), HCC (12, 50), melanoma (50), and pancreatic cancer has been shown in connection with survival and recurrence. Currently, the prediction of recurrence is mainly conducted with imaging or measuring biomarkers, but these methods cannot discern dynamic changes in the tumor microenvironment (51, 52). According to previous reports, the prediction of liver cancer recurrence and metastasis is affected by tumor cells and the tumor immune microenvironment (53–55). It was reported that molecular markers expressed on CTCs are compactly related to the early diagnosis and early recurrence of liver cancer (18, 38, 56). High Nanog expression is expressively associated with a high percentage of tumor recurrence and survival (19, 57, 58). Our research found that the expression of Nanog on different types of CTCs is significantly different: most epithelial CTCs do not express Nanog, while most mixed CTCs and mesenchymal CTCs express Nanog, and the positive rates are 38.7%, 66.7%, and 88.7%, respectively. (Figure 3B, P = 0.0001). Consistent with the results of these studies, we determined that HCC patients with high Nanog-CTC content had a shorter progression-free survival period and proposed that Nanog be included as a marker for measuring liver cancer metastasis. Our research found that the higher the content of Nanog+ cells, the higher the expression of Vimentin. The high Nanog expression group was strongly associated with E-CTC (Figure 3C, p = 0.003), mixed CTC (Figure 3D, P < 0.001), and M-CTC (Figure 3E, P < 0.001). Interestingly, the high CTC expression group had a high vascular infiltration rate (P = 0.041), which enhanced the intrahepatic and extrahepatic metastasis rate of liver cancer and affected the tumor microenvironment. Liver cancer cells spread from the primary lesion to form CTCs (7, 8, 58). The higher the expression of CSCs in the tumor, the faster the cell self-renewal cycle, and the more unstable the gene, the faster the tumor’s progression (16). Cancer cells with distal organ colonization have the characteristics of CSCs and exert their tumorigenic ability under adverse microenvironmental conditions. Indeed, the latest clinical data suggest that CSC-associated molecular markers are potential surrogate markers for CSC density and can be used as markers for predicting and evaluating tumor progression (1, 59). The higher the content of tumor stem cell-like cells, the worse the prognosis (60, 61). CSCs can also fall off from tumor masses and enter the blood circulatory system like CTCs. They can evade the immune system even during systemic and local treatments, exist in the circulatory system, and re-seed at new sites to produce new local tumors, causing Intrahepatic metastasis (55).

According to previous studies, tumor stem cell-like cells can cause rapid tumor progression and increased resistance to chemotherapy drugs, resulting in poor clinical prognosis in patients with liver cancer (62, 63). The high early mortality and metastasis rate of liver cancer is due to the spread of tumor cells from the original place into the blood We take the content of Nanog+ CSCs in the blood and tissues of cancer patients as a new target for evaluating the survival and recurrence of cancer patients.

Here, Nanog+ CSC plays a supplementary part in determining the clinical utility of blood-borne CTCs analysis (P = 0.0001). This result also further validated the concept that Nanog + CSC can be used as a “soil” to help (“seed”) CTC promote the self-renewal of cancer stem cells and increase drug resistance, and promote the proliferation and metastasis of liver cancer.

Through the single-factor Cox regression analysis method, we found that the following clinical indicators are the key factors for the early recurrence and poor prognosis of liver cancer: Tumor size > 5 cm (P =0.049), BCLC stage (P = 0.024), AFP > 400 μg/L (P = 0.002), PIVKA > 400 μg/L (P = 0.039), Nanog>6.7 (P = 0.005), and HBV-DNA >100 (P = 0.017). Further multivariate Cox analysis revealed that Nanog > 6.7 (P = 0.000282, HR = 2.33) and AFP > 400 μg/L (P = 0.000067, HR =2.733) are significant and independent prognostic biomarkers for early recurrence. Through the analysis of the survival curve, it is found that the higher the expression of Nanog (P = 0.002), the greater the total number of CTCs (P = 0.03), and the greater the content of mixed CTCs (P = 0.02), the recurrence rate of primary liver cancer after resection increases significantly. We found that the higher the total number of CTCs and Nanog+ CSCs, the higher the early recurrence rate. Moreover, Our study found that CTCs with a stem cell-like phenotype are highly aggressive, more likely to invade the circulatory system, more easily metastasize from the original tumor to the distal end, and have an increased recurrence rate. In most tumors, poor prognosis and tumor invasion and metastasis are both positively correlated with the content of CSCs (29, 39, 61, 64). However, the mechanisms by which CTCs and Nanog interact remain unclear, which warrants future large-scale clinical studies and further basic exploratory research.



Conclusions

In summary, the number of Nanog-positive cells is correlated with the poor prognosis of HCC patients. The combined measurement of CTCs and CSCs can improve prognosis. In general, despite the limitations and heterogeneity of negative results found in our study, there are still a large number of studies that prove that CTC and its EMT phenotype, nanog+CSCs are highly correlated with tumor staging, vascular invasion and metastasis and predicting HCC recurrence. There is no doubt that the detection and analysis of CTC markers (EpCAM and CK8, 18, CD45 Vimentin, Twist and 19) and CSCs markers (Nanog) are useful for evaluating tumor progression, developing tumor drugs, and monitoring the disease process of cancer patients. etc., are valuable research.
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Targets Drug Type of cancer Beneficial effects Stage of References or
development clinical trial
number
NGF Anti-NGF sequestering Ab Bone sarcoma Reduce neuropathic pain; Preclinical McCaffrey et al.,
(MADb911) Relieve tumor-induced bone 2014
destruction
Anti-NGF Ab or small interfering  Breast cancer Inhibit tumor growth and Preclinical Adriaenssens et al.,
RNA against NGF metastasis 2008;
Hondermarck,
2012
Anti-NGF sequestering Ab Prostate cancer Relieve cancer-induced bone Preclinical Jimenez-Andrade
pain etal., 2011
Anti-NGF Ab (Tanezumab) Bone metastases — Phase 2 NCT00830180
TRK Small molecule inhibitor (AZ64) HNSCC Overcome chemotherapy Preclinical Yiimaz et al., 2010
that targets TRKB resistance
TRK antagonist (K252a) Gastric cancer; choriocarcinoma Inhibit tumor growth and Preclinical Kawamura et al.,
invasion 2010; Okugawa
etal, 2013
Oral TRK inhibitor (CEP-701) Advanced carcinomas — Phase 1 Marshall et al.,
2005
An Oral Locally advanced or metastatic — Phase 1 NCT02097810
TRKA/TRKB/TRKC/ROS1/ALK cancer; solid tumors; primary brain Phase 2 NCT02568267
inhibitor (Entrectinib/RXDX-101)  tumors Phase 1/2 NCT02650401
A highly selective pan-TRK Solid tumors — Phase 1 NCT04014257
inhibitor (NOV1601/CHC2014)
Oral TRKA inhibitor (VMD-928) Advanced solid tumors or — Phase 1 NCT03556228
lymphoma
A small molecule inhibitor of Advanced solid tumors or = Phase 1/2 NCT02048488
TRKA/TRKB/TRKC/ALK lymphoma
(TSR-011)
An Oral ROS1 and TRK Solid tumors — Phase 1 NCT02279433
inhibitor (DS-6051b)
A specific inhibitor of TRKA, B, PDAC — Preclinical Johnson et al.,
and C (AstraZeneca 1332) 2017
BAR B-blockers PCa Reduce PCa-specific mortality Preclinical (Grytli et al., 2014)
B-blockers (propranolol, Breast, pancreatic, colorectal, — — NCT00502684
propranolol hydrochloride) cervical, gastrointestinal cancer;
melanoma; PCa; locally
recurrent/metastatic solid tumors
Phase 2 NCT02650401
Phase 2 NCT03838029
Phase 2 NCT03919461
— NCT01988831
Phase 2 NCT01902966
Phase 2 NCT02944201
NCT03152786
Early Phase 1 NCT03245554
Early Phase 1 NCT02013492
Nerve fibers  Botulinum toxin Gastric cancer — Phase 2 NCT01822210
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Sample Number Expressions of FZD2* P-value

ESCC tumor tissues 80 1.89+0.42 0.000"*
Normal tissues 80 0.23+0.86

*Expressions of FZD2 in ESCC were shown as mean + SD.
P < 0.001.
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Variables

Age (years)
<=60
> 60
Sex
Male
Female
Tumor size
<=50m
>5cm
Unknown
Pathological grade
I
SN}
(TN}
Clinical stage
1
2
3
Tumor stage (T)
1
I
L}
v
Lymph node metastases (N)
NO
N1
N2
N3
Nx
Unknown
Distance metastases (M)
Mo
M1
Unknown
FZD2 staining intensity
0,1
2,3

N (%)

32 (32%)
68 (68%)

74 (74%)
26 (26%)

57 (57%)
28 (28%)
15 (15%)

6(6%)
66 (66%)
28 (28%)

4(4%)
42 (42%)
50 (50%)

4(4%)

11 (11%)

79 (79%)
3(3%)

45 (45%)

31(31%)

17 (17%)
5(5%)
1(1%)
1(1%)

99 (99%)
0
1(1.11%)

31(31%)
69 (69%)
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N-SH2 domain

N- and C-SH2
domains

C-SH2 domain

Linker region
between
C-SH2 and PTP
domains

PTP domain

C-terminal tail

Missense mutations

R30Q
R44K
DSON
KesT

Missense mutations

DION

Nonsense mutations
Q83

Missense mutations
A120T

In frame insertion

V169_M170dup

Missense mutations

E201K
T216M; A220V
E237K
F2488
Q266L.

Missense mutations

A323T

V362l; L405M; R4O7TW; Y412C
P376L; G477S

E389K; L478M

D419G

Q438K

Nonsense mutations

G291*
E384*

Splice

X403_splice

Missense mutations

E517G
R554C

Splice

S508=
X558_splice

Allele frequency

039
0.47
0.44
047

Allele frequency

0.42
Allele frequency

0.33

Allele frequency
03
Allele frequency

0.36

Allele frequency"

0.43
0.35;0.31
0.39
0.48
0.42

Allele frequency®

0.39
0.81; 0.35; 0.44; 0.43
0.59; 0.34
0.31;0.32
0.49
0.41

Allele frequency

0.38
0.32

Allele frequency

0.31

Allele frequency

0.45
0.56

Allele frequency

0.36
0.47

*The mutation and the corresponding allele frequency are listed in the same order:

*The sense codon is mutated in a stop codon. Mutations listed in this table have an allele frequency of >0.3%.

Tumor

Mucinous adenocarcinoma of the colon and rectum
Cutaneous melanoma

Diffuse large B-cell lymphoma, NOS

Colon adenocarcinoma

Tumor

Uterine endometrioid carcinoma
Tumor

Diffuse large B-cell lymphoma, NOS

Tumor
Stomach adenocarcinoma
Tumor

Uterine carcinosarcoma/Uterine Malignant mixed mullerian tumor

Tumor

Head and neck squamous call carcinoma
Uterine endometrioid carcinoma
Cutaneous melanoma

Mucinous stomach adenocarcinoma
Hepatocelular carcinoma

Tumor

Mucinous stomach Adenocarcinoma
Uterine endometrioid carcinoma
Cutaneous melanoma

Colon adenccarcinoma

Diffuse large B-cell lymphoma, NOS
Glioblastoma muliforme

Tumor

Lung squamous cell carcinoma
Uterine endometrioid carcinoma

Tumor

Cutaneous melanoma

Tumor

Uterine endometrioid carcinoma
Colon adenccarcinoma

Tumor

Colon adenccarcinoma
Uterine endometrioid carcinoma
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Minden*
TMD8 L265P Heterozygous Provided by Dr.
Liguang Lou™
SUDHL-2 WT (S222R mutation) ATCC™*
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GCB OCl-Ly 19 WT Provided by Dr. Marc

Minden*

*Dr. Marc Minden: University Health Network, Toronto, Canada. **Dr. Liguang
Luo: Shanghai Institute of Materia Medica, Chinese Academy of Sciences,
Shanghai 201203, China ***ATCC: American Type Culture Collection ***DSMZ:
The Deutsche Sammiung von Mikroorganismen und Zellkulturen (Leibniz-Institut
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Age (years) Histologic type ™NM Nodal Molecular MacroH2A1  MacroH2A1  MacroH2A.1

metastasis subtype 1s ES RS
a7 Invasive ductal carcinoma of pTic N3a Yes Luminal o 0 0
NST (G2) B/HER2 -
63 Invasive ductal carcinoma of pT4d N2a Yes Luminal 2 2 4
NST (G2) B/HER2 -
39 Invasive ductal carcinoma of pT1c NO No HER2 + 1 1 1
NST (G8)
75 Invasive tubular carcinoma (G1) pTic NO No Luminal A 2 2 4
53 Invasive lobular carcinoma (G2) pT2 NO No Luminal A 1 2 2
63 Invasive ductal carcinoma of pTic N3a Yes Luminal 2 2 4
NST (G2) B/HER2 -
44 Invasive ductal carcinoma of pTic NO No Luminal 2 2 4
NST (G2) B/HER2 -
63 Invasive ductal carcinoma of pT1bNO No Luminal A 1 1 1
NST (G1)
74 Invasive ductal carcinoma of pT1bN1mi Micrometastasis  Luminal 2 4 8
NST (G2) B/HER2 -
54 Invasive ductal carcinoma of pTic NO No Luminal A 2 4 8
NST (62)
48 Invasive ductal carcinoma of pT2 N2a Yes HER? + 3 3 9
NST (G83)
50 Invasive tubular carcinoma (G1) pT3NO No Luminal A 2 2 4
56 Invasive ductal carcinoma of pT1bNO No Luminal 1 2 2
NST (G2) B/HER2 -
45 Invasive ductal carcinoma of pT1c NO No Luminal A 1 1 1
NST (G2)
57 Invasive ductal carcinoma of pT2 Nia Yes Luminal 3 3 9
NST (G8) B/HER2 -
59 Invasive ductal carcinoma of pT2 Nia Yes Luminal 3 4 12
NST (G8) B/HER2 -
68 Invasive ductal carcinoma of pT1b NO No Luminal A 2 1 2
NST (G2)
64 Invasive ductal carcinoma of pTic NO No Luminal 1 3 3
NST (G2) B/HER2 -
% Invasive ductal carcinoma of pT2 Nia Yes Luminal 3 3 9
NST (G3) B/HER2 -
65 Invasive lobular carcinorma (G2) pTic N2a Yes Luminal 3 4 12
B/HER2 -
67 Invasive ductal carcinoma of pTic NO No Luminal A 1 2 2
NST (G2)
28 Invasive ductal carcinoma of pTic NO No Luminal A 2 2 4
NST (G1)
55 Invasive ductal carcinoma of pT2 N3b Yes Luminal 0 0 o
NST (G8) B/HER2 -
63 Invasive ductal carcinoma of pTic NO No Luminal 3 4 12
NST (G2) B/HER2 -
81 Invasive ductal carcinoma of pTicNia Yes HER? + 2 4 8
NST (G3)
4 Invasive ductal carcinoma of pTicNia Yes Triple 2 4 8
NST (G8) negative
56 Invasive lobular carcinoma (G3) pT2 N3b Yes Luminal 2 4 8
B/HER2 +
61 Invasive ductal carcinoma of pT1bN2a Yes Luminal 1 1 1
NST (G2) B/HER2 -
69 Invasive ductal carcinoma of pTic N2a Yes Luminal 3 3 9
NST (G2) B/HER2 +
54 Invasive ductal carcinoma of pTic NO No Luminal 2 3 3
NST (G3) B/HER2 -
62 Invasive ductal carcinoma of pTicNia Yes Luminal 2 4 8
NST (G2) B/HER2 -
61 Invasive ductal carcinoma of pTic N2a Yes Luminal 3 3 9
NST (G3) B/HER2 +
65 Invasive ductal carcinoma of pT2 N2a Yes Luminal 3 4 12
NST (G3) B/HER2 +
43 Invasive tubular carcinoma (G2) pT2 NO No Luminal 2 3 6
B/HER2 +
49 Invasive tubular carcinoma (G1) pTib NO No Luminal A 2 3 6
78 Invasive ductal carcinoma of pTic Niami Micrometastasis ~ Luminal 1 2 2
NST (G2) B/HER2 +
67 Invasive ductal carcinoma of pT2NO No Luminal A 2 4 8
NST (G2)
63 Invasive ductal carcinoma of pT2N1a Yes HER2 + 2 4 8
NST (G3)
49 Invasive tubular carcinoma (G2) pTicNia Yes Luminal 3 4 12
B/HER2 +
67 Invasive tubular carcinoma (G3) pTic NO No Luminal A 1 2 2
63 Invasive lobular carcinoma (G3) pT2NO No Luminal A 3 4 12
7 Invasive ductal carcinoma of pTic NO No Luminal A 2 3 6
NST (62)
53 Invasive ductal carcinoma of pTic N2 Yes Triple 2 3 6
NST (G3) negative
79 Invasive tubular carcinoma (G1) pTic NO No Luminal A 3 4 12
47 Invasive ductal carcinoma of pT3N3 Yes Luminal 2
NST (G3) B/HER2 -
59 Invasive lobular carcinoma (G2) pT2NO No Luminal A 2 2
52 Invasive ductal carcinoma of pTic N2a Yes Luminal 3 4 12
NST (G3) B/HER2 +
50 Invasive lobular carcinoma (G3) pT2 Niami Micrometastasis ~ Luminal A 3 4 12
60 Invasive ductal carcinoma of pTic NO No Luminal 3 4 12
NST (G2) B/HER2 +
il Invasive ductal carcinoma of pTic NO No Luminal A 3 3 9
NST (G2)
56 Invasive ductal carcinoma of pT2 N2b Yes Luminal A 3 3 9
NST (€3)
76 Invasive ductal carcinoma of pT2Nia Yes Luminal 3 4 12
NST (G3) B/HER2 -
64 Invasive ductal carcinoma of pT2Nia Yes Luminal A 2 4 8
NST (G2)
40 Invasive ductal carcinoma of pT2Nia Yes Triple 3 3 9

NST (G3) negative
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Sequences for binding sites

C1QBP Primer 1 F: 5'-TTGGTGACGCCCCTGCTT-3
R:5’-GCCGTCCACTCACTGTTTCG-3
Primer 2 F:5’-CGTATTCTGGGAAGTGTTGTT-3
R: 5’-TCACGCATTTCGCTTGGA-3
Primer 3 F: 5'-~AGCAGGGCTAAGGCGAAGG-3
R: 6/-TTCCGGCAGGTGGGTATG-3
VCAM-1 Primer  F: 5-CCTTGATGCCCATTTATC-3'

R: 5-CTCTAGTCGGTCTGTCTC-3'






OPS/images/fonc-10-561595/crossmark.jpg
©

2

i

|





OPS/images/fcell-09-607142/fcell-09-607142-t004.jpg
Genes (reference sequence)

TNF (NM_000594.4)

B-actin (NM_001101.5)

Sequences

F:5-AC

TGGAGTGATCGGCCCC-3

R: 5’-TTCTGTGTGCCAGACACCCTA-3
F: 5-TCGTGCGTGACATTAAGGAGAAG-3'

R: 5'-G

GAAGGTAGTTTCGTGGATGC-3'
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Tissue/cell lines/animal model

SW837, SW480, Pan c-1/SWD20, SWK3

160 Tumors/SW1116, SW480, SW620, HCT116, Caco2, HT29, LoVo
Caco-2 and SW480

30 Tumors/LoVo cells/male BALB/c nude mice (iver metastasis model)
xenograft tumor model

SW480, SW620, LoVo, and LoVoOXR/tumor tissue
LoVo-induced MDSCs model/52 whole blood samples of CRC patients

Mice colitis-associated colon cancer/MC38 cells

Rat peritoneal and human alveolar macrophages, WiDr, and PMA-U37
cells

C0l0320, DLD1, WiDr, and TCO cells

SW480, HCT1 16, SW620, LOVO, and Colo205 cell ines/45 CRC tissue
samples.
SW480 and LS174T

DLD-1, HEK-203T, LS174T, and SW480 cell lines
HCT116 and SW480 CRC cells

HCT16 (HAB-68™" and HAB-92")/xenograft mice

HT-29, MCF-7, and A549

CRG tissue samples/HCT 116/tumorigenesis mice model

25 GRC tissue/LS174T and HCT116 cells/tumorigenesis mice model

9 Tumor tissue samples/RAGE~/~, RAGE*/+ C57BL/6 mice/CAC mice
model (AOM+DSS)HT-29, Caco-2 and CT-26

HCT116/diabetic mouse model [ICR mice/streptozotocin (STZ)]

Ligands
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(AGE-
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S100A8/A9

AGEs

RAGE molecular
mechanism

Smad4

MAPK/ERK and hypoxia
RAGE/ERK/SP1/MMP2
ERK and NF-«8

NF-cB

ERK1/2/Drp1

RAGE-p38 MAPK and
TLR4-NF-«B

MAPK and NF-kB
Rac1 and JNK/SAPK

ERK-1/2, Rac1 and
AKT/MMP9, and
NF-kBpB5/NO

SP1/VEGF

AP-1/miR-21/RECK
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Wnt/p-catenin
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MAPK/ERK

TLR4, glycans, and RAGE
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Genes (reference sequence)

C1QBP (NM.001212.4)

HIF-1a (NM_001530.4)

VCAM-1 (NM_001078.4)

ITGA4 (NM_000885.6)

ITGB7 (NM_000889.3)

'GB1 (NM_002211.4)

Sequences

F: 5"-AACAACAGCATCCCACCAAC-3'

R: 5’-TCACTCTCAGCCTCGTCTTC-3

F: 5'-TTAGAAAGCAGTTCCGCAAGC-3'
R: 5’-AGTGGTCATTAGCAGTAGG-3

F: 5-TAGAGTTTTTGGAGGATACGGAT-3'
R: 5-ACATTGACATAAAGTGTTTGCGT-3'
F: 5'-AGCCCTAATGGAGAACCTTGT-3
R: 5'-CCAGTGGGGAGCTTA CAT-3'
F: 5"-CCATTCAGCTTTCACCATGTGC-3'
R: 5’-ACCTTCAGGCGAGTCCAGATT-3'
F: 5’-CCTACTTCTGCACGATGTGATG-3'

R: 5-CCTTTGCTACGGTTGGTTACATT-3/





OPS/images/fonc-10-552283/fonc-10-552283-t001.jpg
References

Garuso etal. (142)
Chen etal. (2016)
Chiavarina et al.
(74)

Choi et al. (143)

Comstock et al.
(144)
Deng etal. (72)

Fahmueller et al.
(145)

Hamaguchi et al.
(146)

Harada et al. (86)
Huang et al. (88)
Huang et al. (88)

Huang et al. (121)

Jiao et al. (62)

Jiao et al. (147)

Kong et al. (69)

Kucukhuseyin
etal. (148)

Kuniyasu et al.
(2003)

Livetal. (149)
Qianet al. (58)

Royse et al. (150)

Sakellariou et al.
(76)
Sasahira et al. (55)

Shen et al. (151)
Shen et al. (152)
Toth et al. (153)

Turovskaya et al.
(1
Zinkzuk et al. (154)

CRC patients/samples

31
1,249
102 (Tumors)

46 (Plasma)
126 (Serum)
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50 (Tumor tissues)
30 (Tissue and serum)
106

52 (China; tumor tissue
and blood)

29,133 (Finnish male
smokers; serum)

158 (plasma)

396 (Rectal cancer,
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80 (stanbul)
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21 (10MS, 11 non-MS)
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65 (Males; tumor epithelia
138 (Colonic mucosa)

96

90 (Tissue)

25

183 (Hungarian)

9 (Tumor tissues)

50

Biomarker

FNSK
SRAGE
MG, GLO-

SRAGE and S100A12
VEGF,C-peptide, SRAGE

Glucose-derived AGEs, RAGE,
SP1 and MMP2

HMGB1

TIMP-1, IL-8, and EN-RAGE
(more overall sunvival)
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TCTP, HMGB1
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sRAGE
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TNF-a 2308A, RAGE 2429C,
HSP70-2 21267G, LTA 252G
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Negative

Positive

Ki67

Negative

Positive

P53
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Variables Cases, n = 271

Age (year) 49.28
Age at menarche (year) 15.24
Age at first live birth (year) 25.66
Age at menopause (year) 49.32
Menopausal status

Pre-menopausal 114 (42.07%)
Post-menopausal 157 (67.93%)
Breastfeeding duration (months) 24.80

Data presented as the mean values or number (% of total number).
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Drug Name.

Small Moloculos
Plerixafor (AMD3100)

Mavorixafor (AMD11070; X4p-
001)

usLatt
NOX-AT2

ox-01

Poptide CXCR4 antagonists
Balxafortido

Ly2510924
(68GalPentixator

BL-8040

Anti-CXCR4 antibodes
Uloccuplumab (MDX-
1338)

ALX-0651
PF.06747143

Phase.

Prased
Prase 1
Praso2
Praso2

Prasoz
Praso 23
Prase 1
Praso 1
Prase 12
Praso 12
Prase 12
Prase 1
Praso2
Prases
Prase 1
Prase 1
Praso2
Praso2

Prasos
Prase 12

Prase 12

Prase 12

Prase 12

Prase 12
Prase 1
Prase 1

Active Indication
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Wskott Akich Syndrome, Hamatopoitc Stem el
Transplanation

‘Acuto Myolod Laukeni, Acute Lymphod Leckema
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Weldenasirom's Macrogobusnemia
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Renal Cancr

S0l Tumors (Phase 1), Relapsed Recurent GBM (Phase 2)
Netastatc Coborectal Cancer

Netastatc Pancreatc Cancer
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Acute Myoiod Loukemia
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Mol Myslomalymphoma

Netastatc Pancreatic
Adenocarcinomn
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Pancreatc Adenocarcnorm

‘Gastric Adenocarcinom or Gastroesophageal dncion
Adenccarcinomn

‘CarcinomaNon: St Cel Lung AtezolzumiCobimetinn

Waldenstrom's
Nacrogiobuinemia

Healty Volnteers
‘Acute Myolod Lowkemia

‘Combination Therapy

Busutan, Oyciophosphamido

b
Pemboizumab

Lomustne
Pembrolzumad

Aeaciidn
iantsc, Oytaabine

Enbuin
Idraciin, ytarabine

Pembrolzumad

Permbrolzumad

PEGPH20, Cobimetib,
Aezoizumab, Gemaiabios, Neb-
Pacitae! Olpatn, Lovcowrn,
Fuorouact

PEGPH20, Linagipt, Paciaxet,
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U

Leucovor, Osalpati,
Aezoizumab, Cobimetin
‘Genictabine, Carboplat,
Pemetroxed, CPL444,
Tazemetostat,

Aezoizumab, Cotimetib,
RO6958688, DOcstaxe!

Dectatine.

“Tral number

NCT02231879
NOTa277200
NCT4177810
NCTa019809

NOT2065460
NCTa008327
NCTO#274738
NCT02820405
NCTo2667885
NCTO2765165
NCTa316819
NCTo2995655
NoT02873338
NoTas786004
NCT02652871
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PTEN
MMP-9
cathepsin

GAPDH

Forward primer

CGGTGCACACACACACAT
ACGT
ACGGCAGTGCAATAGTATT
GTCAAMGC
ACGTGTGCAAATCCA
TGCAAMACTGA
CGGCTGTGCAMTCTATGS
AAAACTGA

Universal UB Primer F was
purchased from Sangon
Biotech (Snanghai, China)
TCAGTTTGTGGTCTGOCAGS

Reverse primer

Uriversal PCR Primer R was
‘purchased from Sangon Biotech
(Shangha, China)

GGCAATGGCTGAGGGAACTC

CAAAGACCTGAAAACCTCCAAC GACTGCTICTCTCCCATCATC

GCTTGGCATCTITCCAGTTTTA

GAPDH primer F and R were
purchased from Sangon Biotech
(Shanghai, China)

CAACACTGCATGGTTCACATTA
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Oligonucieotides Sequences.

Sense (5'to 3) Antisense (5'to 3)

mR-19a:3p mimicsNC  UUCUCCGAACGUG  ACGUGACACGUUCGG
UCACGUIT AGAATT

mR-19a3p mimics  UGUGCAAAUGUAUGC  AGUUUUGCAUAGAULU
AAAACUGA GOACAUU

miR-19a:3p inhibitor-NG  CAGUACUUUUGUGUA
GuACAA

nR-19a:3p inhibtor  UCAGUUUUGCAUAGA

UUUGCACA
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Category

Neurotransmitters and their
receptors

Neurotrophins and their
receptors

Chemokines and their
receptors

MMPs

Other cell-surface
molecules and receptors

Molecule

NE/ADR

ACHh/ACHR
NGF/TRKA/p75N TR

NT-3/TRKC
NT-4/5
BDNF/TRKB
GDNF/RET/GFRa
CX3CR1/CX3CL1

CCR2/CCL2
CXCR4/CXCL12
MMP-2

MMP-9

L1-CAM

NCAM
Semaphorin 3A/plexins A1-A4

and neuropilin-1
Semaphorin 4F

Effects in PNI

Promote cancer cells proliferation, migration, and PNI

Provoke proliferation and migration of cancer cells

Mediate a mutual tropism between the nerves and cancer
cells

Unclear

Unclear

Promote cancer cell proliferation
Facilitate migration and PNI
Contribute to migration and PNI

Degrade the matrix around the tumor and the nerve tissue

A membrane receptor of the immunoglobulin supergene
family; contribute to PNI and neuropathic pain

A membrane receptor of the immunoglobulin supergene
family that regulates neuronal adhesion and migration
Regulate the interactions between nerves and cancer cells
in the tumor microenvironment

References

Guo et al., 2013; Ma et al.,
2019

March et al., 2020

Ceyhan et al., 2008; Ma et al.,
2008

Sclabas et al., 2005
\eit et al., 2004; Gil et al., 2010
Marchesi et al., 2010a

He et al., 2015
Zhang et al., 2008
Klein et al., 2004

Yamanaka et al., 2007; Ben
et al., 2010; Na'ara et al., 2019

Kameda et al., 1999; Shang
et al., 2007

Muiller et al., 2007

Ding et al., 2013

ACh, acetylcholine; ADR, adrenergic receptors; AChR, acetylcholine receptor; BDNF, brain-derived neurotrophic factor; CX3CL1, C-X3-C motif chemokine ligand 1;
CX3CR1, C-X3-C motif chemokine receptor 1; CCL2, C-C chemokine ligand 2; CCR2, C-C chemokine receptor 2; CXCR4, C-X-C chemokine receptor type 4, CXCL12,
C-X-C motif chemokine 12; GDNF, glial cell line-derived neurotrophic factor; GFRa, GDNF family receptor-alpha; L1-CAM, L1 cell adhesion molecule; MMPs, matrix
metalloproteinases; NCAM, neural cell adhesion molecule; NE, norepinephrine; NGF, nerve growth factor; NT-3, neurotrophin-3; NT-4, neurotrophin-4, PNI, perineural
invasion; p75NTR, p75 neurotrophin receptor; RET, rearranged during transfection; TRKA, tropomyosin receptor kinase A; TRKB, Tropomyosin receptor kinase B; TRKC,

tropomyosin receptor kinase C.
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Phase. Cancer type.

Praso | Head and neck squamous
ool carcinoma
Prase! Squamous col carcnoma

Praso! Hoad and nack squamoxs.

osi carcinoma

Prase 5 FUresstant metastaic

I colorecta cancor

Praso  Extonshe-Stago Smat Cal

fa Lung Cancer

Prasel CO44-exprossing soid
mors

Prase! Relapsedirefactory e
myeod leukema

Prase!l Advanced gynecdogc

Praso opithokal ovasan, falopian

W tube, orprimay perionea
cancer

Prase  Porsitont orrecutent

I epitheal ovaran, falopan
e, orprimary
portoneal carcinoma

Prase! Advanced ovaran epiheial
cancer

Target
isotorm

ey

cota6.

coune
coas
coas
cou

oot

oot

oot

o1

oot

Drug name/
conjugation

Bhatzumab

Bhatuzumab

Bhatuzumab

HaA-
Iroot

HA-
Iotocan
RG7356

RG7356

spL108

Outcome

Fatal g oted adverso ovont 0ocured, ermnaton

14% (20 7) patients had stabl isease

Fatl dngroated ackorse avent occurcd,teminaion
17% paral responso and 50% siabl dseaso

No ddorenco nsuvil cutcomes.

219% patents had sabo diseaso

(One patient had stae disase; 2 patens complte 185p0se Wil
ncompieto plateet rocovery o partial esponse

Tho saoty outcoma n s Phasot gynacologic
cancar il was xcetent and showed no
specic toxiciy profe

36% (4/11) ofpatents had disease stable

6.5% wero progression oo for at least 6 months 18:6% (22 with
CD4s exprosson

Prase I hath volunteers no systeric ackersa evens; phase Ib:
Showed saltmited, mid or moderato acverse events wih soveral
subjects showing stable disease

Adverse effects

Skinoated adverso
overts

One cvg et atalty
and various grade sk
reactons

Skevrotatod adverse
events.

Doseimiing toxcity

Not reported

Fover, boadacho and
fatigre

Doseimitng toxcity
and moderato acverse
events.

No systamic rug:
eltod adverse avents

No systemic drug-
reltod adverse ovents

One fta org etted
event

Not reported





