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Editorial on the Research Topic 
Novel modalities in cancer diagnostics and therapeutics


This Research Topic “Novel Modalities in Cancer Diagnostics and Therapeutics” is the second issue following our previous topic “New Technologies in Cancer Diagnostics and Therapeutics” and continuously focuses on the newly emerging areas of cancer diagnostics, drug development, and molecular signaling pathways (Li et al., 2021). Our aim was to collect the latest findings in both basic research and clinic application to contribute to the future direction of drug development or novel therapy. To this end, we received 35 manuscripts and finally 17 articles were selected in this Research Topic.
This Research Topic comprises two review papers, two case reporters and thirteen research articles. Tumor microenvironment (TME) composed of tumor cells, immune cells such as macrophages, and plays an important function in the cancer development, progression, and prognosis. The review article by Liu et al. summarized the functions of tumor-associated macrophages (TAMs) in thyroid cancer and discussed the mechanisms by which TAMs maintain the stemness of thyroid cancer and potential strategies for targeting TAMs to treat thyroid cancer. Another review article by Li et al. highlighted the regulatory mechanisms underlying the crosstalk between H. pylori infection and immune cells in TME of gastric cancer. H. pylori is well known to induce immune response and inflammation in the stomach and involved in gastric cancer progression. The research demonstrated that the underlying molecular mechanism concerning the crosstalk between H. pylori and the TME of Gastric cancer may contribute to develop effective therapy against H. pylori -induced gastric cancer. The research article by Wang et al. provided evidence that Interleukin-7 receptor (IL7R) may function as a potential prognostic factor for lung adenocarcinoma and found that IL7R expression was positively correlated with the overall survival and progression-free survival of lung adenocarcinoma patients. Their findings suggest that IL7R inhibits tumor growth by regulating the proportion of immune infiltrating cells in TME. The case report article by Sun et al. presented a case study of a middle-aged male patient with advanced lung adenocarcinoma who underwent a descending surgery after nine cycles of individualized chemotherapy combined with targeted immunotherapy and continued adjuvant chemotherapy. Following a comprehensive analysis, they developed a precise individualized chemotherapy plan and the patient achieved complete response. Wang et al. reported a combined treatment study using anlotinib (a small molecule multi-target tyrosine kinase inhibitor) and celecoxib (COX-2 inhibitor) in a desmoid tumors (DTs) patient with aggressive fibromatosis in the abdominal cavity. They provided evidence that the patient achieved a partial response with mild toxicity and disappeared pain symptoms following a combined therapy.
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors and the leading cause of cancer-related mortality worldwide. The immunotherapy which targets immune checkpoints, such as anti-programmed cell death 1(PD1) targeted immunotherapy, resulted in promising and encouraging effects in the treatment or various tumors. The studies from Wei et al. found that the combination of the FAK inhibitor (VS4718) and an anti-PD1 antibody could suppress tumor progression in murine model for hepatocellular carcinoma (HCC). The combination of the FAK inhibitor VS4718 and anti-PD1 could be a potential therapy for HCC by improving the immune environment, reducing liver fibrosis and simultaneously preventing PD1 from binding to the increased PD-L1 induced by FAK inhibitor. Drug-eluting beads-transarterial chemoembolization (DEB-TACE) has been widely used in unresectable and advanced hepatocellular carcinoma (HCC). Bi et al. assessed that the preliminary outcomes of DEB-TACE loaded with oxaliplatin for the treatment of patients with unresectable or recurrent HCC. The data suggested that DEB-TACE loaded with oxaliplatin-eluting CalliSpheres microspheres could be a safe, feasible, and efficacious palliative regimen in unresectable or recurrent HCC patients. Liu et al. investigated the expression of Consortin, a marker of poor differentiation of blood cells in the peripheral blood of acute myeloid leukemia (AML) patients by analyzing data from public databases and showed that CNST expression was inversely correlated with overall survival among AML patients and the genes negatively correlated with CNST are involved in various immune-related pathways. Mixed lineage leukemia gene rearrangements (MLLr) were found in about 10% of all the AML cases and in 22% of all the acute lymphoblastic leukemia (ALL) cases. Yao et al. investigated the Histone deacetylases inhibitor I1 (HDAC-I1), a chromatin-remodeling agent and found that a marked anti-proliferative effect on MLLr-AML and MLLr-ALL cells. HDAC-I1 inhibited HDAC and activated the hematopoietic cell lineage signaling, suggesting that HDAC-I1 could be a potential epigenetic agent for the treatment of Acute leukemia. Liu et al. developed the hemicyanine-based fluorescent probe ZWZ-3, which can be selectively enriched in the mitochondria of melanoma cells, thus promoting mitochondrial oxidative phosphorylation and inducing apoptosis and autophagy. Their data suggested that ZWZ-3 represents a potential therapeutic agent for detecting and treating melanoma. Qin et al. investigated the properties of polysaccharides of A. bracteate, named ABP and show that ABP increase anti-inflammatory cytokine IL-10, inhibited secretion of pro-inflammatory cytokines (IL-6, IFN-γ, and TNF-α), mitigated oxidative stress, and found that the CAC mice treated with ABP showed smaller tumor size and lower tumor incidence than untreated ones. Using database from TCGA and GEO, Wang et al. identified six risk biomarkers associated with prognosis of oral squamous cell carcinoma (OSCC). The expression of these risk genes in clinical specimens was higher in the non-survival patients than in the well-survival patients, suggesting that those gene signature and nomogram might provide a potential prognostic prediction and therapeutic for OSCC. Zhou et al. reported that miR-320a expression is lower in cisplatin (DDP) resistant cervical cancer (CC), and engineered miR-320a exosomes can attenuate DDP resistance via inhibiting Myeloid Cell Leukemia Sequence 1 (MCL1), a pro-survival and pro-proliferative factor which plays a critical role in tumorigenesis. The engineered miR-320a exosomes may represent a new therapy for chemoresistance cervical cancer treatment. Wang et al. studied the impact of sclerostin on malignant progression of Uveal melanoma (UM) and demonstrated that Sclerostin silencing through transfecting specific siRNA could heighten the proliferation, migration, and invasion as well as angiogenesis of human UM cells via activating Wnt/β-catenin signaling. Natural products with low toxicity are always important source for drug development. Zhou et al. investigated vanillin-derivate intervention by in vitro co-culturing with colorectal cancer cells and exploring the possible underlying mechanism. Their results showed that both vanillin derivatives were effective for F. nucleatum-infected Colorectal cancer (CRC) cells by inhibiting proliferation and migration through the E-cadherin/β-catenin pathway, suggesting potential natural product drug candidates for microbe-targeted strategies for the treatment of CRC.
Histone acetylation modification is one of the major significant epigenetic modifications, which are involved in various cellular biological processes including carcinogenesis (Langst and Manelyte, 2015). Dr. Xiangzhi Li’s group has long been committed to studying the function of MOF (males absent on the first), a histone acetyltransferase in a variety of physiological and pathological processes including cancers (Li et al., 2009; Li et al., 2010; Li et al., 2012; Guo et al., 2020; Wang et al., 2021). In this Research Topic, Li’s group further provides exciting evidence for the potential role of MOF in breast cancer (BC) (Zhang et al.) and renal cell carcinoma (RCC) (Guo et al.). Although the abnormal gene expression of MOF has been found in several types of cancers, more studies are still needed to comprehensively understand the function and complex regulatory mechanism of MOF in the initiation and progression of cancers and their relationship to cancer prognosis. Screening and discovering drugs or small molecules that can normalize the intracellular acetylation levels in cancer cells could be a prospective guide for further research and clinical applications.
In conclusion, this Research Topic “Novel Modalities in Cancer Diagnostics and Therapeutics” highlights multiple studies for developing potential targets or novel therapeutics for cancer diagnosis and treatment.
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Desmoid tumor is a rare disease, which is histologically characterized by local invasion, monoclonality, and fibroblast proliferation; and clinically characterized by a variable and often unpredictable course. The treatment of desmoid tumor is mainly surgical resection, but the recurrence rate is high. In recent years, a variety of treatment methods, including endocrine therapy, surgery, radiotherapy, chemotherapy, non-steroidal anti-inflammatory drugs, targeted drugs, interferon and more, have been used and achieved certain curative effects. In addition, in view of the inertia characteristics of desmoid tumor, observation is also a first-line scheme recommended by multiple guidelines. In the past, the research progress of targeted therapy for desmoid tumor is relatively slow and the curative effect is limited. Thus, targeted therapy is usually used as a remedial treatment after the failure of other conventional treatment methods. However, in recent years, with the rapid progress in the basic research of targeted therapy, some new targeted drugs are increasingly used for the clinical treatment of desmoid tumor and have achieved good results. Herein, we described a patient with aggressive fibromatosis in the abdominal cavity. Following a combined treatment using anlotinib and celecoxib, the patient achieved a partial response with mild toxicity. Simultaneously, the patient’s pain symptoms completely disappeared. This case indicates that the combination of anlotinib and NSAIDs could be an effective treatment for desmoid tumor.
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Background

Desmoid tumors (DTs), also known as aggressive fibromatosis, are local tumors of mesenchymal origin that can cause significant morbidity due to their infiltrating nature (1, 2). DTs are fibroblast clonal proliferative diseases originated from deep soft tissue. Most of them are found in connective tissues in muscles and fascia or aponeurosis. DT often infiltrates into adjacent muscle tissue or adipose tissue. It is usually easy to relapse after surgical resection, but in some cases, the disease can be stable and subside by itself (3). DTs include sporadic fibroma and familial adenomatous polyposis (FAP) associated fibroma. Most DTs are sporadic and are mainly caused by abnormalities in the Wnt/β-catenin signaling pathway, usually related to somatic β-catenin gene mutations (4, 5). At present, the treatment of DTs includes active monitoring, surgery, radiotherapy, chemotherapy, targeted therapy, endocrine and non-steroidal drug therapy (6). In the past, the research progress of targeted therapy for DTs is relatively slow and the curative effect is limited. Therefore, targeted therapy is often used as remedial treatment after the failure of other conventional treatment methods. However, in recent years, with the rapid progress of basic research on targeted therapy, some new targeted drugs, such as such as Imatinib (7–9), Pazopanib (10) and Sorafenib, are used in the clinical treatment of DTs and have achieved good curative effect (11).

Anlotinib is a small molecule multi-target tyrosine kinase inhibitor, which can effectively inhibit vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR), stem cell growth factor receptor (c-Kit) and others, and has the effect of anti-tumor angiogenesis and inhibiting tumor growth (12). Anlotinib has shown encouraging anti-tumor effects and acceptable toxicity in advanced lung cancer and soft tissue sarcoma (13–15). However, the role of anlotinib in the treatment of DTs remains unknown. So far, there is no clinical study on using anlotinib for the treatment of DTs.

We have recently encountered a rare case of isolated aggressive fibromatosis located in the abdominal cavity. Our team innovatively used the combination of anlotinib and celecoxib for the treatment. The patient’s tumor was significantly reduced and the progression-free survival (PFS) exceeded 18 months. This is the first case of successful treatment of DT using the combination of anlotinib and non-steroidal anti-inflammatory drugs (NSAIDs), which has not been previously reported.



Case Presentation

The patient is a 50 years old woman who had accidentally palpated a hard mass in the lower abdomen one and a half years ago. The mass had unclear boundaries and the patient had gradually worsening pain. The numerical rating scale (NRS) score was 7 points. A color Doppler ultrasound examination at the local hospital (2020-04-12) showed that there was an inhomogeneous echo mass about 9.5cm*7.7cm*6.8cm in the right front of the abdominal aorta in the upper mid-abdomen. She was admitted to Henan Cancer Hospital and an enhanced CT examination (2020-04-14) showed that there is a lump in the lower part of the abdomen and the upper part of the pelvis. The exploratory laparotomy was performed under general anesthesia on 2020-04-29. During the surgery, the size of the tumor was about 9cm*7cm*6cm, which invades the mesentery and causes mesangial contracture. The tumor envelops the main branches of the upper mesenteric blood vessels and is closely related to the blood vessels. Abdominal mass biopsy was performed after communicating with the patient’s family. Postoperative pathology (2020-05-18) showed aggressive fibromatosis. Fluorescence in situ hybridization (FISH) detection:3p22/3 = 0.72,CTNNB1 gene deletion. Probe type: CSP3/GSP CTNNB1 (3p22) (Figure 1). Immunohistochemical staining was performed and showed CK(-), CD34(vascular+), SOX-10(-), Bcl-2 (-),β- catenin(+), SMA(-), Desmin(-), Ki-67 (about 1%), CD117 (-), Dog-1 (-), ER-, PR- (Supplementary Figure 1). After the surgery, the patient’s NRS score was 6 points, and was given OxyContin 30 mg po q12h. We performed CT examination again before treatment as a baseline and the enhanced CT (2020-05-20) examination showed: 1. There is a soft tissue mass in the left lower abdominal cavity, with unclear borders, uneven enhancement, and unclear demarcation from the adjacent intestine. The larger section is about 84×65mm, and the surrounding fat gaps are blurred. We explain to the patient’s family that there is currently no standard treatment plan for aggressive fibromatosis, and anti-vascular targeted therapy combined with NSAIDs can be selected. The specific treatment regimen was: anlotinib: 10mg po bid d1-14, q21d and celecoxib: 0.1g po bid. From May 28, 2020 to December 02, 2021, anlotinib combined with celecoxib regimen was given for 22 cycles. The abdominal mass was significantly reduced after treatment (Figure 2). The treatment efficacy reached PR (partial response) (Figure 3), and the NRS score (2020-10-15) was 0 points (Figure 4). At present, the patient is generally in good condition, and the NRS score is 0 point. The patient is expected to obtain long-term survival with the continuation of treatment using anlotinib in combination with celecoxib.




Figure 1 | (A) HE staining showing the fibromatosis. (B) Fluorescence in situ hybridization(FISH) detection:3p22/3 = 0.72,CTNNB1 gene deletion. Probe type: CSP3/GSP CTNNB1 (3p22).






Figure 2 | The soft tissue mass in the left lower abdomen was scanned with enhanced computed tomography at different time points.






Figure 3 | The change of the diameter of the soft tissue mass in the left lower abdomen at different time points.






Figure 4 | The changes of the dosage of OxyContin and the changes of NRS scores after treatment at different time points.





Discussion

DT is a rare soft tissue tumor with a low incidence, which can occur in all parts of the body (16). The World Health Organization (WHO) defines invasive fibromatosis as clonal fibroblastic proliferative tumor formed in deep soft tissue, which is characterized by invasive growth, local recurrence and no distant metastasis (17, 18). The proximal and abdominal parts of the upper and lower limbs are the most common sites. The diagnosis mainly depends on pathological examination. At present, comprehensive treatment including surgery is the main treatment mode for invasive fibroma. Imaging examination is of great significance for monitoring tumor growth.

The etiology of invasive fibromatosis is not clear, which may be due to the combined effect of genetic, endocrine and physical factors, leading to the defect of connective tissue growth regulation. Invasive fibromatosis patients with Gardner syndrome are familial, suggesting that the disease might has a genetic basis (19). It often occurs in pregnant or post-pregnant women, suggesting that endocrine factors may be involved in tumor growth. Thus, estrogen receptor blockers and aromatase inhibitors are often used for its clinical treatment (20, 21).

At present, the treatment of DTs mainly includes active monitoring, surgery, radiotherapy, chemotherapy, targeted therapy and hormonal therapy. However, due to the lack of a comprehensive understanding of the pathogenesis of DTs and their natural evolution history, it is difficult to determine which types of DTs will not progress, and which DTs patients need active treatment. Studies have shown that the 5-year progression-free survival rate of asymptomatic DTs patients with active monitoring is 50% (22).

At present, drugs for targeted therapy of DTs mainly include tyrosine kinase inhibitors (TKIs), Wnt/β-catenin inhibitors and γ-secretase inhibitors. TKIs are one of the effective treatments for DTs. Clinically effective TKIs include imatinib, sorafenib, sunitinib, pazopani and anlotinib. But due to the low incidence of DTs, there is a lack of prospective studies with large number cases. Most of the current studies are retrospective. Imatinib is often used for remedial treatment of DTs after failure of other treatments. Kasper et al. (8) have shown that imatinib can inhibit tumor progression in DTs patients with Response Evaluation Criteria in Solid Tumours (RECIST) progress. For DTs patients with RECIST progress, the progression arrest rate (PAR) at 6 months after imatinib treatment is 65%.Penel et al. (7) showed that the PARs of patients with RECIST progression DTs and recurrent DTs at 6, 9 and 12 months after imatinib treatment were 80%, 69% and 67%, respectively. Sorafenib is one of the most studied TKIs drugs. It was found that in patients with progressive, refractory or symptomatic DTs, sorafenib could significantly prolong PFS and had long-term effects. The two-year PFS was 81% in the sorafenib-treatment group and 36% in the placebo group. The objective response rate (ORR) was 33% and 20%, respectively, in the two groups. In patients with effective treatment of DTs, the median time for sorafenib group to reach the RECIST efficacy evaluation standard was 9.6 months, and the placebo group was 13.3months (11). A phase II prospective study included 19 patients, including 9 sporadic fibromas and 10 FAP-related fibromas, to explore the efficacy of sunitinib on DTs. The results showed that partial response (PR) and stable disease (SD) were 26.3% and 42.1% respectively; the 2-year PFS was 74.7% and the overall survival (OS) was 94.4% (23). A phase II clinical trial found that pazopani showed efficacy for progressive DTs. Compared with methotrexate combined with vincristine, the PFS of pazopani for 6 months was 83.7% and 45.0%, and ORR was 55% and 37%, respectively. The short-term efficacy of pazopani was significantly better than that of the traditional second-line chemotherapy. A retrospective study explored the therapeutic effect of single-agent anlotinib on DTs. Anlotinib treated DTs patients in the extremities had the PFS of 95.2%, 90.5%, and 84.0% at 3, 6, and 12 months, respectively. The disease control rate (DCR) was 86.0% (18/21), and the ORR was 38.1% (8/21). The adverse reactions mainly included hand-foot syndrome, skin pigmentation, menstrual disorder, nausea and diarrhea, but they were all within the acceptable range (24). Although anlotinib has shown a certain effect on DTs, its final therapeutic effect still needs to be further confirmed by large-scale retrospective studies and prospective studies. So far, there is no report on the combination of anlotini and NSAIDs in the treatment of DTs. Our case shows for the first time that the combination of both has a good tumor inhibitory effect. At present, the patient is still in the treatment process, and it is expected to achieve a complete tumor regression effect.

Due to the critical role of Wnt/β-catenin signaling pathway in DTs formation, their inhibitors may be effective in this disease. Wnt/β-catenin inhibitor tegavivint is a new type of targeted drug and is being studied. It shows therapeutic effect on osteosarcoma both in vitro and in vivo (25). At present, there is no study on the therapeutic effect of tegavivint on DTs, and only one phase I clinical trial (NCT03459469) is recruiting DT patients.

γ-secretase inhibitor (GSI) is another new type of DTs targeted therapy drug. The γ-secretase inhibitor PF-03084014 acts on Notch pathway, interacts with Wnt/APC/β-catenin pathway, and indirectly regulates Wnt/APC/β-catenin pathway, reducing the proportion of cells in S phase and G2-M phase, thereby inhibiting the growth of DTs. However, PF-03084014 cannot cause cell apoptosis. That is, PF-03084014 cannot kill tumor cells. It can only control tumor progression by inhibiting tumor cell proliferation (26). Kummar et al. (27) suggested that PF-03084014 was effective in the treatment of refractory and progressive DTs. Among the 17 patients with DTs enrolled, 16 patients (94%) were evaluated as effective. Five cases (29%) were evaluated as PR, indicating the potential therapeutic effect of PF-03084014 on DTs. Another phase I clinical trial showed that the ORR of patients with DTs treated with PF-03084014 was high (5 out of 7 cases) (28). However, the existing research samples are small, and large sample studies are still needed to confirm the therapeutic effect of PF-03084014 on DTs.

Tyrosine kinase inhibitors are currently widely recognized drugs and are the main treatment when needed. Using targeted therapy, we need to consider the efficacy and also its toxicity. However, this would not be a problem if treatment with long-term toxicities is balanced against the potential benefit. Toxicity is usually assessed based on acute side effects. The emphasis on long-term toxicity is less, and such data of more recent drugs are not available. Tyrosine kinase inhibitor sorafenib is popular at present. However, they may lead to permanent hypertension and/or hypothyroidism (29). This is an issue that cannot be ignored because patients are generally young and have normal life expectancy. There is a characteristic peak age (approximately 30-40 years)for this disease, and we recognize a female predominance (30). Moreover, the long-term safety of these treatments has never been assessed, since these drugs were developed for patients with metastatic cancer and their life expectancy is very limited.

Research on the mechanism of DT indicated that it is characterized by WNT/oncogene pathway alterations triggering COX-2-mediated constitutive coactivation of PDGFR, and may therefore benefit from combined nonsteroidal anti-inflammatory drug and tyrosine kinase inhibitor treatment (31). We look forward to exploring more therapeutic regimens of PDGFR inhibitors combined with COX-2 inhibitors with less side effects. Anlotinib (PDGFR inhibitor) and celecoxib (COX-2 inhibitor) are very promising combinations. However, the optimal combination dose still needs to be explored. Therefore, it is still an open question to choose which treatment is good for drug therapy for DTs. We should clearly share all available and unknown information with patients in order to make the best decision on personalized treatment.

In general, DT is usually not a life-threatening disease. However, due to chronic pain, functional defects, and psychological problems, the quality of life of patients with DTs is generally decline. In particular, pain control should always be a priority whenever pain is present to allow active surveillance also for symptomatic patients as appropriate. There are few existing literature on the evaluation of health-related quality of life (HRQoL) in patients with DTs. We expect that the upcoming clinical trials should take HRQoL, including functional level and symptoms (most importantly, pain) as the endpoint of study. In this case, after the combined treatment of anlotinib and celecoxib, the pain was significantly reduced and the dose of OxyContin was decreased. Although the lesion was only stable in the first few cycles of CT efficacy evaluation, this suggests that the combination of anlotinib and NSAIDs drugs may be a very promising strategy in pain control. However, we cannot completely rule out that NSAIDs drugs play a certain role in enhancing the analgesic effect of opioids.



Conclusion

Although the management of DTs has undergone significant changes in recent years, there are many areas of controversy. For patients with active monitoring failure and/or postoperative recurrence of DTs, there is an urgent need for drug intervention. Exploring more efficient and low toxic drugs is the future direction, and the quality of life of patients should be the emphasized. As a physician, we should not only pay attention to the quality of life in the near future, but also to its long-term prediction. Our goal should always be to avoid or limit any possible harm. We expect that the combination of anlotinib and NSAIDs will be a potential treatment strategy for DTs in the future.
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Anti-PD-1/PD-L1 immunotherapy has limited efficacy in hepatocellular carcinoma (HCC) and does not benefit all patients. A FAK inhibitor (VS-4718) has been reported to improve the microenvironment in some tumors. This study aimed to investigate the effect of the combination of the FAK inhibitor VS4718 and anti-PD1 for the treatment of HCC in a mouse model and its possible mechanism of action. The expression of FAK and infiltrated immune cells in human HCC from the data of TCGA were analyzed. A primary murine HCC model was established via protooncogene (c-Met/β-catenin) transfection. The pathological characteristics of tumors were examined after the mice were treated with VS4718 and/or anti-PD1 therapy. This study revealed that FAK is highly expressed in human HCC and is associated with poor prognosis of OS (overall survival) and PFS (progress free survival) in HCC patients. Immune cell infiltration (CD8+ T, Tregs, M0, M2, CAFs and MDSCs) was correlated with FAK expression. In the experimental HCC model, the combination of a FAK inhibitor VS4718 and an anti-PD1 antibody had a better effect than monotherapy against HCC. VS4718 reduced the number of Tregs and macrophages but increased the number of CD8+ T cells in HCC mice. Notably, FAK inhibitor promoted the expression of PD-L1 in HCC. This study suggested that combination of the FAK inhibitor VS4718 and anti-PD1 could be a potential therapy for HCC by improving the immune environment, reducing liver fibrosis and simultaneously preventing PD1 from binding to the increased PD-L1 induced by FAK inhibitor VS4718.
Keywords: hepatocellular carcinoma, FAK inhibitor (VS4718), PD1, PD-L1, combination
INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death (Yang et al., 2019). Due to the high rate of recurrence and metastasis of HCC and resistance to antitumor drugs, the 5-years survival rate of HCC patients is low (Greten et al., 2019; Xiang et al., 2019). Therefore, exploration of more effective treatments for HCC is an urgent need (Rimassa et al., 2019).
In recent years, attention has been given to the effectiveness of immunotherapy which targets immune checkpoints, such as anti-programmed cell death 1(PD1) targeted immunotherapy, which has resulted in encouraging effects in the treatment of some solid tumors (Motzer et al., 2020). PD1 belongs to the CD28 family and it regulates peripheral immune tolerance and autoimmunity in CD8+ T cells, regulatory T cells (Tregs), and myeloid suppressor cells (MDSCs) (Yao et al., 2018; Pu et al., 2019). PD-L1 and PD-L2 are specific ligands of PD-1 and are mainly expressed in tumor cells and antigen-presenting cells. PD1 inhibits the function of effector T cells when it binds to PD-L1 or PD-L2 (Dong et al., 1999). The FDA has approved the anti-PD1 drugs nivolumab and pembrolizumab for the second-line treatment of HCC. However, not all patients are sensitive to these therapies, and the clinical efficacy of anti-PD1 is limited to a subset of patients, with a total effective rate of 20% or lower (Xu et al., 2018; Zhu et al., 2018). These results indicate that most patients are not suitable for anti-PD1 therapy. Therefore, it is of great significance to find ways to improve the sensitivity and effectiveness of anti-PD1 therapy.
Focal adhesion kinase (FAK) is encoded by the PTK2 gene. It is a nonreceptor tyrosine kinase in the integrin signal transduction cascade, which mediates the connection between cells and extracellular matrix (Evans and Müller, 2000). Highexpression of FAK is detected in a variety of human solid tumors (Song et al., 2021; Torres-Ayuso, et al., 2021). FAK can be phosphorylated and activated to target multiple downstream signaling pathways, promoting cell growth, development, invasion, and metastasis. FAK affects both cancer cells and tumor stromal cells (Shang et al., 2015; Shang et al., 2016; Lees et al., 2021). FAK can regulate the transcription of inflammatory genes and promote antitumor immune evasion (Jeong, et al., 2021). Previous studies have found that inhibition of FAK activity changed immune cell infiltration in tumor microenvironment (Jiang et al., 2016; Serrels et al., 2017; Canel et al., 2020). A FAK inhibitor VS4718, also named PND-1186, blocks FAK Tyr-397 phosphorylation and has become a potential anticancer drug (Wang et al., 2019; Dawson et al., 2021). The effect of VS4718 with PD1 blockade as a possible combination therapy has not been evaluated.
In this work, we used the c-Met/β-catenin plasmids to induce primary HCC model in C57BL/6 J mice. Using this mouse primary HCC model, we aimed to observe the efficacy of a FAK inhibitor (VS4718) in combination with an anti-PD1 antibody for the treatment of HCC and investigate the related mechanism.
MATERIALS AND METHODS
Data Source and Preprocessing
Gene expression data of LIHC projects (included 50 normal and 374 tumor tissues) with clinical information were obtained from TCGA (https://portal.gdc.cancer.gov/). Survival analyses, such as overall survival (OS), were measured from the date of study enrollment to death from any cause or last follow-up. Disease-free survival (DFS) is defined as the time between the treatment of intrahepatic lesions and the first discovery of recurrence or metastasis (Liu et al., 2018). The relationship between the expression of FAK and immune cells (CD8+ T, Tregs, M0, M2, CAFs, and MDSCs) was analyzed by TIMER2.0 website (http://timer.cistrome.org/) (Li et al., 2016; Li et al., 2017; Li et al., 2020).
Plasmids
The plasmids pT3-EF1a-c-Met (Cat. #31784) and pT3-N90-β-catenin (Cat. #31785) were obtained from Addgene (United States). The plasmids pCMV/SB (Liang et al., 2018) was presented by Professor Dong (Naval Medical University, Shanghai, China). The plasmids were purified using EndoFree Maxi Plasmid Kit (Cat. #DP117) from Tiangen Biotech (China) for hydrodynamic tail vein injection.
Mice and Treatments
C57BL/6 J mice were purchased from Jiesijie (Shanghai, China). Mice were 6–8 weeks old and their body weight ranged from 18 to 22 g. The mice were placed in a micro-isolator cage in a room illuminated from 7:00 AM to 7:00 PM (12:12-HR light-dark cycle) and adequate food and water were provided. All animal experimental procedures were approved by the Institutional Animal Care and Use Committee of Tongji University.
To establish an HCC mouse model, we used the tail vein hydrodynamic high-pressure injection technique to inject 22.5 µg pT3-EF1α-c-MET; 22.5 µg pT3-EF1α-∆N90-β-catenin; 5 µg pCMV/SB plasmid DNA dissolved in sterile saline (10% of the body weight of mice) into the mouse. After 4 weeks, the HCC mouse model was established which caused cancer only in liver (Shang et al., 2015).
The HCC mice were treated with drugs as following: 1) placebo group: A placebo is given orally (0.5% methylcellulose) or by injection (PBS) in equal doses and the same number of times. 2) anti-PD1 group: 200 μg PD1 antibody (anti-mPD1 clone RMP1-14, BioXcell, Cat. # BE0146) was injected by intraperitoneal injection, once every 3 days; 3) FAK inhibitor (VS4718) group: 50 mg/kg FAK inhibitor (VS4718) (Csnpharm, Cat. # CSN16593) dissolved in 0.5% methylcellulose (v/v, saline) was given to mice by gavage, twice a day. 4) The combination of anti-PD1 and FAK inhibitor group: 200 μg PD1 antibody was injected by intraperitoneal injection, once every 3 days and 50 mg/kg FAK inhibitor (VS4718) dissolved in 0.5% methylcellulose (v/v, saline) was given to mice by gavage, twice a day.
Protein Extraction and Western Blot
The mouse HCC tissues were added with RIPA (Thermo Scientific, 89,900) containing protease inhibitors (MCE, HY-K0010), placed on ice, and lysed for 30 min. After centrifugation at 12,000 rpm at 4°C for 10 min, the supernatant was transferred to a new EP tube. Then, the protein samples were quantified by the BCA method. The samples were placed in a metal bath and denatured at 100°C for 10 min. The protein samples were separated by electrophoresis on 10% SDS-PAGE gel and transferred to a 0.45 mm nitrocellulose membrane. Western blotting was performed with specific primary antibodies. Finally, imaging was performed using ECL (GE Health Care, United States). The detailed information about antibodies was listed in Supplementary Table S1.
ImmunoHistochemical Staining
The mouse HCC tissue was immobilized in 10% formalin and embedded in paraffin. Then, 5 μm thick slices were dewaxed in xylene and rehydrated in descending graded ethanol. A specific antigenic repair solution was used for antigenic repair. The slices were sealed in 10% BSA solution at room temperature for 1 h. The slides were then incubated overnight with specific antibodies at 4°C.The corresponding positive expression was detected by 3,3′ -diaminobenzidine (DAB) or indirect immunofluorescence. Positive staining was scored in at least three fields. At least three mice were included in each group.
RNA Extraction, cDNA Synthesis, and qPCR
The total RNAs were extracted from cells and tissues by the total RNA rapid extraction kit(Bioteke Corporation, RP4002). The cDNA was reverse-transcribed from 500 ng of total RNA using HiScript II Q RT SuperMix for qPCR kit (Vazyme, R222-01). The cDNA was diluted (1:20) for qPCR by ChamQ SYBR qPCR Master Mix (Vazyme, Q311-02) with gene-specific primers. β-actin was used as an endogenous control for normalization. The detailed information about the primer sequences was listed in Supplementary Table S2.
Statistical Analysis
GraphPad Prism 8.0.2 software was used for statistical analysis. Data were expressed as mean ± standard deviation (SD). Student’s t-test was used to compare two groups. Multiple groups were compared using one-way ANOVA. p < 0.05 was considered to be statistically significant. A Fishers’ exact test was used to analyze significance. The means ± SD are shown in the figures where applicable.
RESULTS
High Expression of FAK in Human HCC was Associated With Poor Prognosis and an Immunosuppressive TME
We analyzed the expression of FAK in human HCC and the correlation of FAK with patient outcome. It was found that FAK was highly expressed in HCC tissues (p < 0.001) (Figure 1A). In addition, we investigated FAK expression in the paired sample, and the expression of FAK was also higher in HCC tissues (p < 0.001) (Figure 1B). Cox regression analysis showed that high expression of FAK was associated with poor OS (p = 0.049) and PFS (p = 0.027), indicating that HCC patients with high FAK expression had a worse prognosis than those with low FAK expression (Figures 1C,D).
[image: Figure 1]FIGURE 1 | High expression of FAK in human HCC is associated with poor prognosis and an immunosuppressive TME (A) FAK expression is higher in human HCC tissues than in paired normal tissues by Wilcoxon rank sum test (p < 0.001). (B) The expression of FAK significantly increased in HCC tissues compared with adjacent tissues in the paired samples with Wilcoxon signed-rank test. (C–D) Kaplan-Meier survival analysis showed that increased expression of FAK was significantly associated with poor Overall Survival (p = 0.049) and Progression-free survival (p = 0.027). (E) The relationship between FAK expression and CD8+ T cells(Rho = -0.17 p = 1.85e-2), Tregs(Rho = 0.28 p = 1.16e-7),M0(Rho = 0.292; p = 3.16e-8),M2(Rho = 0.233; p = 1.19e-5),CAFs(Rho = 0.22; p = 3.67e-5) and MDSCs(Rho = 0.363; p = 3.02e-12).Significance identification: ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
To evaluate whether FAK might impact the tumor microenvironment (TME), we analyzed the relationship between the expression of FAK and immune cells in HCC tumor tissues by TIMER2.0. The results showed that the expression of FAK was correlated with the number of CD8+ T, Tregs, macrophages (M0, M2), CAFs and MDSCs (Figure 1E).
Combination of FAK Inhibition and Anti-PD1 Therapy Effectively Inhibited the Growth of HCC in Mice
To observe the efficacy of VS4718, anti-PD1 monotherapy or the combination of VS4718 and anti-PD1 in the treatment of HCC, we established a C57BL/6 J primary HCC model with complete immune function and then randomly grouped them for drug administration (Figure 2A). Compared with placebo, VS4718 or anti-PD1 monotherapy, the combination of VS4718 and anti-PD1 significantly inhibited HCC development in mice (Figure 2B). Compared with placebo and monotherapy, both liver weight and liver weight/mouse body weight were significantly lower in the combination treatment group (Figures 2C,D). It was found that the tumors were smaller and the liver tissue structure was relatively normal on H and E staining in the combination treatment group compared to the placebo and monotherapy groups (Figure 2E). These results suggest that a FAK inhibitor (VS4718) can promote the anti-PD1 immunotherapeutic efficacy in HCC in mice.
[image: Figure 2]FIGURE 2 | Combination of FAK inhibition and anti-PD1 therapy effectively inhibited the growth of HCC in mice (A) After 4 weeks of plasmid injection in C57BL/6 J mice, a primary hepatocellular carcinoma model was established and the mice were randomly divided into four groups (Placebo group, n = 7; Anti-PD1 group, n = 7; FAK inhibitor group, n = 7; Combination group, n = 8), and specific information about the administration (time, dosage, and method). (B) The mouse liver after 2 weeks of medication. (C–D) The liver weight of mice and the liver weight/body weight of mice were compared in each group (Placebo group, n = 7; Anti-PD1 group, n = 7; FAK inhibitor group, n = 7; Combination group, n = 8). Significance identification: ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001. (E) HCC tissues of mice were histologically analyzed by H and E staining (scale bars, 400 μm).
Combination of FAK Inhibition and Anti-PD1 Therapy Inhibited Proliferation and Promoted Apoptosis of HCC in Mice
To observe the effect of treatment on tumor status, including proliferation and apoptosis, PCNA immunohistochemical staining (Figure 3A) and TUNEL staining (Figure 3B) were performed. We analyzed the positive staining area in each group. We found that the combination treatment significantly inhibited tumor proliferation (Figure 3C) and promoted liver tumor cell apoptosis in mice compared with placebo and monotherapy (Figure 3D).
[image: Figure 3]FIGURE 3 | Combination of FAK inhibition and anti-PD1 therapy inhibited proliferation and promoted apoptosis of HCC in mice (A) PCNA immunohistochemistry on HCC tissues of mice (scale bars, 100 μm). (B) HCC tissues of mice in each group were stained with TUNEL-staining (scale bars, 200 μm). (C) Quantification of PCNA staining (n = 5 mice/group). (D) Quantification of TUNEL staining (n = 3 mice/group). Significance identification: ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
FAK Inhibition Reduced the Fibrosis of HCC in Mice
To determine the effect of drug treatments on fibrosis of HCC in mice, Sirius red staining (Figure 4A) and a-SMA immunohistochemical staining (Figure 4B) were performed. The anti-PD1 group showed a similar level of fibrosis compared with the placebo group. The FAK inhibitor group and combination group showed a significantly lower level of fibrosis (Figures 4C,D), implying that inhibition of FAK could reduce fibrosis in HCC mice.
[image: Figure 4]FIGURE 4 | FAK inhibition reduced the fibrosis of HCC in mice (A) Sirius-red staining was performed on HCC tissues of mice in each group (scale bars, 100 μm). (B) a-SMA immunohistochemistry was performed on HCC tissues of mice in each group (scale bars, 100 μm). (C) Quantification of Sirius-red staining (n = 3 mice/group). (D) Quantification of a-SMA staining (n = 3 mice/group). Significance identification: ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
FAK Inhibition Improved the Immune Microenvironment of HCC in Mice
To detect immune cell infiltration in HCC tissues of mice, CD8a, Foxp3, and F4/80 + immunohistochemical staining were used (Figures 5A–C). We found that the level of CD8a infiltration in HCC was higher in the FAK inhibitor monotherapy and combination groups than in the placebo or anti-PD1 groups (Figure 5D). Foxp3, a surface marker of Tregs, was significantly decreased (Figure 5E). F4/80 + expression decreased significantly (Figure 5F). These results suggest that a FAK inhibitor alone or in combination with an anti-PD1 antibody increases the number of CD8a T cells and decreases the number of Tregs and macrophages. We also detected the mRNA expression of some macrophage recruitment molecules (Ccl2, Flt3lg, Csf1, Csf2) and Tregs recruitment molecules (Ccl20, Cxcl13) in HCC tissues. The results showed that, compared with placebo and anti-PD1 monotherapy, a significantly lower expression of macrophage recruitment molecules and Tregs recruitment molecules was observed in the FAK inhibitor monotherapy and combination groups (Figure 5G).
[image: Figure 5]FIGURE 5 | FAK inhibition improved the immune microenvironment of HCC in mice (A) CD8a immunohistochemistry on HCC tissues of mice in each group (scale bars, 100 μm). (B) Foxp3 immunofluorescence on HCC tissues of mice in each group (scale bars, 200 μm). (C) F4/80 immunohistochemistry on HCC tissues of mice in each group (scale bars, 100 μm). (D) The number of CD8a positive cells in on HCC of mice (n = 5 mice/group). (E) Quantitative analysis of Foxp3 positive area per field by ImageJ (n = 4 mice/group). (F) Quantitative analysis of F4/80 positive area per field by ImageJ (n = 4 mice/group). Significance identification: ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001. (G) The mRNA expressions of macrophage recruitment/polarization factors (Ccl2, Flt3lg, Csf1, Csf2) and Tregs recruitment factors (Ccl20, Cxcl13) in HCC tissues of mice detected by q-PCR (n = 3 mice/group).
FAK Inhibition Increased the Expression of PD-L1 in HCC
To study whether the FAK inhibitor can affect PD-L1 expression in HCC in mice, we used qPCR to detect the mRNA expression of PD-L1. The results showed that the mRNA expression of PD-L1 in the FAK inhibitor monotherapy group and the combination group was higher than that in the placebo and anti-PD1 monotherapy groups (Figure 6A). Then, we extracted proteins from HCC in mice to perform Western blotting. We found that compared with the placebo group and anti-PD1 monotherapy group, p-FAK protein expression was decreased, but PD-L1 protein expression was significantly increased in the FAK inhibitor monotherapy group and the combination group (Figure 6B). To verify the expression of p-FAK and PD-L1, immunofluorescence staining was performed on the HCC tissues of mice. We also found that p-FAK expression was decreased in both the FAK inhibitor monotherapy group and the combination group, but PD-L1 protein expression was significantly increased (Figure 6C).
[image: Figure 6]FIGURE 6 | FAK inhibition increased the expression of PD-L1 in HCC (A) The mRNA expressions of PD-L1 in HCC in mice detected by q-PCR (n = 3 mice/group). Significance identification: ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001. (B) The expression levels of p-Fak (Y397), Fak and PD-L1 in HCC in mice detected by Western Blotting (n = 3 mice/group). (C) Immunofluorescence staining of p-FAK and PD-L1 in HCC in mice (scale bar, 200 μm).
DISCUSSION
In this study, we observed the effect of a FAK inhibitor (VS4718) in combination with an anti-PD1 antibody for the treatment of HCC in a mouse model. The results suggested that VS4718 significantly enhanced the sensitivity of HCC to anti-PD1 and improved therapeutic effect in mice.
FAK, which is overexpressed and highly phosphorylated in a variety of cancer cells, can activate multiple signaling pathways (Zhang et al., 2020). FAK not only affects cancer cells but also the TME which is associated with tumor growth and apoptosis (Anderson et al., 2017; Hamidi and Ivaska, 2018). The high expression of FAK is related to inhibitory immune cell infiltration in some tumors (Li et al., 2016; Li et al., 2017; Li et al., 2020). At present, many small molecule FAK inhibitors have been evaluated or are undergoing clinical trials, and results show that FAK inhibitors have anticancer efficacy and tolerability (Brown et al., 2018; de Jonge et al., 2019; Mohanty et al., 2020). Previous research showed that FAK knockdown or pharmacological inhibition of FAK activity promoted apoptosis and induced tumor regression (Haun et al., 2018; Cooper and Giancotti, 2019). We found that FAK was highly expressed in human HCC tissues and associated with poor prognosis of patients, which was consistent with the results of a clinical study (Fujii et al., 2004). Our experiment in mice showed that inhibition of the activity of FAK not only inhibited the growth of HCC but also reduced liver fibrosis and improved the immune microenvironment of HCC in mice.
Clinical trials showed that only 14.3% (22/154) of HCC patients responded to anti-PD1 therapy. (http://www.opdivohcp.com/advanced-hcc/efficacy/clinical-trial). Another challenge is that patients who respond initially may develop drug resistance later, leading to disease recurrence (Schoenfeld and Hellmann 2020). Therefore, some drugs combined with anti-PD1 are being explored to improve the sensitivity of HCC to treatment (Cheng et al., 2020). The immunosuppressive TME has been considered to be the reason for the failure of immunotherapy in HCC (Sangro et al., 2021). Extensive myeloid cell infiltration, such as macrophages and Tregs, may lead to dysfunction of infiltrating T cells (Mitchem et al., 2013), and cause tumor immunosuppression (Jiang, et al., 2016). These factors might contribute to the low sensitivity of tumors to anti-PD1 treatment. Similarly, in our experiments, anti-PD1 exhibited a weaker therapeutic effect on murine HCC, which is characterized by a higher degree of fibrosis and more immunosuppressive cell (macrophage and Treg) infiltration in the HCC tissues of mice. Some reports suggested that FAK inhibitors could act as immune modulators to improve the immune microenvironment of tumors (Jiang et al., 2016; Anderson et al., 2017; Osipov et al., 2019). Therefore, we evaluated the effect of FAK inhibitors on the liver tumor TME. A FAK inhibitor (VS4718) in combination with anti-PD1 therapy effectively inhibited the infiltration of macrophages and Tregs but increased CD8+ T cell infiltration in tumors compared to anti-PD1 monotherapy. Mechanistically, the effect of the FAK inhibitor on HCC immune infiltration may be due to a decrease in some macrophage recruitment molecules (Ccl2, Flt3lg, Csf1, Csf2) (Soncin et al., 2018; Sterner et al., 2019) and Treg cell recruitment molecules (Ccl20, Cxcl13) (Chen et al., 2017; Ji et al., 2020) in HCC.
Another reason for the inhibitory TME could be the highly fibrotic stroma of tumor tissue (Robinson et al., 2016). A high density of stroma forms a barrier that makes it difficult for drugs to reach the tumor interior (Provenzano et al., 2012). Previous reports showed that inhibition of FAK reduced tumor fibrosis, thereby reducing the tumor barrier and improving the TME (Jiang et al., 2016; Miller and Weissleder, 2017). Our results showed that a FAK inhibitor (VS4718) affects tumor fibrosis. We suggest that the antifibrotic effect of VS4718 plays a supporting role in the treatment of HCC. This effect might involve the inhibition of FAK on TGF-β/SMAD signaling pathway (Jiang et al., 2020).
Unexpectedly, we observed that treatment with VS4718 resulted in overexpression of PD-L1 in HCC. This finding differs from that of a previous study which showed that FAK inhibition induced the downregulation of PD-L1 in triple-negative breast cancer (Pan et al., 2019). High expression of PD-L1 may lead to the suppression of immune function (Topalian et al., 2016; Li et al., 2019). However, clinical studies have shown that patients with increased CD8+ T cell infiltration and high PD-L1 positivity in HCC are more sensitive to anti-PD1 therapy and have a significantly improved disease control rate, which is significantly associated with prolonged PFS and OS (Aguiar et al., 2018; Han et al., 2019; Morita et al., 2021). The combination of VS4718 and an anti-PD1 antibody can not only increase the infiltration of CD8+ T cells and reduce the infiltration of immunosuppressive Tregs and macrophages but also block the binding of PD1 on the surface of T cells to PD-L1 on the surface of tumor cells. This might be the main reason why the combination of a FAK inhibitor (VS4718) and an anti-PD1 antibody can better inhibit HCC in mice than FAK inhibitor (VS4718) monotherapy.
However, our murine model did not represent the heterogeneity of all HCC cases (Craig et al., 2020). The effect of a FAK inhibitor (VS4718) combined with an anti-PD1 antibody needs to be evaluated in different HCC models. The actual clinical therapeutic effect of FAK inhibitors combined with anti-PD1 antibodies on HCC patient needs further clinical research. In addition, the detailed mechanism of the combination of FAK inhibitor and anti-PD1 warrants further study.
In conclusion, our findings revealed that the combination of the FAK inhibitor VS4718 and an anti-PD1 antibody could suppress tumor progression in HCC mice and was better than monotherapy. The combined therapy improved the tumor immune microenvironment and reduced liver fibrosis. In addition, the combination therapy blocked the potential side effects of FAK inhibition-induced PD-L1 upregulation. Taken together, we demonstrate that the FAK inhibitor VS4718 enhances the efficacy of anti-PD1 immunotherapy in HCC. The combination of a FAK inhibitor and PD1 inhibitor could be a potential therapeutic strategy for the treatment of HCC.
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Background

Renal cell carcinoma (RCC) is one of the most common and lethal human urological malignancies around the world. Although many advancements in diagnostic and therapeutic strategies have been acquired, the prognosis of patients with metastatic RCC was poor. Thus, there is an urgent need to understand the molecular mechanism of RCC.



Methods

The quantitative real-time PCR (qRT-PCR) was used to detect the RNA expression of MOF in human RCC tissues and cell lines. The protein expression of MOF was analyzed with immunohistochemistry (IHC) and Western blot. To understand the regulatory mechanism of MOF in liver cancer, ChIP-qPCR assay and dual-luciferase assay were performed. Moreover, a series of in vivo and in vitro experiments were conducted to evaluate the effect of MOF on renal cell carcinoma progression.



Results

In the present study, we found that Males absent on the first (MOF), a histone acetyltransferase involved in transcription activation, was significantly decreased in both RCC tissues and RCC cells compared to normal tissues and non-cancer cells. Moreover, MOF downregulation was associated with advanced histological grade, pathologic stage and distant metastasis of RCC patients. Ectopic expression of MOF could significantly attenuate cell proliferation and promote cell apoptosis. Besides, MOF overexpression also suppressed migration of RCC cells through inhibiting epithelial-mesenchymal transition (EMT). Importantly, the inhibition of tumor growth by MOF was further confirmed by in vivo studies. Mechanism dissection revealed that MOF could transcriptionally upregulate the expression of SIRT1, leading to attenuated STAT3 signaling, which was involved in cell proliferation and migration. Moreover, SIRT1 knockdown could restore the biological function induced by MOF overexpression.



Conclusions

Our findings indicated that MOF serves as a tumor suppressor via regulation of SIRT1 in the development and progression of RCC, and MOF might be a potent biomarker for diagnosis and prognosis prediction of RCC patients.
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Introduction

Renal cell carcinoma (RCC) is a malignant tumor arising from urinary tubular epithelial cells (1), accounting for more than 90% of tumors in human kidney. It was reported that there were 403,262 new cases and 175,098 deaths in 2018 (2) and the incidence of RCC is gradually increasing every year. Radical nephrectomy is the major effective treatment for patients with RCC due to the poor effect to chemotherapy and radiotherapy (3). Moreover, although significant advances have been acquired in therapeutic strategies, including modified surgical techniques and improved systemic treatment with targeted agents, the prognosis of RCC is still far from satisfactory because of the tumor recurrence and metastasis (4). The median survival time of patients with metastatic RCC was only 13 months (5). Therefore, comprehension of the molecular mechanisms of RCC carcinogenesis and progression is essential for detecting diagnostic and therapeutic biomarkers.

Histone acetylation modification is one of the most significant epigenetic modifications involved in various cellular biological process (6), such as genetic transcription, chromosome constitution, cell cycle control, and DNA damage repair. The balance of global histone acetylation modification is regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs) (7), and its disturbance shows close association with the initiation and progression of various cancers. For example, the total acetylation levels of histone H3 were negatively correlated with Fuhrman grading, pT-stage, and distant metastasis of RCC (8), whereas the alteration of global H4K16ac was closely associated with the occurrence of tumors (9), indicating the diagnostic and prognostic value.

MOF, as a member of the MYST family of HATs in human cells, is responsible for H4K16ac (10). Depletion of MOF not only leads to global reduction of H4K16ac, but also influences various physiological and pathological processes (11–13), including cell proliferation, DNA damage repair, chromatic constitution, gene transcription, stem cell self-renewal, and embryonic development. Recently, mounting evidences revealed that abnormal expression of MOF was involved in various primary cancers, however, the expression patterns of MOF were varied among different cancers. The expression of MOF was upregulated in lung non-small cell lung cancer (NSCLC) tissues compared to normal tissues, and MOF overexpression led to enhanced cell proliferation, migration, adhesion, and drug resistance of NSCLC cells (14, 15). On the contrary, MOF was reported to be downregulated in multiple cancers, including breast cancer (16), medulloblastoma (17), gastric cancer (18), and ovarian cancer (19). Although the downregulation of MOF had been found in RCC (18, 20), it remains poorly understood about the functions and molecular mechanisms of MOF in RCC.

In this study, we assess the expression of MOF in RCC tissues and RCC cells, and further evaluate the association between MOF expression and corresponding clinicopathological features. In addition, the role of MOF in regulating RCC cell proliferation and mobility and the underlying mechanism was also investigated. Our results would help to comprehensively understand the function of MOF in RCC and provide a novel biomarker for diagnosis and treatment in RCC patients.



Material and Methods


Human Samples

A total of 52 RCC patients undergoing surgery in the department of urology at the Shandong Cancer Hospital and Institute were included in the present study. The RCC tissues and paired adjacent normal tissues were stored at − 80°C until use. None of the patients received chemotherapy or radiotherapy before surgery. Written informed consent was obtained from all participants, and all the experimental procedures were approved by the Ethics Committee of Shandong Cancer Hospital and Institute.



Gene Expression Profiles

The gene expression data matrix of normal tissue and RCC tissue was obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/), which is accessible through the GEO platforms GPL570 (GSE53757).



Cell Culture

The human RCC cell lines, 786-O, Caki-1, 769-P, A498, ACHN and the immortalized proximal tubule epithelial cell line from normal adult human kidney (HK-2) were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Mycoplasma detection was performed using a Mycoplasma Detection Set (Takara, Shiga, Japan) for all the cells. All the RCC cell lines were routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/ml Penicillin, and 100 µg/ml streptomycin in the humidified atmosphere with 5% CO2 at 37°C.



Cell Transfection

To overexpress MOF, pcDNA3.1-MOF vector containing the open reading frame (ORF) of MOF was used. Empty vector was used as a control. G418 (2mg/ml) was used for generating stably transfected cells. To knockdown MOF in RCC cells, duplexes of siRNA targeting MOF and negative control synthesized by GenePharma (Shanghai, China) were used. The cells were transfected using the Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.



RNA Extraction and qRT-PCR

Total RNAs were isolated from tissues or cells using Trizol reagent (Invitrogen, Grand Island, USA) according to the manufacturer’s instructions. One microgram of total RNA was subjected to reverse transcription using PrimeScript reverse transcriptase (RT) reagent kit (Takara, Shiga, Japan). Then, quantitative reverse transcriptase PCR (qRT-PCR) was conducted using SYBR green (Takara, Shiga, Japan) to determine the RNA expression level. Actin was used as the internal control, and expression of RNA was calculated by the relative quantification using 2−ΔΔCT method.



Western Blotting (WB)

Total proteins of tissues or cells were extracted by RIPA lysis buffer (Beyotime, China) containing protease inhibitor cocktail (MedChemExpress, China) according to the manufacturer’s instructions. Then proteins were subjected to SDS-PAGE and then transferred to 0.22 μm PVDF membranes (Millipore, MA, USA). After being blocked with 5% skim milk powder and incubated with primary antibodies: anti-GAPDH (PTG, 60004-1-Ig), anti-MOF (Abcam, ab72056), anti-Fibronectin (PTG, 15613-1-AP), anti-N-cadherin (PTG, 22018-1-AP), anti-E-cadherin (PTG, 20874-1-AP), anti-Vimentin (PTG, 60330-1-Ig), anti-SIRT1 (Abcam, ab110304), anti-STAT3 (CST, 9139). Then, the membranes were incubated with HRP-conjugated anti-mouse (CST, 7076) or anti-rabbit (CST, 7074) secondary antibodies and detected through ECL detection system (Bio-Rad, USA). GAPDH was used as the internal control.



Cell Proliferation Assay

Transfected RCC cells were seeded in 96-well plates (1500 cells/well) and cultured for indicated time. 20 μl of 5 mg/ml MTT was added into each well and incubated for another 4 h in incubator at 37°C. After removal of the media, 100 μl DMSO was added. Then the absorbance was measured at 570 nm on a Microplate Reader (Bio-Rad) and the proliferation curves were calculated.



Colony Formation Assay

Transfected RCC cells were seeded in 6 cm plate (500 cells/plate) and cultured for 10-14 days. Then cell colonies were washed by PBS, fixed with ethanol and stained by crystal violet. The colonies were taken pictures and counted.



EdU Incorporation Assay

Transfected RCC cells were seeded in 96-well plates (1×104 cells/well) and incubated with 50 μM EdU for 2.5 h. The EdU Proliferation Kit (RiboBio Guangzhou, China) was used to evaluate cell proliferation viability following the standard protocol. Images were taken using an Olympus microscope (Olympus, Tokyo, Japan).



Cell Migration Assays

The invasive capability of RCC cells was determined by the transwell migration assays. 5 × 104 of infected RCC cells were harvested and seeded with serum-free DMEM into the upper chambers, and the bottom chambers were filled with medium containing 20% FBS. After incubation for 24 h at 37°C, the cells attached to the lower surface of the membrane were fixed by 4% methanol and stained with 0.1% crystal violet. Cells were counted and photographed using an Olympus light microscope.



Wound Healing Assay

Indicated cells were plated to confluence in 24-well plates. Then streaks across the plate were made in the monolayer with a pipette tip. Images were captured at 0 and 24 h after wounding using an Olympus light microscope.



Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay was performed using the ChIP kit (CST, USA) according to the manufacturer’s instruction. Briefly, transfected RCC cells were crosslinked with 4% formaldehyde for 10 min followed by sonication to yield genomic DNA fragments with an average length of 200-1000 bp. The lysates were then immunoprecipitated with anti-MOF antibodies (Abcam, Cambridge, UK) or normal rabbit IgG. The immunoprecipitated DNA was detected by qRT-PCR and the enrichment was expressed as fold enrichment compared to IgG.



Luciferase Assay

The SIRT1 gene promoter segment covering from -2000 bp to +1 bp was cloned into the pGL3-basic vector (Promega, Madison, WI, USA), which was termed as pGL3-SIRT1. The vector of pcDNA3.1-MOF was co-transfected with pGL3-SIRT1 and pRL-TK vector using Lipofectamine 2000 (Invitrogen). Luciferase activity was measured by dual-luciferase assay system (Promega) according to the manufacturer’s manual.



Immunohistochemistry

Tissues were embedded in paraffin and cut into 4 µm sections. The sections were de-paraffinized in xylene and rehydrated in a series of alcohol. Then antigen retrieval was performed in 10 mM sodium citrate buffer (pH 6.0) using microwave heating. Endogenous peroxidase was blocked with 3% hydrogen peroxide and 5% BSA was used to block nonspecific binding. The sections were incubated with the primary antibody for MOF (1:200, Abcam, ab72056) and SIRT1 (1:200, Abcam, ab110304) overnight at 4°C. After incubation with corresponding secondary antibodies at 37°C for 1 h, the sections were stained with diaminobenzidine (DAB) and counterstained with hematoxylin. The representative images were taken using an Olympus light microscope.



Tumor Xenograft Formation and Lung Metastasis Model

Four-week-old nude mice were purchased from the Shanghai Experimental Animal Center and maintained in pathogen-free conditions. 769-P cells (1×107 cells) stably transfected with pcDNA3.1-MOF or control vectors were subcutaneously injected into one flank of each mice (n=5). Tumor sizes were measured using digital calipers every five days, and tumor volumes were calculated using the formula: 1/2 × (length × width2). After 4 weeks, mice were killed, and tumors were excised and weighed. Hematoxylin and eosin (H&E) staining was performed for evaluation of tissue morphology and size of metastatic lesions. The animal experiments were conducted with approval from the Ethics Committee of Shandong Cancer Hospital and Institute.



Statistical Analysis

Statistical analysis was performed using SPSS 21.0 (Chicago, IL, USA) and GraphPad Prism 8.0 software. Data were expressed as mean ± S.D. from three independent experiments. Student’s t-test was used for comparisons of two independent group and One-way ANOVA analysis was applied to compare statistical differences between groups. P-value < 0.05 was considered statistically significant.




Results


MOF Is Downregulated in RCC Tissues and Cells

To investigate the role of MOF in RCC, the expression of MOF was analyzed in 52 paired RCC tissues and normal tissues. The qRT-PCR results revealed that the expression of MOF was significantly downregulated in RCC tissues compared to adjacent normal tissues (Figure 1A), which was consistent with the result (Figure 1B) obtained from GEO database (GSE53757). After analyzing the association between MOF expression and the clinicopathologic parameters, we found that low MOF expression level was significantly correlated with advanced histological grade, pathologic tumor stage and distant metastasis (Figure 1C). Moreover, the decreased expression of MOF in RCC tissues was further confirmed by western blot and immunohistochemistry (Figures 1D, E). Furthermore, we compared the levels of MOF in normal cells and RCC cells. Compared to normal renal tubular epithelial cells (HK2), the protein and mRNA levels of MOF in RCC cells (786-O, Caki-1, 769-P, A498, ACHN) were significantly decreased (Figures 1F, G). Taken together, MOF was significantly downregulated in RCC, and might serve as a tumor-suppressor in RCC.




Figure 1 | MOF is downregulated in renal cell carcinoma tissues and cells. (A) MOF RNA level is decreased in renal cell carcinoma tissues (n=52) compared to normal tissues (n=52). (B) MOF expression level is down-regulated in renal cell carcinoma tissues (n=72) compared to normal tissues (n=72) according to GSE53757 database. (C) The expression of MOF was decreased in renal cell carcinoma tissues with advanced histological grade, pathologic tumor stage and distant metastasis. (D) MOF protein level is decreased in most renal cell carcinoma tissues. (E) The expression of MOF is reduced in renal cell carcinoma tissues. Scale bar, 100 μm. (F, G) MOF protein (F) and RNA (G) level is down-regulated in renal cell carcinoma cells.





MOF Overexpression Inhibited the Proliferation of RCC Cells

We further investigated the potential functional role of MOF in RCC cells. The knockdown or overexpression efficiency of MOF in 786-O and 769-P cells were verified with western blot and qRT-PCR (Figures 2A, B). Both MTT assays and colony formation assays indicated that MOF knockdown led to increased proliferation of RCC cells, whereas MOF overexpression significantly inhibited the cell proliferation (Figures 2C, D). Moreover, EdU assays revealed that DNA synthesis activities of RCC cells were markedly increased after MOF knockdown and decreased after MOF overexpression (Figure 2E). Then flow cytometry analysis was performed to evaluate whether MOF could affect cell proliferation by modulating cell apoptosis. The results indicated that MOF knockdown led to a decreased apoptotic rate and ectopic expression of MOF promoted cell apoptosis (Figure 2F). These results suggested that MOF played an essential role in RCC cell proliferation.




Figure 2 | MOF overexpression inhibits renal cell carcinoma cell proliferation. (A, B) The knockdown or overexpression efficiency of MOF in protein (A) or RNA (B) levels in 786-O and 769-P cells. (C) MOF knockdown promoted renal cell carcinoma cell proliferation, and MOF overexpression inhibited renal cell carcinoma cell proliferation. (D) MOF knockdown led to increased renal cell carcinoma cell colony formation ability, whereas MOF overexpression caused inhibited renal cell carcinoma cell colony formation ability. (E) MOF knockdown promotes DNA replication of renal cell carcinoma cells, and MOF overexpression inhibited DNA replication of renal cell carcinoma cells. Scale bar, 100 μm. (F) MOF knockdown inhibited renal cell carcinoma cell apoptosis, and MOF overexpression promoted renal cell carcinoma cell apoptosis. (*, p < 0.05, **, p < 0.01, ***, p < 0.001).





MOF Overexpression Depressed the Migration and Invasion of RCC Cells

We then evaluated the effect of MOF on RCC cell motility. Knockdown of MOF observably increased the wound-healing ability of cells (Figure 3A). Consistently, the transwell migration and invasion assays revealed that MOF knockdown notably promoted the motility of RCC cells (Figure 3B). In accordance with the aforementioned results, MOF overexpression significantly attenuated cell migration and invasion (Figures 3A, B). Epithelial-mesenchymal transition (EMT) is one of the major mechanisms involved in cell malignant transformation, and our results indicated that MOF knockdown could decrease the expression of epithelial markers and increased the expression of mesenchymal markers, and MOF overexpression showed opposite effect on the expression of EMT-related proteins (Figure 3C). All these results indicated that MOF played an essential role in the migration and invasion of RCC cells.




Figure 3 | MOF overexpression inhibits renal cell carcinoma cell migration and invasion. (A, B) The wound healing assay (A) and transwell assay (B) indicated that MOF knockdown led to inhibited renal cell carcinoma cell migration, whereas MOF overexpression caused the opposite results. Scale bar, 100 μm. (C) Western blot was used to detect the effect of MOF on the expression of EMT markers. (*, p < 0.05, **, p < 0.01, ***, p < 0.001).





MOF Regulated SIRT1 and Its Downstream Genes in RCC Cells

SIRT1 was reported to play a crucial role in the development and progression of various cancers (21). We wondered whether MOF could regulate the expression of SIRT1 in RCC. Using TCGA starbase, we found a closely positive association between MOF and SIRT1 (Figure 4A). Moreover, our results indicated that MOF knockdown significantly reduced the protein and mRNA levels of SIRT1, leading to the upregulated expression of its downstream target gene, STAT3 (Figures 4B, C). Consistently, overexpression of MOF led to the opposite results (Figures 4B, C). To explore the role of MOF in regulating SIRT1 expression, ChIP assay was performed. The results showed that MOF could bind to the promoter of SIRT1 (Figure 4D). In addition, the luciferase report assay demonstrated that knockdown of MOF could attenuate the promoter activity of SIRT1 (Figure 4E). These results indicated that MOF could transcriptionally regulate the expression of SIRT1 in RCC cells.




Figure 4 | MOF regulates SIRT1 in renal cell carcinoma cells. (A) The expression of MOF was positively associated with the expression of SIRT1 based on TCGA database. (B, C) The effect of MOF on the protein (B) and RNA (C) expression levels of SIRT1 and its target genes were detected. (D) ChIP assay indicated that MOF could bind with the promoter of SIRT1. (E) Luciferase assay showed that MOF knockdown decreased the SIRT1 promoter activity. (**, p < 0.01, ***, p < 0.001).





SIRT1 Contributed to the Biological Function of MOF in RCC Cells

To further prove SIRT1 upregulation as a mediator of MOF in RCC cells, we performed rescue experiment by co-transfecting MOF overexpression vectors and siRNAs against SIRT1 into 786-O and 769-P cells. The transfection efficiency was confirmed by qRT-PCR and western blot (Figures 5A, B). The functional results showed that SIRT1 knockdown could rescued the attenuated cell proliferation and motility caused by MOF overexpression (Figures 5C, D). These data demonstrated that SIRT1 is a direct functional target of MOF in RCC.




Figure 5 | SIRT1 knockdown restored MOF-induced inhibition of cell proliferation and migration. (A, B) Western blot (A) and qRT-PCR (B) assays demonstrated the efficiency of SIRT1 knockdown and MOF overexpression in 786-O and 769-P cells. (C) SIRT1 knockdown restored the inhibited cell proliferation induced by MOF overexpression. (D) SIRT1 knockdown restored the inhibited cell migration induced by MOF overexpression. Scale bar, 100 μm. (*, p < 0.05, **, p < 0.01, ***, p < 0.001).





MOF Overexpression Attenuates RCC Growth and Progression In Vivo

Furthermore, in vivo experiments were performed to evaluate the functions of MOF. The 769-P cells stably transfected with MOF overexpression vectors or control vectors were subcutaneously injected into nude mice, and the results showed that the growth rates and tumor weights were significantly decreased in MOF-overexpressed group compared to the control group (Figures 6A–C). Consistently, IHC analysis revealed the increased MOF and SIRT1 expression in the MOF-overexpressed group (Figure 6D). Our findings indicate that MOF overexpression in RCC cells inhibited tumor growth in vivo.




Figure 6 | The effect of MOF on renal cell carcinoma cell growth in vivo. (A) Tumor xenograft model in nude mice. MOF-overexpressed 769-P cells and control cells were inoculated to the flank of nude mice. Scale bar, 1 cm. (B, C) The tumor volume (B) and tumor weight (C) were analyzed. (D) H&E staining showed the tissue morphology. Representative images of MOF and SIRT1 staining in the indicated tumor tissues. Scale bar, 100 μm. (**, p < 0.01, ***, p < 0.001.).






Discussion

Even though extensive advancement in diagnosis and treatment of renal cell carcinoma have been made over the decades, metastasis and recurrence is still the intractable problem for affecting the patient prognosis. However, the detailed mechanism of metastasis is still poorly understood. Recently, increasing evidence suggested that the histone modification status in cells is significantly associated with the gene expression pattern, and abnormal global histone modification would further lead to cell dysfunction, even cancer. Various chromatin modifying enzymes, such as histone acetyltransferases (HATs) and histone deacetylases (HDACs) have been shown to participate in the tumorigenesis and progression of several cancers.

MOF (also called MYST1), a member of the MYST family of histone acetyltransferases (HATs), is the human ortholog of Drosophila male absent on the first (MOF) protein (22). The aberrant expression of MOF has been found in various cancers, such as breast cancer (16), ovarian cancer (19), and gastric cancer (18), functioning as an oncogene or tumor suppressor. However, the exact expression and role of MOF in renal cell carcinoma and the underlying mechanism were still unknown. The expression patterns of MOF in different cancers were varied. In this study, using a large number of renal cell carcinoma tissues from our center, we demonstrated that the RNA expression level of MOF was downregulated in renal cell carcinoma tissues, which is consistent with the previous report (20). Moreover, the expression analysis using GSE53757 database also indicated the decreased expression of MOF in renal cell carcinoma tissues. We further analyze the association between MOF expression and the clinicopathologic parameters, and found that downregulated expression of MOF was associated with advanced renal cell carcinoma, indicating the potential role of MOF in metastasis prediction. Consistently, the abnormal protein expression of MOF was also validated in renal cell carcinoma cells. These results indicated that MOF might play a tumor-suppressive role in renal cell carcinoma.

Previous studies show that MOF could regulate several cellular processes through modulating the status of histone H4K16ac (11, 23, 24), such as DNA damage repair, genomic instability, and gene transcription. However, the role of MOF in different cancers remains controversial. The expression of MOF was found to be higher in non-small cell lung cancer (NSCLC) tissues compared to corresponding normal tissues, and MOF overexpression led to enhanced proliferation, metastasis, and radiation resistance of NSCLC cells (14, 25). Another study reported that MOF was significantly upregulated at the protein level in hepatocellular carcinoma with microvascular invasion, and MOF downregulation would reduce the intravasation and metastasis in vitro and in vivo (26). On the contrary, the mRNA and protein levels of MOF were abnormally down-regulated in ovarian cancer tissues and cells, and the overexpression of MOF could inhibit the growth of ovarian cancer cells and promote cell apoptosis (27). Moreover, MOF-mediated H4K16Ac could promote the release of RNA polymerase II from pausing through recruiting BRD4 and pTEFb, and lead to reactivation of tumor suppressor TMS1 (16). These findings indicated that MOF had dual roles in cancers which largely depend upon the individual type of cancer itself with different cellular environment and various targets. In the study, we provided novel evidence for the tumor-suppressive role of MOF in renal cell carcinoma. The functional experiments demonstrated that MOF knockdown led to enhanced cell viability and motility, whereas overexpression of MOF inhibited cell proliferation and migration.

In order to discern the potential regulatory mechanism of MOF in renal cell carcinoma, we further explore its downstream pathway. Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are major regulators for the overall level of acetylation in cells, which are in dynamic equilibrium and responsible for the function and expression of various genes (28). Aberrant expression of HATs and HDACs is associated with tumorigenesis and tumor development, and they are considered as novel anticancer targets for many cancers (29). Therefore, exploring the interaction between HATs and HDACs could help to find novel target for cancer treatment. The sirtuins (SIRT 1 to 7) belong to nicotinamide adenine dinucleotide (NAD+)-dependent class III HDACs with diverse roles in various biological activities (30, 31). Among them, SIRT1 is localized in cytoplasm and cell nucleus, and plays essential roles in the regulation of transcription factors and cellular metabolism through deacetylation of lysine residues (32, 33). Liu et al. revealed that MOF and SIRT1 were responsible for the acetylation level of WSTF, thus modulating the activities of WSTF and its effect on tumorigenesis (34). Moreover, SIRT1 could interact with MOF and deacetylate autoacetylated MOF, leading to increased recruitment of MOF to the chromatin and increased expression of its target gene HoxA9 (35). Another study reported that MOF could promote acetylation of DBC1 to inhibit DBC1-SIRT1 binding and increase the deacetylase activity of SIRT1, thus modulating cell response to DNA damage (36). These studies reveal that the interaction between MOF and SIRT1 serves as a significant mechanism in various biological processes and cancer development. However, the effect of MOF on SIRT1 expression and the functional role of SIRT1 in RCC remains unclear.

In this study, we found that the expression of MOF was positively associated with SIRT1 expression level. Knockdown of MOF led to decreased expression of SIRT1 in the protein and RNA levels, whereas MOF overexpression caused the opposite results. Further experiments indicated that, MOF could bind to the promoter of SIRT1, leading to the enhanced expression of SIRT1. Previous study reported that SIRT1 could deacetylate STAT3 and hence destabilize and negatively regulate STAT3 (21, 37). Consistently, our results also revealed that MOF overexpression led to decreased expression of the downstream target gene STAT3, whereas MOF knockdown upregulated the expression of STAT3. Multiple evidence found that the function of SIRT1 might be tissue or cell specific, and it could act as a tumor suppressor or oncogene in various cancers through regulating different biological pathways. Previous studies indicated that the expression of SIRT1 was upregulated in hepatocellular carcinoma tissues, and could directly deacetylate p62 to prevent its degradation (38). Moreover, SIRT1 expression was associated with tumor progression and poor prognosis in triple-negative breast cancer (39). In addition, SIRT1 overexpression led to enhanced expression of MMP2, promoting cell invasion in prostate cancer cells (40). On the contrary, the overexpression of SIRT1 in hormone receptor-positive patients and HER2+ patients were correlated with lower risks of lymph node metastasis (41). Moreover, the high expression level of SIRT1 was associated with a better survival rate in glioblastoma patients, and SIRT1 overexpression could enhance the inhibitory effect of Urolithin A on the tumor growth and metastasis of glioblastoma (42). Therefore, more efforts are needed to reveal the exact role of SIRT1 and its regulatory mechanism in RCC. In our study, the functional experiments indicated that knockdown of SIRT1 could promote the proliferation and migration of renal cancer cells, which further revealed that SIRT1 might act as an oncogene in renal cancer. Significantly, the inhibited effect of MOF overexpression on the proliferation and migration of renal cancer cells could be rescued by SIRT1 knockdown. These results further implicated that MOF might act as a tumor suppressor in renal cancer, partly through regulating the expression of SIRT1. Although our study and previous studies have revealed the significant role of MOF in tumor progression through modulating the expression of various genes (43, 44), such as SIRT6 and TNK2, more studies are needed to comprehensively understand the function and complex regulatory mechanism of MOF in the future.

In summary, our results indicated that MOF was downregulated in renal cell carcinoma tissues and cells, and the expression of MOF was negatively associated with the progression of renal cell carcinoma. We also identified the tumor-suppressive role of MOF via targeting SIRT1. These findings revealed that MOF might be a novel target for interventions in renal cell carcinoma.



Conclusion

In the present study, we discovered the suppressive role of MOF in tumor progression through regulating the expression of SIRT1, and provides a potential therapeutic target for renal cell carcinoma.
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Inflammation is an important risk factor in the development of inflammatory bowel disease (IBD) and colitis-associated colorectal cancer (CAC). Accumulating evidence indicates that some phytochemicals have anti-cancer properties. Polysaccharides extracted from Albuca bracteata (AB) have been reported to possess anti-neoplastic activities on colorectal cancer (CRC) models. However, it is still unclear whether they exert therapeutic effects on colorectal cancer. In this study, we investigate the properties of polysaccharides of A. bracteate, named ABP. The average molecular weight of ABP was 18.3 kDa and ABP consisted of glucose, mannose, galactose, xylose, galacturonic acid, glucuronic acid at a molar ratio of 37.8:8:2.5:1.7:1:1. An Azoxymethane/Dextran sodium sulfate (AOM/DSS) induced CAC mouse model was established. The CAC mice treated with ABP showed smaller tumor size and lower tumor incidence than untreated ones. ABP increased anti-inflammatory cytokine IL-10, inhibited secretion of pro-inflammatory cytokines (IL-6, IFN-γ, and TNF-α), mitigated oxidative stress by increasing GSH and decreasing MDA levels, suppressed the activation of STAT3 and expressions of its related genes c-Myc and cyclin D1. Moreover, ABP treatment increased the relative abundance of beneficial bacteria (f_Ruminococcaceae, g_Roseburia, g_Odoribacter, g_Oscillospira, and g_Akkermansia) and the levels of fecal short-chain fatty acid (SCFA) in CAC model mice. In summary, our data suggest that ABP could be a potential therapeutic agent for treating CAC.
Keywords: colitis-associated colorectal cancer, CAC, polysaccharides, anti-inflammation, anti-oxidant, anti-tumor, gut microbiota, short-chain fatty acid
INTRODUCTION
Colorectal cancer (CRC) is the third most common cause of tumor-related death worldwide (Siegel et al., 2021). Accumulating evidence reveals that inflammation is a vital factor that contributes to CRC development and growth, and inflammatory bowel disease (IBD) is a known risk factor for colitis-associated colorectal cancer (CAC) (Ullman and Itzkowitz, 2011; Robles et al., 2016). The Azoxymethane/Dextran sodium sulfate (AOM/DSS) mouse model is commonly used for studying colitis-related carcinogenesis and cancer-preventive intervention. Application of the AOM/DSS model has been used to unravel the pathogenesis of CAC from the perspectives of signaling pathways (Fukata et al., 2007; Grivennikov et al., 2009), anti-oxidant machinery (Barrett et al., 2013) and the influence of gut microbiota (Uronis et al., 2009).
CAC development is closely associated with gut flora (Kang and Martin, 2017), and the gut microbiota of CAC is altered with decreased probiotic bacteria (Li et al., 2019) concurrently with enriched pathogenic and opportunistic bacteria (Chattopadhyay et al., 2021). Dysbiosis of gut microbiota increases intestinal permeability, allowing microbial products and microbes to translocate from intestinal lumen to mucosa. After recognizing microbes via the Toll-like receptor, intestinal immune cells and epithelial cells activate downstream molecules of inflammatory signaling pathways, including STAT3 (Waldner and Neurath, 2015). The transcriptional activity of STAT3 involves multiple cellular processes, such as cell survival, proliferation, angiogenesis, and immune evasion (Yu et al., 2009; Yu et al., 2014). Accumulation of pathogenic bacteria ultimately provides a proinflammatory environment that favors tumor promotion (Papapietro et al., 2013). While probiotics like Lactobacillus or Bifidobacterium exerts anti-cancer roles by inhibiting inflammation and angiogenesis, and modulating the intestinal barrier function by generating short-chain fatty acids (SCFAs) (Zhong et al., 2014). Numerous studies have indicated that gut microbiota plays a critical role in host metabolism and immune system development. Thus, regulating the balance of gut microbiota may be therapeutically viable and promising for IBD and CAC treatment (Song et al., 2018).
Polysaccharides have attracted increasing attention for their therapeutic activity in cancer treatment with few side effects. Several polysaccharides have been used to prevent and treat CAC (Sanders et al., 2016; Ji et al., 2018). Studies have shown that polysaccharides attenuate intestinal mucositis with immuno-modulatory, various pharmacological effects and anti-neoplastic effects (Liu et al., 2018b; Ren et al., 2018). Zou et al. reported that Ficus carica polysaccharides elevated the expression of tight junction protein Claudin-1 and inhibited the formation of cytokines (TNF-α and IL-1β) to prevent DSS-induced colitis in C57BL/6J mice (Zou et al., 2020). Liu et al. reported that tea polysaccharides inhibited colon tumorigenesis in mice by regulating signaling pathways (Liu et al., 2018c).
Albuca bracteata (Thunb.) J.C.Manning and Goldblatt (AB) has long been cultivated in China and used as an herbal remedy for diabetes, hepatitis, cancers, and other diseases (Zhang et al., 2017). In many parts of China, particularly in the southeast region, bulbs of AB are commonly used as a dietary therapy for improving anti-tumor immunity and relieving tumor-induced pain or side effects of chemotherapy. In a previous study (Yuan et al., 2021), ABP showed anti-tumor effects on a homograft CRC mouse model, indicating that ABP may be a potential anti-tumor therapeutic agent for treating CRC. However, it is still unclear whether ABP exert therapeutic effects on CAC.
In this study, the molecular composition of ABP was analyzed, and treatment effects and potential mechanisms of ABP against tumor were explored in an AOM/DSS-induced CAC mice model. The results showed that ABP exhibited various bio-activities, including anti-inflammation, anti-oxidant, regulating gut microbiota, and anti-tumor effects. ABP could be a valuable therapeutic agent for CAC and a good candidate for agents in medicine and functional foods.
MATERIALS AND METHODS
Extraction of ABP
ABP was extracted and purified as previously described by Chen et al. (Chen et al., 2012) with minor modifications. Briefly, bulbs of AB were washed and sliced into small pieces, dried at 60°C for 48 h and then ground in a high-speed disintegrator. The dried AB powder (particle size: 0.6 mm) was soaked overnight in 95% ethanol at a ratio of 1:10 (weight/volume) to remove oligosaccharides, small molecule chemicals and colored materials. Then the pretreated powder was oven-dried at 60°C overnight. The powder was extracted with distilled water for 3 h using the Soxhlet apparatus at 95°C, and the extracts were collected, filtrated, and concentrated using a rotary evaporator. ABP was precipitated by adding ethanol to the final concentration of 75% by volume, and the ABP was collected after centrifugation and dried under nitrogen gas flow.
Analysis of Chemical Compositions
The total carbohydrate content of ABP was determined by the phenol sulfuric acid method (Liu et al., 2020). The uronic acid content was quantified via the m-hydroxydiphenyl method as previously described by Liu et al. (2021b) using d-glucuronic acid as the standard. The protein content was measured using Bradford’s method (Wu et al., 2019). The characteristics of chemical groups and bonds in ABP were determined using the Fourier transform-infrared (FT-IR) spectroscopy (BRUKER Tensor 27, Ettlingen, Germany) and KB-disk method and recorded in the frequency range of 4,000–500 cm−1.
Molecular Weight of ABP
The average molecular weight (Mw) of ABP was measured via high-performance gel-permeation chromatography (HPGPC) using an Agilent 1,260 Infinity Ⅱ HPLC system, equipped with a TSK-GEL G4000 PWXL column (Φ7.8 mm × 300 mm, TOSOH, Japan) and the Agilent 1260-RID detector, eluted with Na2SO4 solution (0.1 M). A standard curve of molecular weight was established using Dextran standards (180 Da, 4.6 kDa, 7.1 kDa, 21.4 kDa, 41.1 kDa, 150 kDa, and 2000 kDa).
Monosaccharide Composition
The monosaccharide composition of ABP was analyzed based on a previously described method (Wu et al., 2019) with some modifications. Briefly, the sample ABP was hydrolyzed in trifluoroacetic acid (2 M) at 120°C for 3 h. The filtered hydrolysate was analyzed by an Agilent 1,260 Infinity Ⅱ HPLC system equipped with a Hypersil ODS-2 column (5 μm, 4.6 mm × 250 mm) and Agilent 1260-DAD detector. The optimal analysis conditions were set as follows. The eluent was 0.05 M phosphate buffer solution (pH 6.8) and acetonitrile (83:17, v/v), the flow rate was 0.8 ml/min, injection volume was 10 μl, monitored absorbance was 254 nm.
Animal Studies
Animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee of Wenzhou Medical University (wydw 2021–0224). Female BALB/c mice (4–5 weeks old) purchased from Laboratory Animal Center of Wenzhou Medical University were randomly divided into four groups: the normal group, A/D group (AOM/DSS), ABP-L group (AOM/DSS +0.5 mg/ml ABP), and ABP-H group (AOM/DSS +1 mg/ml ABP). On the first day of the experiment, mice in the A/D, ABP-L, and ABP-H groups received an intraperitoneal injection of AOM (10 mg/kg), while those in the normal group received physiological saline. After the administration of sterile water for 1 week, 2% DSS was added into the drinking water of the A/D, ABP-L, and ABP-H groups for another week, followed by sterile drinking water for 2 weeks. This DSS water cycle was repeated thrice. Mice in the normal group received sterile water throughout the study. Once the DSS cycles finished, mice in the ABP-L and ABP-H groups received ABP (0.2 ml/per mice) via oral gavage for 11 weeks, while those in the A/D group received an equivalent volume of sterile drinking water. During the experiment, body weight of all mice was recorded. Mice were sacrificed using anesthesia, and colorectal tissue, mucosa, fecal and serum of individual mouse were collected after three or 11 weeks of treatment. Serum was used for ELISA experiments, fecal was used for the analysis of SCFAs, colon mucosa was used for 16S rRNA gene sequencing. A portion of colon tissue fixed in 4% paraformaldehyde was prepared for hematoxylin-eosin (HE) staining, and the other portion was stored at -80°C for subsequent GSH, MDA and Western blot assays.
Western Blot
Western blots were performed as described before (Luo et al., 2021). The primary antibodies used were as follows: anti-Cyclin D1 (#ab40754, Abcam, Cambridge, MA, United States), anti-c-Myc (#ab32072, Abcam, Cambridge, MA, United States), anti-P-STAT3 (#9145, Cell Signaling Technology, Danvers, MA,United States), anti-STAT3 (#12640, Cell Signaling Technology, Danvers, MA,United States), anti-COX-2 (#AF7003, Affinity Biosciences, Cincinnati, OH, United States), and anti-GAPDH (#5174, Cell Signaling Technology, Danvers, MA,United States).
16S rRNA Gene Sequencing and Microbiome Analysis
Samples were collected, and total genomic DNA was extracted as described previously (Zhang et al., 2020; Lou et al., 2021). Bacterial sequencing of 16S rRNA genes was performed with the Illumina HiSeq6000 platform (Hangzhou Guhe Information and Technology Co., Ltd., Zhejiang, China). Mcirobiome analysis was done using Quantitative Insights Into Microbial Ecology (QIIME2, V.2020.6) pipeline, PICRUSt and the Statistical Analysis of Metagenomic Profiles (STAMP) software package V.2.1.3 as described previously (Lou et al., 2021).
Analysis of Short-Chain Fatty Acid in Feces
The quantitative analysis of fecal SCFAs was determined by a trace ultra gas chromatograph coupled with an ISQ mass spectrometer (TRACE 1310-ISQ, Thermo, MA, United States). Briefly, fecal samples were homogenized with 50 μl of 15% phosphoric acid, 100 mg of glass beads, and 100 μl of isocaproic acid as the internal standard for 10 min using a vortex mixer. After acidification, 400 μl of diethyl ether was added to each sample for SCFAs extraction, and then centrifuged the mix for 10 min at 12,000 rpm (4°C). The levels of SCFAs were quantitatively determined by the GC-MS (gas chromatography–mass spectrometry). The GC-MS analysis was performed by a trace ultra GC equipped with an HP-Innowax MS capillary column (30 m × 0.25 mm × 0.5 µm film thickness, Agilent Technologies). Temperature of injector, ion source quadrupole, the GC-MS interface was 250°C, 230°C, 150°C, and 250°C, respectively. The flow rate of helium carrier gas was kept at 1.0 ml/min. Samples were injected (1 µl) with a split injection (split ratio: 10:1). The initial column temperature was 90°C, increased to 120°C at the rate of 10°C/min, then elevated at a rate of 5°C/min to 150°C, and finally increased to 250°C at a rate of 25°C/min and held for 2 min. The mass spectrometer was used in electron impact (EI) ionization mode (70 eV).
Determination of Reduced Glutathione (GSH) and Malondialdehyde (MDA)
Reduced glutathione (GSH) and malondialdehyde (MDA) were performed to evaluate oxidative stress. GSH was measured by using the GSH assay kit (A006, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and MDA by MDA assay kit (A003, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Assays were carried out according to the manufacturer’s instructions.
Hematoxylin-Eosin Staining and Histological Analysis
Hematoxylin and eosin (HE) staining was performed for histological observation. Colon tissues were paraffin-embedded, dewaxed, rehydrated, and stained with HE. The staining was performed as described previously (Zhu et al., 2021). The histological score of each mouse was record and values ranged from 0 to 10 according to the extent of colon injury. The scoring criteria were presented in Supplementary Table S2.
Measurement of Cytokine Levels
Serum cytokines were measured and quantified with the Mouse IL-6 ELISA Kit (Catalogue Number: SU-B20012, Konodee Biotechnology Co., Fujian., China), Mouse IL-10 ELISA Kit (Catalogue Number: SU-B20005, Konodee Biotechnology Co., Fujian., China), Mouse TNF-α ELISA Kit (Catalogue Number: SU-B20220, Konodee Biotechnology Co., Fujian., China) and Mouse IFN-γ ELISA Kit (Catalogue Number: SU-B20652, Konodee Biotechnology Co., Fujian., China), according to the manufactures instructions.
Statistical Analysis
Data were presented as means ± standard deviation (SD) or median. Normally distributed data were analyzed by student’s t-test, non-normal distributed data were analyzed using the Kruskal–Wallis test (SPSS 23.0, SPSS Company, Inc., United States). The threshold for significance was p < 0.05.
RESULTS
Chemical Composition of ABP
The total carbohydrate, uronic acid, and protein contents of ABP were 92.58%, 1.63%, and 1.70%, respectively (Tabel S1). Dextran standards with the molecular weight from 180 Da to 2,000 kDa were applied onto an HPLC system to calibrate the column. According to the standard curve Log(Mw) = 2.35–0.421 tR (Mw is the average molecular weight, tR is the retention time, correlation coefficient R2 = 0.997), the Mw of ABP was 18.3 kDa, and the HPGPC profile of ABP (Figure 1A) showed a single and symmetrically sharp peak, indicating that ABP was a homogeneous polysaccharide. The composition of component monosaccharides is an important parameter for assessing polysaccharide characteristics. According to the HPLC analysis with a PMP (1-phenyl-3-methyl-5-pyrazolone) pre-column derivatization method, the monosaccharide compositions of ABP were shown in Figure 1B and Supplementary Table S1. Overall, the data indicated that ABP was a hetero-polysaccharide composed of glucose, mannose, galactose, xylose, galacturonic acid, glucuronic acid in a ratio of 37.8: 8: 2.5: 1.7: 1: 1. Glucose is the major monosaccharide. The FT-IR spectrum of ABP (Figure 1C) showed intense absorption peaks at 3,384 cm−1 for O-H stretching vibration (Li et al., 2017; Su and Li, 2020) and 2,931 cm−1 for C-H stretching vibration (Wang et al., 2012; Hashemifesharaki et al., 2020; Ma et al., 2020). The absorption peak at 1,620 cm−1 and 1,458 cm−1 were the characteristic absorption peaks of C=O (Cao et al., 2018; Zeng et al., 2020) and C-H groups (Sun et al., 2013; Meng et al., 2017). Furthermore, the peak at 1,020 cm−1 corresponded to the stretching vibration of C-O groups (Biao et al., 2020; Hu et al., 2020).
[image: Figure 1]FIGURE 1 | Chemical Composition of ABP. (A) HP-GPC profiling of ABP.(B) Liquid chromatogram of standard monosaccharide derivatives and liquid chromatogram of hydrolyzed monosaccharide derivatives of ABP. (C) FT-IR spectrum of ABP.
ABP Treatment Ameliorated AOM/DSS Induced Weight Loss and Colonic Damage
An AOM/DSS-induced CAC model was established to determine the anti-tumor effect of ABP on CAC mice (Figure 2A). At the end of ABP treatment, compared with the A/D group (18.0 ± 5.788), the ABP-L group (11 ± 3.536, p < 0.05) and ABP-H group (6.6 ± 4.099, p < 0.01) demonstrated a significant reduction in the number of tumors (Figures 2B,C). Treatment with ABP also alleviated the shortening of the colon (Figure 2D, ABP-L, p < 0.01, ABP-H, p < 0.001) and weight loss (Figure 2E). Colon tissue sections in the A/D group showed noticeable pathological changes, including colonic epithelial cell destruction, loss of goblet cells, and varying degrees of inflammatory cell infiltration, whereas those of ABP treatment groups displayed a remarkable reduction in symptoms (Figures 2F,G, Supplementary Table S2). These results indicated that intervention with ABP ameliorated weight loss, clinical signs of inflammation and tumor development in AOM/DSS-induced CAC mice.
[image: Figure 2]FIGURE 2 | ABP treatment ameliorated weight loss and AOM/DSS-induced pathological damage of colon. (A) The overview of the animal experiment design. (B-C) Colon tumor burden in each group. (D) Colon lengths of mice in each group. (E) Body weights of mice in each group. (F) Micrographs of HE-stained colon tissues in11 weeks treatment group. (G) Histological scores of each group. Compared with the A/D group, *p < 0.05, **p < 0.01.
To evaluate the effect of long-term oral consumption of ABP on the general health of mice, we introduced a group of ABP alone. Results indicated that long-term consumption of ABP did not lead to shortening of the colon (Supplementary Figure S1A, B), loss of body weight (Supplementary Figure S1C), and pathological changes in the colon (Supplementary Figure S1D). Besides, no side effects were observed in the long-term use of ABP.
ABP Treatment Attenuated the Production of Oxide- and Inflammatory- Cytokines in AOM/DSS-Induced CAC Mice
Because inflammation and oxidative stress might lead to cancer progression, serum levels of inflammatory cytokines and oxidative stress indicators of the colon in CAC mice treated with ABP for three or 11 weeks were detected by ELISA assays and commercial kits. At 3 weeks, the level of pro-inflammatory cytokines TNF-α, IFN-γ, and IL-6 decreased while the anti-inflammatory cytokine IL-10 increased in ABP treatment groups (Figure 3A). A similar phenomenon was also observed at 11 weeks (Figure 3B). An increased level of GSH and decreased level of MDA in the colon were observed in the mice of ABP treatment groups both in 3 weeks (Figure 3C) and 11 weeks of treatment (Figure 3D). These data implied that ABP might in favor of reducing the occurrence and development of CAC by suppressing pro-inflammatory-related cytokines, upregulating anti-inflammatory cytokines, and reducing oxidative damages.
[image: Figure 3]FIGURE 3 | ABP treatment attenuated the production of oxide- and inflammatory-cytokines of AOM/DSS-induced CAC mice. (A-B) Leves of IL-6, TNF-α, IFN-γ, IL-10 in serum of mice treated with ABP for 3 weeks (A) and 11 weeks (B). (C-D) Levels of MDA and GSH in colon tissue treated with ABP for 3 weeks (C) and 11 weeks (D). Compared with the A/D group, *p < 0.05, **p < 0.01.
ABP Treatment Suppressed the Activation of STAT3 in the Colonic Tissue of AOM/DSS-Induced CAC Mice
To gain more insights into the regulatory role of ABP in anti-inflammation, we examined proteins related to the IL-6/STAT3 signaling pathway (Figures 4A,B) by Western Blot. It was found that, both in 3 and 11 consecutive weeks of treatment (Figures 4C,D), expressions of P-STAT3, Cyclin D1 and c-Myc were inhibited in ABP treated groups and COX-2 in ABP-H groups. The expression of COX-2 decreased in the 11 consecutive weeks of ABP-L treatment, while no similar trend was found in the 3-weeks group. These results indicated that ABP treatment might regulate expressions of P-STAT3, c-Myc, and Cyclin D1 in CAC mice, suppress the activation of the IL-6/STAT3 signaling pathway and reduce the inflammatory response.
[image: Figure 4]FIGURE 4 | ABP treatment suppressed the activation of STAT3 in the colonic tissue in AOM/DSS-induced CAC mice. (A-B) Western blotting of STAT3, P-STAT3, COX-2, Cyclin D1, c-Myc and GAPDH in colon tissue treated with ABP for 3 weeks (A) and 11 weeks (B). (C-D) P-STAT3 protein expression relative to STAT3. COX-2, c-Myc and Cyclin D1 protein expressions relative to GAPDH in colon tissues treated with ABP for 3 weeks (C) and 11 weeks (D). Compared with the A/D group, *p < 0.05, **p < 0.01.
ABP Treatment Regulated the Intestinal Microflora of AOM/DSS Induced CAC Mice
To reveal ABP treatment effects on gut microbiota composition of AOM/DSS induced CAC mice, 16S rRNA gene sequencing was performed on colon mucosal samples. The gut microbiota diversity and richness were evaluated by Chao1, Shannon, and Simpson indexes.
No significant change was found among all groups’ alpha diversity, no matter treated for 3 weeks or 11 weeks (Figures 5A–C, Supplementary Figures S2A, B). The principal coordinates analysis (PCoA) showed an obscure difference between the A/D and ABP groups treated for 3 weeks (Supplementary Figures S2C, D). Compared to the A/D group, the PCoA results showed an apparent difference in the normal group (Figure 5D, p = 0.043) and the ABP-H group (Figure 5E, p = 0.024) treated for 11 weeks, showed no difference between the ABP-L group and the A/D group (Figure 5F). These results indicated that ABP might influence the intestinal flora composition, and adequate treatment of ABP was required to improve microbiota in CAC mice.
[image: Figure 5]FIGURE 5 | ABP treatment altered the abundance and diversity of gut microbes in AOM/DSS-induced CAC mice (treatment with ABP for 11 weeks). (A-C) Analysis of alpha diversity; (A) Simpson index. (B) Shannon index. (C) Chao1 index. (D-F) Analysis of beta diversity. principal coordinates analysis (PCoA).
To clarify the effects of ABP on the microflora of CAC model mice, the community composition of each group was analyzed at the phylum, family, and genus levels. The heatmap showed that (Supplementary Figures S3A–C) g_Lysinibacillus, g_Streptococcus, g_Acinetobacter, g_Gordonia, g_Ochrobactrum, g_Halomonas, and g_Ralstonia were enriched in the A/D group, while f_Rikenellaceae and g_Turicibacter were enriched in the ABP-L group treated for 3weeks, g_Ruminococcus_, g_Enterococcus, g_Odoribacter and g_Dehalobacterium were enriched in the ABP-H group. In the 11- week treatment groups, the heatmap showed that (Figures 6A–C) some potential pathogenic bacteria (g_Ralstonia, g_Proteus, g_Adlercreutzia, and g_Streptococcus) enriched in the A/D group, while some beneficial bacteria enriched in the ABP-L group (p_Verrucomicrobia, g_Ruminococcus_, g_Roseburia) and the ABP-H group (f_Ruminococcaceae, g_Oscillospira, g_Odoribacter, g_Coprococcus).
[image: Figure 6]FIGURE 6 | ABP treatment improved the composition of the intestinal microflora in AOM/DSS-induced CAC mice (treatment with ABP for 11 weeks). (A-C) Heatmap of bacterial taxa based at the phylum, family and genus levels.
Differences among groups at family and genus level were also analyzed by liner discriminate analysis (LDA), effect size measurements (LEfSe) and the Kruskal Wallis test (Figures 7A,B, Supplementary Figures S4A, B). The ABP-L group treated for 3 weeks (Supplementary Figure S4C) had higher relative abundance of some bacteria (g_Turicibacter, p < 0.01; g_AF12, p < 0.01) and lower opportunistic pathogens (g_Streptococcus, p < 0.001; g_Ralstonia, p < 0.01; g_Corynebacterium, p < 0.05). The ABP-H group had a higher relative abundance of g_Odoribacter (p < 0.01) and g_AF12 (p < 0.05), and a less relative abundance of g_Streptococcus (p < 0.05). The ABP-L group (Figure 7C) treated for 11 weeks had enriched probiotics (g_Roseburia, p < 0.05, g_Akkermansia, p < 0.01), decreased potential pathogenic and inflammation-promoting bacteria (g_Corynebacterium, p < 0.01; g_Anaeroplasma, p < 0.01). The ABP-H group had much higher relative abundance of f_Ruminococcaceae (p < 0.01) and g_Oscillospira (p < 0.05), but less abundance of CAC related bacteria that were enriched in the A/D group (f_S24-7, p < 0.05; f_Coriobacteriaceae, p < 0.01; f_Prevotellaceae, p < 0.05; g_Bacteroides, p < 0.01; g_Adlercreutzia, p < 0.01; g_Proteus, p < 0.05 and g_Anaeroplasma, p < 0.05).
[image: Figure 7]FIGURE 7 | Distribution of colon microbiota in each group (treatment with ABP for 11 weeks). (A-B) LEfSe analysis of bacterial taxa differences in each group. (C) Box plots demonstrating the characteristic bacteria at the family and genus levels. Compared with the A/D group, *p < 0.05, **p < 0.01.
We also focused on changes of certain bacteria over time. As shown in Supplementary Figure S5, along with the extension of time, the relative abundance of f_S24-7, g_Streptococcus, g_Acinetobacter, g_Anaeroplasma increased in the A/D group. ABP treatment decreased the relative abundance of the four bacteria, increased the relative abundance of g_Odoribacter, f_Ruminococcaceae, g_Oscillospira, g_Coprococcus gradually. These data proved that ABP might ameliorate gut microbiota dysbiosis, elevate beneficial bacteria levels, and downregulate certain pathogenic bacteria levels in AOM/DSS-induced CAC mice.
ABP Treatment Improved Fecal SCFA Levels of AOM/DSS Induced CAC Mice
The effect of ABP treatment on the metabolism of the intestinal tract was assessed by fecal SCFAs measurement and analysis. PLS-DA and PCoA analysis showed a clear difference between the ABP-H and A/D groups (Figures 8A,B). As shown in Figure 8C, mice in the ABP-H group had a higher concentration of total SCFAs (p < 0.01) and individual acetic acid (p < 0.001), propionic acid (p < 0.01), and valeric acid (p < 0.05) than those of the A/D group. These data indicated that ABP could significantly increase the production of SCFAs in mice. The changes in fecal SCFA levels of mice treated with ABP were consistent with the altered composition of the intestinal microbiome.
[image: Figure 8]FIGURE 8 | ABP treatment increased the fecal SCFA levels in AOM/DSS-induced CRC mice (treatment with ABP for 11 weeks). (A-B) PCoA and PLS-DA analysis. (C) Bar plots for fecal SCFA content. Compared with the A/D group, *p < 0.05, **p < 0.01.
DISCUSSION
In mice, colitis induced by DSS is characterized by colon mucosal inflammation accompanied by shortening of the colorectum and body weight loss (Matsunaga et al., 2021). Current research has focused on using natural substances with low toxicity and few side effects on normal cells or organs to offer alternative anti-inflammation and anti-tumor therapies (Giner et al., 2016). Some polysaccharides, such as Hericium Erinaceus polysaccharide and Astragalus polysaccharide, have been reported to alleviate ulcerative colitis development by suppressing inflammatory cytokines and regulating gut microbiota in animals (Zhao et al., 2016; Ren et al., 2018).
Phytochemical analysis revealed that AB had various components with bio-active properties, such as saponins, flavonoids, polysaccharides, etc. that exhibit anti-oxidant, anti-inflammatory, anti-diabetic, and anti-neoplastic effects (Zhou et al., 2005; Iguchi et al., 2017). In this study, AB was farmed by ourselves and ABP was extracted from bulbs of AB. At first, we determined the Mw, monosaccharide composition and FT-IR spectrum of ABP and the results showed that ABP was a homogeneous polysaccharide with an Mw of 18.3 kDa and mainly composed of glucose, mannose, galactose, and xylose. Next, we confirmed that ABP had antioxidant and anti-inflammatory properties in vivo, and ABP treatment could effectively inhibit tumorigenesis and progression by attenuating colon shortening, body weight loss, and histological damages in AOM/DSS induced CAC mice.
Furthermore, we explored the probable mechanisms of ABP against CAC. TNF-α and IL-6 are pro-inflammatory cytokines that play important roles in the process of inflammation (Francescone et al., 2015). The production of these cytokines is regulated by signaling pathways such as the STAT3 pathway. The STAT3 transcription factor induces the expression of cell proliferation related genes (cyclin D1, PCNA) and suppresses apoptotic genes (Bcl-2, Bcl-XL) (Becker et al., 2005; Klampfer, 2008). It is well accepted that STAT3 signaling drives pathological processes, including cell proliferation, recruitment of inflammatory mediators, and angiogenesis (Francescone et al., 2015). Indeed, many inflammatory mediators are positively associated with the prevalence of colorectal adenomas (Kim et al., 2008; Basavaraju et al., 2015; Song et al., 2016). For example, serum levels of IL-6 are higher in CRC patients than in healthy controls (Knupfer and Preiss, 2010). Grivennikov et al. reported that IL-6 promoted colon tumor growth in an AOM/DSS-induced CAC mouse model (Grivennikov et al., 2009). IL-10 is an anti-inflammatory cytokine critical for maintaining intestinal immune homeostasis. IL-10-deficient mice develop intestinal inflammation in the presence of normal gut microflora (Burrello et al., 2018). In this experiment, ABP treatment inhibited the phosphorylation of STAT3, reduced the expression of IL-6 and increased the expression of IL-10, indicating that the anti-inflammatory effect of ABP may be one of its anti-tumor effects.
Oxidative stress has been proposed as a mechanism of IBD. With the production of MDA, excessive NO produces oxygen free radicals that cause tissue damage and the formation of colitis (Zhu and Li, 2012; Li et al., 2016). We found that in CAC mice treated with ABP, MDA contents were significantly decreased and the level of GSH was increased, suggesting that ABP had anti-oxidative capacity and can scavenge free radicals.
The intestinal microbiota plays a pivotal role in physiological homeostasis and pathophysiology of diseases, destruction of intestinal barrier and signals of epithelial cells are closely related to microbiota dysbiosis (Arthur and Jobin, 2013; Jackson and Theiss, 2020). The impaired gut microbiota may result in the damage of enteric mucosa and various inflammation. Therefore, invasive bacteria might cross the barrier and trigger a pro-inflammatory response (Abreu, 2010). As the most commonly used specimen for gut microbiota sequencing, feces may not reflect the real flora of the intestinal surface. There are two main reasons: food consumption and certain bacteria that have penetrated the intestinal barrier cannot be detected precisely, such as Akkermansia. Akkermansia plays a critical role in maintaining human immunity and metabolism, can strengthen the intestinal barrier by promoting mucus secretion (van der Lugt et al., 2019), thus it has been deemed a promising therapeutic probiotic (Zou and Chen, 2020; Yu et al., 2021). Hence, we selected mucosal specimens instead of feces in this study.
SCFAs are the main metabolites produced by anaerobic bacteria, which confer healthy outcomes to the host (den Besten et al., 2013; Tan et al., 2014). The beneficial roles of SCFAs for the host include their capacity to strengthen intestinal barrier function, reduce oxidative stress, and anti-inflammatory, anti-carcinogenic effects (Sun and O'Riordan, 2013; van der Beek et al., 2017). Liu et al. reported that pumpkin polysaccharides increased the relative abundance of g_Oscillospira altered and increased SCFAs production in diabetic rats (Liu G. et al., 2018). Liu et al. found dietary supplementation of berry anthocyanin extracts enriched levels of SCFA producing bacteria and elevated production of fecal SCFAs in high-fat-fed C57BL/6J mice (Liu et al., 2021a). Xia et al. found that Adaptogenic flower buds increased the relative abundance of SCFA producing bacteria and strengthened the epithelial tight junction complex and immune responses (Xia W. et al., 2020). In this study, we found that ABP treatment enriched the relative abundance of SCFA producing bacteria and elevated fecal SCFA levels in AOM-DSS induced CAC mice.
The heat map and LEfSe analysis showed that ABP decreased the relative abundance of some potentially pathogenic bacteria (g_Streptococcus, g_Proteus, g_Corynebacterium, g_Anaeroplasma, g_Acinetobacter, and g_Ralstonia) (Wu et al., 2018; Liu et al., 2019; Xia X. et al., 2020; Zorron Cheng Tao Pu et al., 2020; Marongiu et al., 2021; Zhang et al., 2021). GC-MS results revealed that ABP increased the levels of SCFAs in AOM/DSS induced CAC mice. In this study, changes in SCFA levels in ABP treated mice coincided with intestinal microbiome changes.
As expected, the A/D group showed a gradual increase of some bacteria along with time extension, implying these bacteria may be positively related to progression of AOM/DSS induced CAC. In ABP treatment groups, both decreasing trends of relative abundance of CAC related bacteria and increasing trends of SCFA producing bacteria were more apparent in mice treated for 11 weeks than those in 3 weeks, implying that regulation of ABP on the intestinal flora is a continuous and accumulating process. Combined with the long-term use of ABP having no side effect on the ABP alone group, we supposed that ABP could be used for long-term treatment against CAC.
Taken together, ABP treatment inhibited tumor progression in the AOM/DSS induced CAC mice by improving microbiota, increasing the abundance of beneficial bacteria and fecal SCFAs, reducing oxidative damage in the colon, suppressing inflammatory signaling pathways (Figure 9). ABP may be a potential therapeutic agent for treating CAC.
[image: Figure 9]FIGURE 9 | Schematic diagram depicting the mechanism of action underlying the effect of ABP as a regulator of CRC progression.
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Tumor microenvironment plays an important role in the development, progression, and prognosis of lung adenocarcinoma. Exploring new biomarkers based on the immune microenvironment of lung adenocarcinoma can effectively predict the prognosis and provide effective clinical treatment. In this study, we used the ESTIMATE algorithm to score the immune and stromal components in lung adenocarcinoma data downloaded from the TCGA database. The result showed that the immune/stromal score was associated with clinical features and prognosis of lung adenocarcinoma patients. Interleukin-7 receptor (IL7R) is an important prognostic biomarker identified by intersection analysis of protein-protein interaction networks and Cox regression survival analysis. According to TCGA and Oncomine database analysis, IL7R expression in adenocarcinoma tissues was significantly lower than that in normal lung tissues and was further verified in clinical tissue samples. Survival analysis showed IL7R was an independent prognostic factor of lung adenocarcinoma. IL7R expression was positively correlated with the overall survival and progression-free survival of lung adenocarcinoma patients and negatively correlated with tumor size. Our results suggest that IL7R inhibits tumor growth by regulating the proportion of immune infiltrating cells in the tumor immune microenvironment. IL7R could be a beneficial prognostic marker in patients with lung adenocarcinoma and has great potential in immune therapy.
Keywords: IL7R, tumor immunological microenvironment, tumor infiltrating lymphocytes, lung adenocarcinoma, prognosis
INTRODUCTION
Lung cancer is the leading cause of cancer-related death with increasing morbidity and mortality over the years. Non-small cell lung cancer (NSCLC) accounts for about 85% of lung cancers, and lung adenocarcinoma (LUAD) is a common pathological type of NSCLC with a 5 year survival rate of less than 20% (Chen et al., 2015; DeSantis et al., 2016; Bray et al., 2018; Siegel et al., 2021). Tumor immunotherapy, such as immune checkpoint blockade (ICB), has dramatically changed the landscape of cancer treatment and improved the survival of various cancer patients (Lambrechts et al., 2018; Zappasodi et al., 2018). Since not all tumor patients respond to immunotherapy, searching for effective therapeutic targets and prognostic biomarkers for individualized treatment has become an urgent need.
Previous studies have suggested that the positive response of immunotherapy usually depends on the dynamic interaction between tumor cells and immune modulators in the tumor microenvironment (TME) (Dougan and Dranoff, 2009a). The inhibitory effects and heterogeneity of TME have a great influence on the occurrence and development of tumors and the efficacy of immunotherapy (Dougan and Dranoff, 2009b). The TME is composed of vascular, extracellular matrix (ECM), cancer-associated fibroblasts (CAFs) and tumor-infiltrating lymphocytes (TILs). The tumor immune microenvironment plays an important role in the development and progression of primary lung cancer (Lavin et al., 2017). In this study, the immune and stromal components in the TME of lung adenocarcinoma were scored by the ESTIMATE algorithm. We found that the immune and stromal scores were related to the pathological molecular subtypes, clinical stages, and survival prognosis of LUAD patients. Based on different immune/stromal scores, we screened out differential expression genes related to the immune microenvironment and identified prognostic genes associated with survival. IL7R was confirmed to be associated with prognosis and immune cell infiltration in LUAD patients. IL7R may be a prognostic factor and a potential therapeutic target for immunotherapy for patients with LUAD.
MATERIALS AND METHODS
Ethics Statement
The pathological tissue sections used in this study were approved by the Ethics Committee of Jiangnan university affiliated hospital. Each patient signed a consent form for participating in the study.
Data Acquisition and Analysis
The mRNA expression data and clinical information of lung adenocarcinoma were obtained from the TCGA and GEO database (GSE68465). There are three molecular subtypes of lung adenocarcinoma: bronchoid, magnoid, and squamoid (Hayes et al., 2006). The stromal and immune scores were calculated by the ESTIMATE algorithm using the TCGA data (Yoshihara et al., 2013). The survminer package was used to analyze the relationship between stromal score or immune score and overall survival of LUAD patients. The optimal cut-off points were calculated by smoothHR (Smooth Hazard Ratio Curves Taking a Reference Value) algorithm. The expression of IL7R in lung adenocarcinoma tissues and normal tissues was analyzed by TCGA and Oncomine database. CIBERSORT computational method was applied for estimating the TIL abundance profile in all tumor samples (Chen et al., 2018). The relationship between IL7R and TIL was evaluated by the Timer website (Li et al., 2017).
Differential Expression Genes and Functional Enrichment
Differential expression genes (DEGs) were screened out using the limma package of R language, Fold change (FC) >1 and p < 0.05 (Li et al., 2017). Heatmap was generated using ClustVis (Ritchie et al., 2015). Functional enrichment analysis on DEGs was conducted by the web tool DAVID. False discovery rate (FDR) < 0.05 (Metsalu and Vilo, 2015). The KEGG pathway function of IL7R was enriched and analyzed by GSEA (Huang et al., 2009).
Protein-Protein Interaction Network Construction and Cox Survival Analysis
The Protein-Protein Interaction (PPI) network was constructed by the STRING database (Subramanian et al., 2005) and visualized with the Cytoscape software (Szklarczyk et al., 2015). Nodes were selected with an interaction relationship greater than 0.5 ((Shannon et al., 2003)). The Cox survival analysis was analyzed using the software package survival to screen prognostic genes (p < 0.05).
Patients and Tissue Samples
In this study,40 cases of LUAD and 35 cases of adjacent normal tissues were collected from LUAD patients who underwent surgery and then received care and follow-up in our hospital between the period of July 2014 and August 2016.
Cell Culture
A panel of LUAD cell lines H1975, H1650, H1299, A549, PC9, H661, and the normal lung epithelial cell line HBE were used for in vitro validation. All cells were purchased from the ATCC. The PC9 cell line was maintained in DMEM medium (Gibco, NY, United States), and the other cells were maintained in 1,640 medium (Gibco, NY, United States), both mediums containing 10% FBS. All cells were incubated in 5% CO2 air at 37°C.
Immunohistochemical Analysis
The paraffin sections were dewaxed with xylene, immersed in the EDTA antigen extraction buffer for antigen repair, blocked with 3% hydrogen peroxide, incubated with rabbit anti-IL7R polyclonal antibody (1:200; ABclonal; A13503) overnight. Tissue sections were incubated with the secondary antibody (Zhongshan Golden Bridge, PV-6001), then stained with DAB.
Immunohistochemical (IHC) staining results were evaluated by two experienced pathologists who were blinded to all original data. IL7R staining is mainly located in the cytoplasm of bronchial epithelium or alveolar epithelium of lung tissue, and also in the cytoplasm of tumor cells. In the IL7R staining evaluation, a semiquantitative scoring method was used to assess the IHC staining result, which included the staining intensity score and score of staining density. We calculated the intensity of staining (0, no staining; 1, low-intensity staining; 2, moderate-intensity staining; 3, strong intensity staining) and the staining density (1, 0–10%; 2, 11–50%; 3, 51–100%). The total IHC score (staining intensity score × staining density score) ranged from 0 to 9. The IHC score <4 was defined as IL7R low expression and the IHC score ≥4 was defined as IL7R high expression.
RT-qPCR
Total RNA was extracted and reverse transcription was performed based on the manufacturer’s protocol. A NanoDrop 2000 (Thermo, MA, United States) was used to measure the RNA concentration. RT-qPCR was performed with an ABI Illumina instrument (Steponeplus, United States) using SYBRGreen (Roche, Swiss). Semi-quantitative analysis of the mRNA expression level was quantified by the 2−ΔΔCt method.
Western Blot
Cells were harvested and lysed with RIPA lysis solution (Solarbio, China) supplemented with protease and phosphorylase inhibitors. The concentration of cell protein was determined by the BCA assay kit (Beyotime, China) and equal amounts of proteins were resolved by SDS-PAGE gel and transferred to the PVDF membrane. Afterward, the primary and secondary antibodies were added for incubation. Finally, the membranes were washed with PBST and visualized with ECL detection reagent (Beyotime, China). The primary antibodies were as follows: IL7R (1:1,000; ABclonal; A13503) and β-actin (1:1,000; Zhongshan Golden Bridge; TA-09).
Statistical Analysis
Discrete and continuous data are presented as a count with proportion and mean (± standard deviation) or median (interquartile range [IQR]), respectively, with standard methods for group comparison. Comparison between two groups was performed by Students t-test. One way-ANOVA was used for comparison in multiple groups. The association between IL7R expression and clinicopathological parameters was performed by the chi-squared test. Survival curves were drawn based on the Kaplan-Meier method. p < 0.05 was considered significantly different. All statistical analyses were performed by using the R language (version 3.5.3).
RESULTS
Immune Scores and Stromal Scores Are Significantly Associated With LUAD Molecular Subtypes, Clinical Stage, and Survival
We downloaded the data of lung adenocarcinoma mRNA expression and clinical profiles from the TCGA database. In this study, we obtained information about 516 LUAD patients from the TCGA database and calculated the immune score and stromal score of each sample by ESTIMATE algorithm. The range of immune score was from −13,355.85 to 3,286.67, and the range of stromal score was from −1959.31 to 2098.77. We found that the immune score and stromal score were significantly associated with LUAD molecular subtypes, clinical stage, and survival. The squamoid subtype had the highest average immune score, followed by the bronchoid subtype. Patients with the magnoid subtype had the lowest immune scores, p < 0.0001 (Figure 1A). The trend of the stromal score was consistent with the immune score, with squamoid subtype having the highest score, magnoid having the lowest score, and bronchoid subtype having the score in the middle, p < 0.0001 (Figure 1B). In addition, the immune score and stromal score were decreased with the elevated clinical stage of lung adenocarcinoma. The immune/stromal score of stage I patients was significantly higher than that of stage IV patients (Figures 1C,D). Patients with LUAD were grouped into low-and high-immune/stromal score groups based on the cut-off value for immune scores (1,211.05) or stromal scores (102.58). Survival analysis showed that LUAD patients with higher immune or stromal scores had significantly better overall survival than those with lower scores (Figures 1E,F).
[image: Figure 1]FIGURE 1 | Immune scores and stromal scores are associated with LUAD subtypes, clinical stage, and survival. (A) Distribution of immune scores in LUAD molecular subtypes. Box‐plot shows a significant association between molecular subtypes and the level of immune scores (n = 516, p < 0.001). (B) Distribution of stromal scores of LUAD molecular subtypes. Box‐plot shows a significant association between LUAD molecular subtypes and the level of stromal scores (n = 516, p < 0.001). (C) Distribution of immune scores for LUAD clinical stage. Box‐plot shows a significant association between the clinical stage and the level of immune scores (n = 516, p = 0.0307). (D) Distribution of stromal scores for LUAD clinical stage. Box‐plot shows a significant association between the clinical stage and the level of immune scores (n = 516, p = 0.0275). (E) The Kaplan‐Meier survival curve showed the overall survival of the high score group is longer than the low score group, p = 7e-04. (F) LUAD cases were divided into two groups based on their stromal scores, the overall survival of the high score group is longer than the low score group, p = 0.035. **** p < 0.0001.
Screening Differential Genes Related to Tumor Immune Microenvironment in Lung Adenocarcinoma
To identify genes that play important roles in the TME of LUAD, we evaluated the mRNA sequencing data of 516 LUAD patients in the TCGA database which were divided into high and low score groups according to immune/stromal scores. The differential expression genes (DEGs) were screened out by the Limma package of R language, the results were shown in the Volcano plots (Figures 2A,B). There were 51 up-regulated genes and 884 down-regulated genes in the high immune score group compared with the low score group. Based on stromal scores, 28 genes were up-regulated and 987 genes were down-regulated in the high stromal score group (|log2FC|>1, p < 0.05). The heatmap showed distinct expression profiles of the DEGs in LUAD patients according to the immune/stromal scores (Figures 2C,D). A total of 18 up-regulated genes and 507 down-regulated genes were screened as DEGs by drawing a Venn diagram for intersection (Figures 2E,F). Then, we performed GO functional enrichment analysis on 507 down-regulated genes. The result showed the top 10 GO terms of the biological process included immune response, inflammatory response, adaptive immune response, chemotaxis, T cell costimulation, Chemokine-mediated signaling pathway, regulation of immune response, innate immune response, cell chemotaxis, and positive regulation of T cell proliferation (Figure 2G); MHC class II protein complex was shown in the top Go terms of CC(Figure 2H); and receptor activity, chemokine activity, MHC class II receptor activity, IgG binding were indicated in the top GO terms of MF (Figure 2I). The GO enrichment function of the KEGG pathway showed the DEGs were significantly related to the immune response pathway (Figure 2J).
[image: Figure 2]FIGURE 2 | Screening differential genes related to tumor immune microenvironment in lung adenocarcinoma. (A,B) Patients with LUAD were grouped according to immune/stromal scores, volcano plots were drawn using Limma package of R language, |log2FC|>1, p < 0.05. Genes with high expression are shown in red, low expression is shown in green, genes with the same expression level are in black. (C,D) Heatmap of the DEGs of immune/stromal scores of top half (high score) vs bottom half (low score). p < 0.05, FC > 1) (E,F) Venn diagrams showing the number of commonly upregulated (E) or downregulated (F) DEGs in stromal and immune score groups. (G–I) Top 10 GO terms. False discovery rate (FDR) of GO analysis was acquired from DAVID functional annotation tool, p < 0.05. (J) Bubble plots showed the annotation of the DEGs KEGG pathway, p < 0.05.
PPI Network Was Constructed to Screen the Key Genes of Immune Function
To better understand the interactions of the DEGs, we constructed protein-protein interaction (PPI) networks using the STRING online tool. The network consisted of eight modules, 221 nodes, and 1,604 edges. We used Cytoscape software to analyze the PPI network and screened out the most important three modules for further analysis (Figures 3A–C). GO functional enrichment analysis was conducted on the genes in the three modules, and we found that only the first module of the gene set was functionally enriched in the immune function, including immune response, adaptive immune response, T cell costimulation, antigen processing and presentation, regulation of immune response, T cell receptor signaling pathway, cell surface receptor signaling pathway, positive regulation of T cell proliferation, inflammatory response, and B cell receptor signaling pathway (Figures 3D–F).
[image: Figure 3]FIGURE 3 | PPI network was constructed to screen the key genes of immune function. (A–C) Interaction network constructed with the nodes with interaction confidence value > 0.5. The color of the nodes in the PPI network reflects the log(FC) value of the Z value of gene expression, and the size of the nodes represents the number of proteins interacting with the specified protein. (D–F) Top 10 GO terms of the mode gene in figure A. False discovery rate (FDR) of GO analysis was acquired from DAVID functional annotation tool, p < 0.05.
Screening Prognostic Genes for Lung Adenocarcinoma
To explore the potential role of DEGs in the overall survival of LUAD, we performed Cox survival analysis on 507 DEGs. The results showed 294 genes were associated with the OS in patients with LUAD by log-rank test, p < 0.05. We also downloaded the GSE68465 data set from the GEO database and screened 59 genes related to the prognosis of LUAD by Cox survival analysis. A total of 43 DEGs were determined to be related to LUAD prognosis after the intersection analysis of the above two datasets by the Venn diagram (Figure4A). GO functional enrichment analysis of these 43 genes showed a significant correlation with immune response, including immune cell activation, signal transduction, and antigen-antibody response (Figures 4B–E). By comparing 43 prognostic genes with 35 immune-related genes, we identified six immune microenvironment-related genes that could predict prognosis, including CD27, IL7R, CD40LG, CD28, CD2, and HLA-DQB1. We then downloaded a list of the immune genes from the Import website, which contains 2,483 immune genes symbols. Four prognostic immune genes were identified by comparing the list. According to the Cox survival analysis of the four genes, the univariate survival analysis result showed that tumor stage (p < 0.001), tumor size (p < 0.001), lymph node metastasis (p < 0.001), distant metastasis (p = 0.002), as well as the expression of IL7R (p = 0.002), CD40LG (p = 0.001), CD28(p = 0.024), and HLA-DQB1(p = 0.014) all affected the prognosis of LUAD patients (Figure 4F). Multivariate Cox analysis showed that Figure 4F only IL7R expression was an independent prognostic factor affecting the prognosis of lung adenocarcinoma, p = 0.007 (Figure 4G).
[image: Figure 4]FIGURE 4 | Screening prognostic genes for lung adenocarcinoma. (A) Venn plot showed the prognostic gene shared by the TCGA and GSE68465 dataset in univariate COX analysis. (B) Bubble plots showed the annotation of the prognostic gene in KEGG pathway. (C–E) Top 10 GO terms of the prognostic gene. False discovery rate (FDR) of GO analysis was acquired from the DAVID functional annotation tool, p < 0.05. (F) Univariate Cox survival analysis of immune microenvironment related prognostic genes based on TCGA lung adenocarcinoma data. (G) Variate Cox survival analysis of immune microenvironment related prognostic genes based on TCGA lung adenocarcinoma data.
Relationship Between IL7R Expression and Clinical Features and Survival in Patients With Lung Adenocarcinoma
To clarify the relationship between IL7R and the clinical characteristics of LUAD patients, we analyzed the TCGA data and found that the expression level of IL7R in LUAD tissues was significantly lower than that in normal lung tissues, p < 0.001 (Figure 5A). The Oncomine datasets showed the expression of IL7R in lung cancer tissues was decreased in all 13 datasets (Figure 5B). The detailed analysis data were shown in Table 1. Then, we analyzed the relationship between IL7R and clinical features, and the survival of patients with lung adenocarcinoma was analyzed using datasets from TCGA. The expression of IL7R was correlated with the tumor size, the IL7R expression in the T1 stage was significantly higher than in other T stages (Figure 5C). We also found that the LUAD patients with high IL7R expression had significantly better overall survival (OS) and progression-free survival (PFS) than those with low IL7R expression (Figures 5D,E). Further verification was conducted in 40 tissue samples from LUAD patients and 35 cases of adjacent normal tissues, and it was found that the expression of IL7R was negative in lung adenocarcinoma tissues and positive in adjacent normal lung tissues. In lung adenocarcinoma tissue samples, the expression of IL7R is mainly located in the cytoplasm of tumor cells, and most of them are negative or weakly positive (Figure 5F). In addition, we analyzed the expression of IL7R in lung adenocarcinoma tissue samples with different growth patterns. The tissues of 40 LUAD patients included 20 cases of acinar adenocarcinoma (ACI). 15 cases of solid adenocarcinoma with mucin production (SPA), 3 cases were micropapillary predominant adenocarcinoma (MPA) and 2 cases were lepidic predominant adenocarcinoma (LPA). The result showed there was no correlation between the expression of IL7R and the growth pattern of lung adenocarcinoma (p = 0.075). We also found that the expression of IL7R in normal lung epithelial cell line was higher than that in lung adenocarcinoma cell lines (Figures 5G,H).
[image: Figure 5]FIGURE 5 | The expression of IL7R in lung adenocarcinoma tissues was lower than that in normal tissues and correlated with tumor size and patient survival. (A) IL7R expression in lung adenocarcinoma tissue was significantly lower than that in normal lung tissue based on TCGA data, p < 0.001. (B) The Oncomine database showed that the expression level of IL7R in lung cancer tissues in 13 data sets was lower than that in normal tissues. (C) The expression level of IL7R was negatively correlated with tumor size. (D) Kaplan-Meier survival curves showed the LUAD patients with high IL7R expression had better overall survival than those with low IL7R expression, p = 0.0015. (E) Patients with high IL7R expression also had better progression-free survival than those with low IL7R expression, p = 0.0015. (F)The expression of IL7R in normal lung epithelial cell line HBE was higher than that in lung adenocarcinoma cell lines assayed by Western blot and (G) qRT-PCR. (H) Immunohistochemical staining showed IL7R was expressed at low level in LUAD tumors (left) compared with para-carcinoma tissue (lung tissue, middle; bronchus, right), (×100 and×400, respectively).
TABLE 1 | Transcription expression of IL7R between LUAD and normal lung tissues (Oncomine).
[image: Table 1]IL7R is Associated With Tumor Microenvironmental Status of Lung Adenocarcinoma
Due to the significant difference in the expression of IL7R in lung adenocarcinoma and normal tissues, we conducted a GSEA functional enrichment analysis of the KEGG pathway for IL7R, and the results confirmed that when IL7R expression was elevated, the KEGG pathway was mainly enriched in immune-related activities, including chemokine signaling pathway, natural killer cell-mediated cytotoxicity, B cell receptor signaling pathway, cytokine-cytokine receptor interaction, leukocyte transendothelial migration, and T cell receptor signaling pathway (Figure 6A). The decrease of IL7R expression was mainly concentrated in cell metabolic activities, such as glycan biosynthesis, peroxisome, clycosylphosphatidylinositol anchor (Figure 6B). These results suggested IL7R could be a potential indicator of TME status.
[image: Figure 6]FIGURE 6 | GSEA for samples with high IL7R expression and low expression. (A) The enriched gene sets in HALLMARK collection by the high IL7R expression sample. Each line representing one particular gene set with unique color, p < 0.05 were considered significant. (B) The enriched gene sets in HALLMARK by samples with low IL7R expression, p < 0.05.
IL7R Is Associated With Immune Cell Infiltration in Lung Adenocarcinoma
To explore the mechanism of IL7R affecting the TME of lung adenocarcinoma, we analyzed the relationship between IL7R expression and the components of tumor-infiltrating lymphocytes in the TME of lung adenocarcinoma. The proportion of lung adenocarcinoma TIL was estimated using CIBERSORT analysis. The proportions and correlation of various TIL in TCGA lung adenocarcinoma samples were shown in Figure 7A. Grouped according to the median expression of IL7R, the infiltrating levels of 13 groups of TIL cells were found to be altered (Figure 7B). Next, the TIL ratio of TCGA lung adenocarcinoma samples was estimated by Timer algorithm, and the relationship between the changes of TIL components and the expression of IL7R was analyzed. We found the IL7R gene copy number variation significantly affected the infiltration levels of B cells, CD4 + T cells, and DC cells (Figure 7C).IL7R was negatively correlated with the tumor purity of lung adenocarcinoma and positively correlated with the expression of B cells, CD8+T cells, CD4+T cells, macrophages, monocytes, and DC cells (Figure 7D). Survival analysis showed the overall survival of patients with lung adenocarcinoma was positively correlated with the expression of B cells, DC cells, and IL7R (Figure 7E).
[image: Figure 7]FIGURE 7 | IL7R is associated with immune cell infiltration in lung adenocarcinoma. (A) Heatmap showing the correlation between 21 kinds of TIL and the shade of each tiny color box represented corresponding correlation value between two types of cells. (B) Violin plot showed the ratio differentiation of 21 kinds of immune cells between LUAD tumor samples with low or high IL7R expression, and Wilcoxon rank-sum was used for the significance test. (C) IL7R gene copy number variation significantly affected the infiltration levels of B cells, CD4 + T cells, and DC cells. (D) IL7R was negatively correlated with the tumor purity of lung adenocarcinoma and positively correlated with the expression of B cells, CD8+T cells, CD4+T cells, macrophages, monocytes, and DC cells. (E) Survival analysis showed the overall survival of patients with lung adenocarcinoma was positively correlated with the expression of B cells, DC cells, and IL7R.
DISCUSSION
TME is composed of various types of immune cells, their secreted products (cytokines, chemokines), and extracellular matrix (Killock, 2018). Previous studies have suggested that the immune microenvironment plays an important role in the occurrence and development of primary lung cancer, and affects the treatment and prognosis of lung cancer (Almatroodi et al., 2016; Condamine et al., 2016; Bauer et al., 2017; Carrega and Ferlazzo, 2017; Janakiram et al., 2017). Studying the relationship between DEGs and the immune microenvironment, exploring the underlying mechanism may provide a new landscape for immunotherapy. In this study, we mined the expression profile data of a large number of lung adenocarcinoma samples from TCGA, evaluated the immune and stromal components of the samples, and calculated the immune/stromal scores. The immune/stromal score was determined to be significantly correlated with the molecular subtypes, clinical stage, and overall survival of lung adenocarcinoma, demonstrating that the immune microenvironment of lung adenocarcinoma is highly correlated with the clinicopathological features of lung adenocarcinoma.
Lung adenocarcinoma can be divided into three molecular subtypes, named bronchioid, squamoid, and magnoid according to its genetic pattern (Almatroodi et al., 2016; Condamine et al., 2016; Bauer et al., 2017; Carrega and Ferlazzo, 2017; Janakiram et al., 2017). These subtypes are associated with prognosis, patients with bronchioid subtype may have a superior survival and the survival was worse in magnoid tumors compared with both bronchioid and squamoid tumors (Wilkerson et al., 2012). Our result showed that both the squamoid and bronchioid subtypes had higher immune and stromal scores than the magnoid subtype. These results further suggested that high immune/stromal scores may be associated with better outcomes in patients with bronchioid subtypes. With the increase of tumor diameter, the immune/stromal scores decreased, suggesting that the immune microenvironment components of LUAD may have inhibitory effects on the formation and proliferation of tumors. Survival analysis showed that patients with high immune/stromal scores had better OS and PFS than those with low scores, indicating that the immune/stromal score of lung adenocarcinoma is a good prognostic marker for lung adenocarcinoma. Therefore, we believed the TME of lung adenocarcinoma played an important role in the development of tumors and the prognosis of patients.
To identify immune-related genes that play crucial roles in the TME of lung adenocarcinoma, we screened DEGs according to the immune/stromal scores. A total of 525 DEGs were screened by intersection analysis, among which 18 genes were up-regulated and 507 genes were down-regulated. GO enrichment functional analysis was performed on all down-regulated genes, and we found that the functions of DEGs were mainly focused on the immune response. Then, we identified 35 genes with important functions among the DEGs by constructing PPI networks. These hub genes showed significant roles related to immune response, indicating that these 35 genes play an important role in the TME of LUAD.
To search for prognostic genes for LUAD, we performed Cox survival analysis on lung adenocarcinoma data of TCGA and GSE68465 datasets. There were 294 prognostic genes in the TCGA dataset and 59 prognostic genes in the GSE68465 dataset. By intersection analysis of the prognostic genes from the above two datasets, 43 prognostic genes were screened out. These prognostic genes were found to be associated with T cell synthesis, MHCII receptor function, antigen presentation, and other immune responses. We compared the previous 35 immune microenvironment-related genes with 43 prognostic genes and finally obtained six overlapping genes. We downloaded the list of immune gene symbols for lung adenocarcinoma from the Immport website for comparison, and four of them were determined to be immunity-related genes. Therefore, we suggest that these four genes are key genes that play important roles in the TME of LUAD and influence the prognosis of patients. Cox survival analysis of these four genes revealed that only IL7R was an independent prognostic factor for OS in LUAD patients.
TCGA and Oncomine database analysis showed that the expression of IL7R was significantly higher in normal lung tissues than in LUAD tissues, this result was further verified by tissue samples and cell lines. The IL7R expression was negatively correlated with tumor size and positively correlated with overall survival and progression-free survival in LUAD patients. In order to clarify the functional mechanism of IL7R in LUAD, we performed GSEA functional enrichment analysis on IL7R. The results showed that the function of IL7R was related to the B cell receptor, T cell receptor, NK cell regulation of cytotoxicity, leukocyte chemotaxis, and other immune functions. Therefore, we speculate that IL7R may be involved in the regulation of lymphocyte infiltration in the TME, thus influencing the progression of lung adenocarcinoma.
TIL is an important component of TME, mainly consisting of T lymphocytes, B lymphocytes, natural killer (NK) cells, and other immune cells. These immune lymphocyte phenotypes can promote or inhibit the development of tumors (Rosenberg et al., 1986). TIL distribution characteristics can be used to predict the prognosis of cancer patients and the efficacy of immunotherapy (Keren et al., 2018). By the CIBOSORT analysis, we found that there were significant differences in the proportion of TIL among LUAD patients with different IL7R expression levels, which proved that IL7R could regulate TIL infiltration status. Based on the infiltration levels of TIL in groups with different IL7R expression levels, we found 12 groups of TILs had significant changes in the infiltration levels. Next, we evaluated the correlation between the IL7R expression and the infiltration level of TIL using the Timer algorithm. The result indicated that the expression of IL7R was positively correlated with all six types of TILs, and the gene copy number variation of IL7R has significantly affected the infiltration level of B cells, CD4 + T cells, and DC cells. Survival analysis showed only B cells, DC cells, and IL7R were significantly associated with the OS of LUAD patients. Above all, we believe IL7R inhibits the progression of lung adenocarcinoma by modulating the infiltration levels of B cells, DC cells, and CD4 + T cells, thus affecting the survival of patients.
IL7R is a protein-coding gene, which encodes the receptor of interleukin 7 (IL7) (Mazzucchelli and Durum, 2007). It is critical for the development of T cells and B cells, the survival of juvenile T cells, and the maintenance of memory T cells (Clark et al., 2014; Leung et al., 2019). It is necessary for the development and maintenance of innate lymphoid cells, also for the generation and development of the lymphoid structural barriers (Seddon et al., 2002). IL7R deficiency is associated with severe combined immunodeficiency (SCID) (Puel et al., 1998; Roifman et al., 2000). In our study, we found that IL7R was significantly associated with infiltration of B cell, CD4+ T cell, DC cell, and it also affected the prognosis of patients with LUAD. The infiltrating B lymphocyte is an important part of tertiary lymphoid structures (TLSs), which is an ectopic lymphoid organ that forms in non-lymphoid tissues during chronic inflammation and tumor progression (Sautès-Fridman et al., 2019). B cell infiltration and the formation of TLSs were found to be positively correlated with the immunotherapy response in patients with different tumor types. It is suggested that infiltrating B lymphocytes play an important role in the treatment of ICB and predict the prognosis (Cabrita et al., 2020; Helmink et al., 2020; Petitprez et al., 2020).CD4+ T cells are mainly expressed as helper T cells, and assist in the activation of other cells. Cytokines secreted by Th1 cells in the subsets of CD4+ helper T cells, especially interleukin-2 (IL-2) and IFN-γ, can activate and promote the function of CD8+T cells and NK cells (Knutson and Disis, 2005). Dendritic Cells (DC) are professional Antigen-presenting Cells (APC), which have attracted much attention in recent years. DC cells can absorb, process, and present antigens to initiate T cell-mediated immune response (Laoui et al., 2016). Above all, our results suggest that IL7R can influence the distribution of TIL, and inhibit tumor occurrence and progression by increasing the infiltration proportion of the above three TILs.
In conclusion, IL7R is a biomarker for predicting a good prognosis of lung adenocarcinoma. IL7R could also be a potential therapeutic target for the treatment of lung adenocarcinoma.
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The increased drug resistance and metastasis of melanoma resulted in poor prognosis of patients. Here, we designed and synthesized a novel hemicyanine-based fluorescent probe ZWZ-3, and investigated its application for melanoma imaging and treatment both in vitro and in vivo. ZWZ-3 preferentially accumulated in melanoma cells via a process that depended on the organic anion-transporting polypeptide (OATP), which targeted mitochondria on the hemicyanine cationic nitrogen. In addition, we investigated the effect and molecular mechanism of ZWZ-3 in melanoma. In vitro studies showed that ZWZ-3 promoted the generation of reactive oxygen species and induced mitochondrial-mediated cell apoptosis by upregulating Bax and activating caspase-3, caspase-9, and PARP. Importantly, ZWZ-3 also induced autophagy by upregulating LC-3II and Atg5 and downregulating P62. It significantly suppressed tumor growth of A375 xenograft tumor in mice without notable side effects. Histological and immunohistochemical analyses revealed that ZWZ-3 induced apoptosis and inhibited tumor cell proliferation. Thus, ZWZ-3 represents a novel theranostic agent that can be used to effectively targeting, detecting, and treating melanoma. It could also help monitoring disease progression and response to treatment.
Keywords: hemicyanine-based fluorescent probe, anti-cancer, mitochondrial-targeted, autophagy, apoptosis
INTRODUCTION
Melanoma is one of the most malignant tumors with high metastatic potential. Although it represents only 4% of dermal tumor cases, melanoma is the most dangerous and deadly form of dermal tumor, accounting for 75% of skin cancer-related deaths (Apalla et al., 2017; Hessler et al., 2020). Early-stage melanoma can be treated with surgical intervention, with relatively high 5-year survival rate, yet metastatic melanoma significantly shorten survival rate (Smart et al., 2021). Due to its aggressiveness, melanoma patients are often diagnosed at advanced stages with local infiltration or distant metastasis, which cannot be treated with surgery alone (Tse et al., 2017; Zhu et al., 2017). In addition, melanoma is one of the most potent drug-resistant cancers (Wang et al., 2015). Thus, multifunctional theranostic agents with the potential of simultaneous imaging-guided, tumor targeting and treatment are urgently needed to improve the timely diagnosis and treatment of the disease.
Cancer cell death involves various pathways including apoptosis, necrosis and autophagy. Apoptosis is a type of programmed cell death in which reactive oxygen species (ROS) are abnormally generated in response to diverse external stimuli, which enhanced oxidative stress in mitochondria and dysregulated the mitochondrial membrane and proteins (Cotter, 2009; D’Arcy, 2019). The released mitochondrial protein cytochrome C causes activation of caspase-like proteases, and leading to apoptotic cell death (Bajpai et al., 2020). Autophagy plays an important role of “garbage collector”, which removed damaged cellular components or abnormal metabolites. During the process of autophagy, autophagosomes engulf cytoplasmic components, during which the cytosolic form of LC3, called LC3-I, converts into the autophagosome-associated LC3-II form (Huang et al., 2013; Zada et al., 2021). This conversion can therefore be used for tracking autophagy, as can the interaction between LC3 and the adapter protein p62 during autophagosome formation (Islam et al., 2018). The adapter protein P62 also interacts with polyubiquitinated proteins through the ubiquitin-associated domain to promote the autophagic degradation of ubiquitinated substrates (Zhang et al., 2013). Furthermore, p62 complexes with SQSTM1 could act as a selective autophagy receptor that degrades the autolysosome when autophagic flux increases (Xiang et al., 2021).
Mitochondria, the energy center of cells, are involved in different physiological processes and play essential roles in cancer development and progression. The dysfunction of mitochondria causes various disorders and affects the process of cancer cell survival and death. Accumulating evidence indicates that abnormal mitochondria accelerate tumor development and progression, including proliferation, migration, invasion, oxidative phosphorylation and apoptosis (Fu et al., 2019; Chiu et al., 2020). Although targeting mitochondria is widely recognized as important for effective anticancer therapy, most anti-cancer drugs are difficult to target this organelle (Wu et al., 2018). Based on the differences of mitochondria between normal cells and cancer cells, many mitochondrial-targeted agents have been developed for monitoring drug distribution and achieving specific therapies (Zhang et al., 2011; Zhang et al., 2021).
In particular, researchers have been developing “theranostic” compounds that could not only treat cancers but also detect or monitor their response to therapy. Current theranostics are based mainly on nanotechnology (Vinod and Jena, 2021; Wu et al., 2021) or conjugation with tumor-specific ligands (Zhao et al., 2019), contrast agents (Shu et al., 2021), and anticancer drugs (Kong et al., 2016; Jeyamogan et al., 2021). To some extent, these methods have been proofed to be promising, but there are some debates about the selectivity and specificity of these theranostics (Zhang et al., 2011). Therefore, it is crucial to develop alternative or innovative strategies for solving the above problems. Recently, small molecule-based fluorophores with unique inherent-targeting have attracted interests of researchers, because theranostic agents with this structure not only solves the problem of targeting but also benefits for large-scale application in the future (Wang et al., 2018). For instance, multifunctional heptamethine dyes that can be selectively enriched in the mitochondria of various human tumor xenografts have been developed for tumor imaging and therapy (von Kiedrowski et al., 2020; Zhang et al., 2021). However, they also exert some undesired side effects due to their poor water solubility and non-ideal antitumor activity.
Hemicyanines, as a principal member of the cyanine family, are commonly used in fluorescent sensors owing to their good optical properties, specifically, long absorption and emission wavelength, high fluorescence quantum yield and large Stokes shift (Kong et al., 2016; Zeng et al., 2021). Recently, several studies have reported the use of hemicyanine dyes as fluorescent probes for disease diagnosis in response to various biomarkers, including ROS and nitrogen species (Xie et al., 2016), biothiols (Chen et al., 2015), enzymes (Liu et al., 2019), and pH (Li et al., 2015). Furthermore, hemicyanine dyes have been widely applied for cancer imaging and imaging-guided surgical resection (Luo et al., 2018), but they have rarely been directly used in anti-cancer therapy.
In the present study, we developed the hemicyanine-based fluorescent probe ZWZ-3, which can be selectively enriched in the mitochondria of melanoma cells, thus promoting mitochondrial oxidative phosphorylation and inducing apoptosis and autophagy. In this way, ZWZ-3 shows promise as a novel theranostic agent for characterization and treatment of melanoma.
MATERIALS AND METHODS
Materials
All reactions were performed under magnetic stirring and in dried glassware. Unless otherwise stated, all chemicals and solvents were obtained from commercial sources and used without further purification. Analytical thin-layer chromatography was conducted on 0.20 mm silica gel plates (Haiyang, Qingdao, Shandong, China) under the indicator of QF-254 UV. Column chromatography was performed on Haiyang silica gel 60 (200–300 mesh). Mass spectra was obtained from the Agilent (United States). 1H NMR and 13C NMR spectra were analyzed on a Bruker DMX600 NMR spectrometer under tetramethyllsilane (TMS) as an internal standard. Peak multiplicity of NMR signals was as stated below: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. Chemical shift (δ): ppm relative to Me4Si (internal standard). Coupling constant: J (Hz).
MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2-H-tetrazolium bromide, thiazolyl blue tetrazolium bromide), H33342 were purchased from YuanYe Bio-Technology, China. AnnexinV-FITC/PI was purchased from Biosharp, China. DCFH-DA, JC-1, MitoTracker Green were purchased from Beyotime, China. Lipfiter transfection reagent was purchased from Hanbio, China. Sulfobromophthalein (BSP, a competitive inhibitor of OATP transporters) was purchased from BT Reagent, NAC (a pharmacological inhibitor of ROS) was purchased from Bestbio. Antibodies against Atg5 (#12994), P62 (#39749), PARP (#9532T), BAX (#2772S), LC3A/B (#12741S), Ki-67 (#12202S) were purchased from SCT. Cleaved Caspase 9 (#ab202068) was purchased from Abcam. Cleaved Caspase 3 (#341034), β-actin (#T200068-8F10), Anti-mouse HRP (#511203), Anti-rabbit HRP (#511103) were purchased from Zen Bioscience.
Synthesis and Structural Characterization
A mixture of 2-bromocyclohex-1-ene-1-carbaldehyde 1 (370 mg, 2 mM), 2-hydroxy-5-nitrobenzaldehyde 2 (167 mg, 1 mM) and Cs2CO3 (1.95 g, 6.0 mM) in DMF (2 ml) was stirred for 12 h at 25°C. The solvent was removed under reduced pressure by evaporation, and the residue was purified by silica gel chromatography to afford 6-nitro-2,3-dihydro-1H-xanthene-4-carbaldehyde 3 as a yellow solid (128 mg, 50% yield). A mixture of 3 (25.7 mg, 0.1 mM), 1,2,3,3-tetramethyl-3H-indol-1-ium 4 (17.4 mg, 0.1 mM) and K2CO3 (65 mg, 0.2 mM) in Ac2O (2.0 ml) was stirred at 80°C for 12 h. The solvent was removed by evaporation under reduced pressure, and the residue was subjected to silica gel chromatography to afford ZWZ-3 as a purple solid (30 mg, 73% yield). 1H NMR (400 MHz, CDCl3) δ 8.59 (d, 1H, J = 15.32 Hz), 8.01 (d, 1H, J = 15.32 Hz), 7.95 (s, 1H), 7.49–7.53(m, 5H), 7.09(s, 1H), 6.96 (d, 1H, J = 15.32 Hz), 4.25 (s, 3H), 2.85–2.96 (m, 2H), 1.88–1.95 (m, 2H), 1.84 (s, 6H), MS: m/z calculated for C26H25N2O3+, 413.1860, found 413.1860.
Determination of Optical Properties
To study the optical properties of ZWZ-3 in methanol, serum and phosphate buffered saline (PBS), ZWZ-3 was incubated with methanol or 10% fetal bovine serum (FBS, Gibco) or PBS at 37°C. The absorbance of ZWZ-3 was measured on a UV–Vis scanning spectrophotometer Puxi TU-1900. Fluorescence intensities were detected using an Agilent F-7000 fluorescence spectrophotometer (United States) (550 nm excitation, continuous wavelength from 500 to 600 nm emission).
Cell Lines and Cell Culture
Murine melanoma cell line (B16), human melanoma cell line (A375) and murine macrophage cell line (RAW264.7) were obtained from ATCC (Manassas, VA, United States) and cultured in ATCC suggested media with 10% FBS. Cells were supplied with 1% antibiotic-antimycotic solution and incubated at 37°C humidfied atmosphere with 5% CO2.
MTT and Colony Formation Assays
The effect of ZWZ-3 on cells viabilities was performed by standard MTT method and colony formation assay. In the MTT assay, the cells were seeded in 96-well plates at 1–5×103 cells/well and incubation for 24 h. 100 μl medium with various concentrations of ZWZ-3 were added to each well and incubated for 24, 48 and 72 h, respectively. Then, 20 μl MTT solution were added to each well to a final concentration of 0.5 mg/ml, followed by incubation for 2–4 h at 37°C. Finally, the medium of each well was replaced by 150 μl DMSO and incubated for 15–20 min. The absorbance of each well was detected at 570 nm wavelength using Spectra MAXM5 microplate spectrophotometer (Molecular Devices), then the growth inhibiting rates was calculated. Data were derived from at least three separate experiments.
In the colony formation assay, the cells were seeded in six-well plates at 200–500 cells/well and incubated for 24 h. Then the cells were incubated with 2 ml medium containing indicated concentrations of ZWZ-3 for 7 days. After washing with PBS, fixed with 4% paraformldehyde and stained with crystal violet solution (0.5% in methanol), the cells were observed and counted by the microscope. Each assay was replicated three times.
Detection of ΔΨm and ROS Levels in Cells
DCFH-DA (6.7 μM) and JC-1 (10 μg/ml) were used to measure mitochondrial membrane potential (ΔΨm) and reactive oxygen species (ROS) levels. After treated with ZWZ-3 for 2 h or 24 h, the melanoma cells were treated with DCFH-DA or JC-1 at 37°C in the dark for 40 or 20 min. The cells were washed with PBS, and the fluorescence of cells was observed using fluorescence microscope. Image J software was employed to measure the fluorescence intensity. Each assay was replicated three times.
Fluorescent Imaging For Biodistribution and Tumor-Targeted
Confocal laser technique was conducted to assess for subcellular colocalization of ZWZ-3 in vitro. In brief, A375, B16 and RAW264.7 cells in the logarithmic growth phase were seeded in 35 mm glass-bottomed culture dishes at 37°C and 5% CO2 for 24 h. After co-incubating with ZWZ-3 (5 μM) for 1 h, the fresh medium was replaced. Then, apply MitoTracker Green (Beyotime, China) to make the final concentration of 200 nM, incubated for 45 min. After washed with PBS for three times, the cells were observed by laser scanning confocal microscope (Leica TSC SP8) (ZWZ-3: 638 nm excitation, continuous wavelength from 450 to 700 nm emission; MitoTracker Green: 490 nm excitation, continuous wavelength from 450 to 700 nm emission).
To assess the localization of ZWZ-3 in vivo, the organs of subcutaneous tumor model mice were made into frozen sections for observation. Briefly, after the tissues of heart, liver, spleen, lung, kidney, paracancerous and tumor were cut into frozen sections on a cryostat microtome (Leica CM1950), they were fixed with ice acetone for 15 min, drained and washed with PBS for 5 min. Then, the frozen sections were stained by Hoechst33342 (2 μg/ml) (YuanYe Bio-Technology, Shanghai, China) at 37°C for 10 min and washed with PBS for two to three times, 5 min each time. A fluorescence microscope (Leica DMi8) was performed for observing.
To investigate the mechanism affecting the selective entry of ZWZ-3 into tumor cells, B16 cells were added in six-well plates and cultured overnight. B16 cells were incubated with 250 µM BSP for 20 min and then incubated with 5 µM ZWZ-3 for 1 h. After being washed with PBS solution, cells were incubated with 1 μg/ml Hoechst33342 for 10 min. Finally, the cells were cleaned by PBS solution and observed by fluorescence microscope.
Detection of Cells Apoptosis
The detection of cells apoptosis was conducted according to Annexin V-FITC/PI detection kit (Biosharp, China). The A375 and B16 cells (2 × 105 cells/well) in the logarithmic growth phase were seeded in six-well plates and incubated overnight. After treatment with various concentration of ZWZ-3 (0 ∼ 2.5 μM) for 24 h, the cells were collected, cleaned with cold PBS and stained with 5 μl Annexin V-FITC at room temperature in the dark for 20 min. Subsequently, 10 μl of PI was added for 5 min. FCM was used to measure the apoptosis induced by ZWZ-3. The data was carried out using FlowJo software.
Western Blotting Analysis
The B16 cells were collected, lysed and quantified (BCA; Beyotime, China). Western blot analyses were conducted using the indicated antibodies. Protein densitometric analysis of all bands were performed using the Image J software. Data were depicted as fold difference over untreated control. GAPDH was conducted as an internal control.
Measurement of GFP-LC3 Aggregates
For visualization of the autophagosomes, cells were transfected with GFP-LC3 plasmid, which was presented to me by Dr. F. Jianguo (Southwest Medical University, Luzhou, China). Briefly, B16 cells were seeded into a 24-well plate and cultured overnight. Next, cells were transfected with GFP-LC3 plasmid for 12 h. The cells were exposed to different concentration of ZWZ-3 for 12 or 24 h. Lastly, fluorescence microscope was conducted to observe the GFP-LC3 aggregates.
Tumor Xenograft Models
Mice used in this study were purchased from the Chengdu Dossy Laboratory Animals Company (Chengdu, China) and were housed in a specific-pathogen-free (SPF) condition facility with an air-conditioned room at 25 ± 2°C with 40%–70% relative humidity, and a 12-h light/dark cycle. For subcutaneous tumor model, mice engrafted subcutaneously with 1 × 107 A375 cells were randomized to groups when tumor volume was around 100 mm3 and were given by intraperitoneal injection of ZWZ-3 5 mg/kg or vehicle once 3 days. Tumor size and body weight were measured every 3 days. The mice were sacrificed when reached the endpoint defined by the tumor size (∼1,000 mm3). Tumor volume is calculated as follows: Volume = 0.5 × a × b2, where a (mm) represents the length and b (mm) represents the width of the tumor. All animal experiments have been approved by the Laboratory Animal Management Committee of the Affiliated 190 Hospital of Southwest Medical University in China (Permit Number: 20200201) and were conducted in accordance with the approved guidelines.
Hematoxylin and Eosin (H&E) Staining
The tissues of mice were fixed with 10% formaldehyde solution for 24 h and embedded in paraffin, then cut into 4 mm-thick sections. Finally, the sections were stained by hematoxylin and eosin (H&E) and observed using microscope (Nikon, NiE, Japan).
Immunohistochemistry
Immunohistochemical staining for Ki-67 and CC-3 was performed on xenograft tumor tissues using antibodies against Ki-67 and CC-3 respectively.
Statistical Analysis
The data were expressed as the mean ± standard deviation and analyzed using SPSS 17.0 software. The differences of two groups were analyzed by t-test of two independent samples. p < 0.05 were considered statistically significant.
RESULTS
Chemical Synthesis and Optical Properties of ZWZ-3
The general synthetic route of compound ZWZ-3 is illustrated in Figure 1A. The structural characterization of ZWZ-3 was determined by 1H-NMR (Supplementary Figure S1), 13C-NMR (Supplementary Figure S2) and high resolution mass spectrometry (HRMS) (Supplementary Figure S3). The absorption and fluorescence spectra of ZWZ-3 were investigated in methanol (MeOH), PBS and 10% fetal bovine serum. It was found that the absorption and emission peak of ZWZ-3 was in the 550–560 nm (Figure 1B). ZWZ-3 presented a good stability in 10% FBS and methanol (Figure 1C), indicating that it has potential as a novel fluorescence probe for biomedical imaging.
[image: Figure 1]FIGURE 1 | Chemical synthesis and optical properties of ZWZ-3. (A) Synthetic route and chemical structure of ZWZ-3. a: Cs2CO3, DMF, 25°C, 12 h, yield: 50%; b: K2CO3, Ac2O, 80°C, 12 h, yield: 73%. (B) The absorption spectra of 5 μM ZWZ-3 in methanol, PBS and 10% foetal bovine serum (FBS), respectively. (C) The fluorescence intensity of 5 μM ZWZ-3 in methanol, PBS and 10% FBS, respectively. All experiments were performed in triplicate.
ZWZ-3 Specifically Localizes to the Mitochondria of Cancer Cells and Targets Tumor Tissues
Hemicyanines are known to target mitochondria due to the presence of cationic nitrogen (Li et al., 2016). A subcellular localization assay, using colocalization with a mitochondrial tracker (MitoTracker Green) in B16, A375 and RAW264.7 cells, showed that ZWZ-3 preferentially accumulated in the mitochondria of tumor cells in a time-dependent manner (Figures 2A–C). Fluorescence began to appear at 5 min, and it was at the strongest at 15 min. After 15 min, the fluorescence intensity gradually weakened and there was almost no fluorescence at 4 h. C57BL/6J mice with B16 subcutaneous tumor xenografts were subjected to histopathologic analysis after a single-dose intravenous administration of ZWZ-3 at 2 mg/kg. Histopathologic analysis of organs and tumor frozen sections (Figure 2D) indicated that ZWZ-3 preferentially accumulates in tumor tissues. Thus, ZWZ-3 could be a promising fluorescence probe for targeting mitochondria and biomedical imaging in melanoma based on our results.
[image: Figure 2]FIGURE 2 | ZWZ-3 specifically locates to the mitochondria of cancer cells and targets tumor tissue. (A) Colocalization of ZWZ-3 with a mitochondria-specific tracker (Mito Tracker Green) in B16, A375 and RAW264.7 cells, imaged using a confocal microscope. (B) (C) fluorescence intensity in B16 and A375 cells was evaluated after incubation with the same concentration of ZWZ-3 (5 μM) for various times (n = 3). (D) C57BL/6J mice with B16 subcutaneous tumor xenografts were subjected to histopathologic analysis after a single-dose intravenous administration of ZWZ-3 at 2 mg/kg for 24 h. Organs and xenografts were imaged by fluorescence microscope. All experiments were conducted in three time and each point represents the mean ± SD (*p < .05; **p < .01). Scale bar = 100 µm.
ZWZ-3 Selectively Accumulates in the Mitochondria of Tumor Cells via a Mechanism Dependent on organic anion-transporting polypeptide
OATPs are multispecific transport proteins, which can transport cations, anions and neutral compounds in cells, and plays an important role in drug absorption, distribution and excretion in vivo (Obaidat et al., 2012; Liu et al., 2018). Shi found that OATP mediates the selective accumulation of the heptamethine dye IR-780 in tumor cells (Zhang et al., 2010). To verify whether ZWZ-3 enters tumor cell through the same pathway, B16 cells were pretreated with sulfobromophthalein (BSP, a competitive inhibitor of OATP transporters) for 20 min. BSP significantly inhibited the tumor accumulation of ZWZ-3 (Figure 3A), suggesting that ZWZ-3 enters the cytosol in an OATP-dependent manner. In addition, similar results were observed in A375 cells (Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | ZWZ-3 enters the mitochondria of tumor cells through OATP to induce the production of ROS and mitochondrial membrane depolarization. (A) B16 cells were pretreated with vehicle control, sulfobromophthalein (BSP) (250 μM) for 20 min, then treated with 5 µM ZWZ-3 for 1 h prior to fluorescence microscope observations. (B) Intracellular ROS productions were detected using DCFH-DA. (C) B16 cells were pretreated with ZWZ-3 for 24 h, then treated with JC-1 for 20 min prior to fluorescence microscope observations. All experiments were carried out in triplicate and each point represents the mean ± SD (*p < .05; **p < .01). Scale bar = 100 µm.
Mitochondrial membrane potential (ΔΨm) plays a key role in cell health and function. Mitochondria-mediated intrinsic apoptotic pathway is always accompanied by the disruption of ΔΨm. Here, we treated B16 cells and A375 cells with ZWZ-3 for 24 h, then used the cationic dye (JC-1) to assess ΔΨm. As shown in Figure 3B and Supplementary Figure S5, ZWZ-3 induced mitochondrial membrane depolarization in a dose-dependent manner.
High levels of ROS were shown to promote mitochondria-mediated intrinsic apoptotic pathway (Idelchik et al., 2017). To determine whether ZWZ-3 affects ROS production, ROS products were measured after stimulating the cell with 5 µM ZWZ-3 for 2 h. As shown in Figure 3C, we found that ZWZ-3 increased the intracellular ROS levels in melanoma cells in a dose-dependent manner. These results suggest that the fluorescent probe ZWZ-3 can selectively accumulate in the mitochondria of tumor cells in an OATP-dependent manner, inducing mitochondrial membrane depolarization and ROS production.
ZWZ-3 Suppresses the Growth of Melanoma Cells in vitro
Given the tumor targeting and imaging property of ZWZ-3, further investigation of anti-tumor effects of ZWZ-3 was conducted. The effect of ZWZ-3 on cancer cells proliferation was evaluated by MTT assay (Supplementary Figure S6). In A549 and MDA-MB-231 cell lines, the IC50 of ZWZ-3 were calculated as 0.48 and 0.93 μM, respectively. ZWZ-3 displayed relatively strong activity against B16 and A375 cell lines (IC50 0.2 and 0.43 μM, respectively) at 72 h. These results indicated that among the tested tumor cell lines, melanoma cells were the most sensitive to ZWZ-3. Additionally, ZWZ-3 suppressed melanoma cells viability in a concentration and time—dependent manner (Figures 4A,B). Similarly, in a colony formation assay, ZWZ-3 suppressed proliferation of both cell lines and reduced colony numbers in a dose-dependent manner (Figure 4C).
[image: Figure 4]FIGURE 4 | In vitro anticancer activity of ZWZ-3 against melanoma cells. (A,B) melanoma cell lines (B16 and A375) were treated with various concentrations of ZWZ-3 for 24, 48 and 72 h respectively, and IC50 values were calculated. (C) B16 and A375 cells were treated with control or gradient concentrations of ZWZ-3 for 7 days. Then, the colony formation in each group was counted. Quantification is displayed on the right of each cell line. Dates are expressed as mean ± SD for 3 independent experiments (**p < .01).
ZWZ-3 Induces Autophagy by Regulating Autophagy-Related Proteins in Melanoma Cells
The role of autophagy in cell survival and death has been reported in several studies. Accumulating evidence has revealed that LC3 (microtubule-associated protein 1A/1B-light chain 3) is a vital autophagosome marker and that p62/SQSTM1 is a selective autophagy receptor that is degraded within the autolysosome after an increase in autophagic flux (Xiang et al., 2021). Therefore, to detect the effect of ZWZ-3 on autophagy, we evaluated the level of crucial autophagic marker LC3-II via B16 cells that expressed GFP-LC3. We found that ZWZ-3 could efficiently induce GFP-LC3 puncta in a dose- and time-dependent manner (Figure 5A). Additionally, as shown in Figures 5B,C, p62 protein levels were notably decreased after ZWZ-3 treatment. LC3-II and Atg5 protein levels were increased following ZWZ-3 treatment for 24 h in B16 cells. The above-mentioned results indicated that ZWZ-3 induced autophagy in a concentration- and time-dependent manner in melanoma cells.
[image: Figure 5]FIGURE 5 | ZWZ-3 promotes autophagy in melanoma cells. (A) B16 cells expressing GFP-LC3 were treated with complete medium or ZWZ-3. The distribution of GFP-LC3 was examined using fluorescence microscope. (B,C) The levels of P62, LC3-II and Atg5 were determined via western blotting. Protein expressions were qualified by the densitometry analysis using ImageJ. Dates are expressed as mean ± SD for 3 independent experiments (*p < .05, **p < .01).
ZWZ-3 Induces Mitochondria-Mediated Apoptosis in Melanoma Cells
To explore whether ZWZ-3 induce apoptosis in melanoma cells, we treated B16 cells or A375 cells (Supplementary Figure S7) with different ZWZ-3 concentrations, then analyzed them by flow cytometry. Treatment with 0.31 μM ZWZ-3 for 24 h led to an apoptosis rate of 55.25% (Figure 6A), and this effect was dose-dependent, since 0.63 μM led to a rate of 80.71%; 1.25 μM, 82.14%; and 2.5 μM, 84.71%. These data indicated that ZWZ-3 induced melanoma cell apoptosis in a dose-dependent manner. Western blot analysis displayed that ZWZ-3 increased the levels of Bax, cleaved caspase 9, cleaved caspase 3 and cleaved PARP (Figures 6B,C). These effects of ZWZ-3 were reversed by NAC (a pharmacological inhibitor of ROS), suggesting that the fluorescent probe ZWZ-3 induces mitochondria-mediated apoptosis through the ROS pathway.
[image: Figure 6]FIGURE 6 | ZWZ-3 induces apoptosis in melanoma cells. (A) FCM analysis of B16 cells stained with Annexin V-FITC/PI after treatment with ZWZ-3 for 24 h (B,C) Cells were pretreated with ROS inhibitors (NAC, 10 mM) for 30 min followed by treatment with ZWZ-3 for 24 h. The expression of Bax, cleaved caspase 9, cleaved caspase 3 and cleaved PARP were measured by western blotting. Protein expressions were qualified by the densitometry analysis using ImageJ. Dates are expressed as mean ± SD for 3 independent experiments (*p < .05, **p < .01).
ZWZ-3 Inhibits Melanoma Growth in vivo
To evaluate the potential therapeutic effect of ZWZ-3 in vivo, A375 cells were injected into the right flank of BALB/c nude mice. ZWZ-3-treated mice show significantly reduced tumor volume compared to the control group, without significant body weight loss (Figures 7A–C). The growth inhibition rates at day 38 post-inoculation were 76.3%.
[image: Figure 7]FIGURE 7 | ZWZ-3 reduces tumor cell proliferation and induces tumor apoptosis in vivo. (A) Tumor pictures from mice treated with indicated ZWZ-3 on the final day. In A375 xenograft model, the mice were treated with ZWZ-3 (5 mg/kg) or vehicle. Tumor volumes (B) and body weight (C) were measured every 3 days. (D) Tumor tissues from A375 xenograft treated with control or ZWZ-3 were immunohistochemically analyzed with anti-Ki67 and cleaved caspase 3 (CC-3) antibodies. The statistical data of CC-3 and Ki-67 positive cell number were displayed on the right. (E) H&E stain vital organ sections of mice treated with vehicle or ZWZ-3. Dates are expressed as mean ± SD for 3 independent experiments (*p < .05; **p < .01). Scale bar = 100 µm.
Tumor tissues form untreated and ZWZ-3-treated mice were immunohistochemically analyzed to investigate the potential mechanisms through which ZWZ-3 inhibited A375 melanoma growth. Compared with the control group, ZWZ-3 significantly reduced the number of Ki67-positive cells and increased the number of cleaved caspase-3-positive cells (Figure 7D). These results suggest that ZWZ-3 can inhibit proliferation and promote apoptosis in melanoma tumors, consistent with our in vitro experiments. Moreover, H&E staining of vital organs (Heart, liver, spleen, lung, kidney) showed that long-term administration of ZWZ-3 did not affect tissue architecture or cell morphology (Figure 7E). These data indicated that ZWZ-3 significantly inhibited melanoma growth without causing obvious toxicities in vivo.
DISCUSSION
Melanoma is a highly aggressive cancer that accounts for most deaths related to skin cancer, yet it is usually diagnosed at late stage and its prognosis is poor. In the present study, we synthesized and identified a new tumor-targeted fluorophore dye ZWZ-3 with great optical properties and stability in 10% FBS and methanol, and tselectively accumulates in the mitochondria of melanoma cells. In a mouse model, ZWZ-3 preferably accumulated in tumor tissues within 24 h after intravenous injection, and it suppressed tumor growth without obvious side effects. These results justify for further investigation of ZWZ-3 as a safe and effective theranostic agent for imaging and treatment of melanoma.
As a cationic lipophile, the heptamethine core can specifically accumulates in the mitochondria of cancer cells through an OATP-mediated pathway (Wang et al., 2018). Consistently, our hemicyanine-based fluorescent probe ZWZ-3 selectively accumulated in the mitochondria of melanoma cells in an (OATP)-dependent manner, inducing mitochondrial ROS production and promoting cell apoptosis in a time- and dose-dependent manner. In addition, ZWZ-3 significantly reduced ΔΨm, while upregulating Bax and activating caspase-3, caspase-9, and PARP. These effects of ZWZ-3 were reversed by adding NAC to inhibit ROS production, suggesting that ZWZ-3 induces apoptosis by increasing ROS levels (Yang et al., 1998).
Autophagy helps normal cells resist nutrient deprivation or metabolic stress (Chen et al., 2021), and it can be exploited for anticancer therapy. Radiation and chemotherapy work, in part, by inducing autophagy in cancer cells (Amaravadi et al., 2019; Li et al., 2020). Two hallmarks of autophagy are the conversion of the soluble form of LC3-I to the autophagosome-associated form LC3-II, as well as the degradation of p62 (Zheng et al., 2018). ATG5 helps catalyze the LC3 lipidation, which is essential for autophagosome formation and expansion (Yang et al., 2021). In our study, ZWZ-3 significantly increased the levels of ATG5 and LC3-II in a dose-dependent manner while promoting degradation of p62, indicating that ZWZ-3 can effectively induce autophagy by regulating the expression of autophagy-related proteins.
Our in vivo studies in mice bearing A375 xenografts showed that ZWZ-3 effectively suppressed tumor growth at an inhibitory rate of 76.3%. Consistent with in vitro results, tumor sections of ZWZ-3-treated mice showed significantly upregulated cleaved caspase-3 (indicating apoptosis), and downregulated Ki-67 (indicating reduced proliferation). At the same time, ZWZ-3 showed no obvious toxicity in vivo, suggesting its potential as a safe, effective theranostic agent.
In summary, we designed and synthesized a novel theranostic agent that can selectively accumulate in the mitochondria of melanoma cells in an OATP-dependent manner. ZWZ-3 can inhibit proliferation and induce apoptosis of melanoma cells by altering levels of various apoptosis- and autophagy-related proteins. Our work may promote the development of this and other dual-functional hemicyanine-based dyes as novel tumor-targeting therapeutic agent.
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Colorectal cancer (CRC) is a common clinical malignant tumor and closely related to intestinal microbiome disorders. Especially, Fusobacterium nucleatum (F. nucleatum) is one of the most prevalent pathogens in CRC. However, its change in CRC patients of Northwest China, an area with a high incidence of gastrointestinal tumors, is unclear, and therapeutic strategies targeting F. nucleatum remain unresolved. Here, fecal samples of healthy people and CRC patients were studied using 16S rRNA sequencing to explore microbial community alterations. Additionally, vanillin derivate (IPM711 and IPM712) intervention by coculture with CRC cells and potential mechanism were investigated. Results showed that intestinal microbial homeostasis was gradually dysregulated, and the abundance of Fusobacterium was higher in CRC patients. Moreover, IPM711 and IPM712 showed better anti-F. nucleatum activity than vanillin by increasing cell membrane permeability and destroying bacterial integrity. In addition, IPM711 and IPM712 could downregulate the expression of E-cadherin and β-catenin, thus, suppressing the migration of HCT116. Collectively, IPM711 and IPM712 have both anticolorectal cancer and anti-F. nucleatum activities, providing potential natural product drug candidates for microbe-targeted strategies for the treatment of CRC.
Keywords: colorectal cancer, microbiome, vanillin derivatives, Fusobacterium nucleatum, 16S rRNA sequencing
INTRODUCTION
Colorectal cancer (CRC) is the third most prevalent cancer in both sexes combined, with an incidence of 6.1% and mortality of 9.2% (Bray et al., 2018). Development of CRC is a multifactorial process, among which gut microbes widely participated in the initiation, progression, metastasis, and chemoresistance (Wong and Yu, 2019). Although precise regulation of intestinal microbes for CRC treatment is not available clinically, microbiome intervention therapy, such as fecal microbiota transplantation and target-specific drugs, has caused wide attention. Specially, compared with chemotherapy drugs, natural products are potential lead compounds for new drug development with low toxicity and high efficiency.
Hundreds of microbes are related to CRC, yet only several of them have been studied in detail, including Fusobacterium nucleatum (F. nucleatum), Bacteroides fragilis, and certain strains of Escherichia coli (Zhou et al., 2020). F. nucleatum is an oral anaerobic bacteria and can cause opportunistic infections; however, Castellarin et al. reported that it was prevalent in human colorectal carcinoma for the first time (Castellarin et al., 2012). As a mutualist, infectious agent, and oncogenic microorganism, F. nucleatum was reported to be more enriched in CRC tissues of patients with recurrence and strongly associated with shorter recurrence-free survival (RFS) (Yu et al., 2017). It can promote colorectal carcinogenesis, exhibiting increased virulence in CRC when compared with the normal tissues (Rubinstein et al., 2013). Furthermore, Fusobacterium is associated with liver metastases from primary human colorectal cancers and positive lymph node metastasis (Bullman et al., 2017; Chen et al., 2020). Also, F. nucleatum helps tumors to construct an immune microenvironment, such as expansion of myeloid-derived immune cells and low tumor stromal CD3 lymphocytes, and is significantly associated with MSI-high (mismatch repair deficiency) independent of CIMP (CpG island methylator phenotype) and BRAF mutation status (Kostic et al., 2013; Mima et al., 2016; Borowsky et al., 2021). Recently, evidence revealed that high amounts of F. nucleatum were responsible for drug-resistance in CRC, including 5-fluorouracil and cisplatin (Zhang et al., 2019). Over the last decades, the carcinogenic mechanism of this pathogen is gradually elucidated. F. nucleatum adheres to and invades CRC cells via its unique FadA adhesin, binding to E-cadherin and forming FadA–E-cadherin–Annexin A1-β-catenin complex in cancerous cells. It can also induce oncogenic and inflammatory responses (Rubinstein et al., 2013). Fusobacterial Fap2 can recognize Gal–Gal–NAc to localize to CRC through a hematogenous route and increase proliferation of cancer cells (Yang et al., 2017). Moreover, F. nucleatum can promote distant metastases and chemoresistance via TLR4 and MYD88 innate immune signaling and autophagy pathway, providing target for clinical management as well as new drug development (Bullman et al., 2017; Yu et al., 2017). Recently, Yeoh and his colleagues found that southern Chinese populations harbor non-nucleatum Fusobacteria, being absent in western and rural populations (Yeoh et al., 2020). However, changes in gut microbiome, especially F. nucleatum in CRC patients in Northwest China, are rarely studied, which is an area with higher incidence of gastrointestinal tumors.
Apart from microbiota disorders, targeting and regulating pathogenic bacteria remain another issue. Treatment by traditional broad-spectrum antibiotics may point to both pathogen and other microbiota. Chemotherapy drugs will cause serious side effects and lead to chemotherapy resistance induced by some bacteria. For example, although metronidazole can decrease Fusobacterium load, it targets a range of anaerobic bacteria (Bullman et al., 2017). Recently, researchers reported that metformin relieved the symptoms induced by F. nucleatum administration in APCMin/+ mice, rescuing F. nucleatum-induced tumorigenicity. It also corroborates that Fusobacterium-abundant CRC will benefit from non-antibiotic antifusobacterial therapy (Yu et al., 2017; Huang et al., 2020). Furthermore, it was reported that tungstate treatment selectively inhibited molybdenum-cofactor-dependent microbial respiratory pathways to ameliorate colitis (Zhu et al., 2018). Therefore, regulation of intestinal microbes is promising and will facilitate personalized cancer treatment.
Vanillin (4-hydroxy-3-methoxybenzaldehyde) is derived from the orchid Vanilla planifolia and used as one kind of flavor in various industries, such as ice creams and pharmaceuticals. Vanillin and its derivatives have different bioactive properties and are changing from a popular flavor to therapeutic molecules (Arya et al., 2021). It was found that vanillin could inhibit respiration of E. coli and L. innocua, increase the permeability of cell membranes, and cause more severe membrane damage after hydroxyl modification (Fitzgerald et al., 2004). Additionally, when combined with conventional antibiotics, vanillin could modulate the action of antibiotics against resistant bacteria, including E. coli, Staphylococcus aureus, and Pseudomonas aeruginosa (Bezerra et al., 2017). Furthermore, our previous studies showed that vanillin derivatives 4-[1H-imidazo(4,5-f) (1,10)phenanthrolin-2-yl]-2-methoxyphenol and 2-[1H-imidazo(4,5-f) (1,10)phenanthrolin-2-yl]-6-methoxyphenol (IPM711 and IPM712) could inhibit the growth, invasion, and migration of HT29 and HCT116 cells through the Wnt/β-catenin signaling pathway. After hydroxyl modification, derivative IPM712 showed better anticancer activity than 5-Fu and low toxicity at therapeutic concentrations. Further mechanism research demonstrated that it could affect the function of the PI3K/AKT signal pathway (Ma et al., 2020). However, whether vanillin derivatives can rescue opportunistic pathogen-induced (especially F. nucleatum) colorectal tumorigenesis deserves further study.
With this background, fecal samples of CRC patients and healthy people were used to explore the changes in intestinal microbial community and diversity. In addition, we tested the antibacterial activity of vanillin derivatives against F. nucleatum as well as its potential mechanism. Results indicated that IPM711 and IPM712 are potential novel agents for colorectal cancer treatment.
MATERIALS AND METHODS
Sample Collection
Fecal samples were collected from the First Hospital of Lanzhou University and the Second Hospital of Lanzhou University. Those patients above 18 years old who went through colonoscopy examination were selected by reading medical records, including CRC, polypus, and healthy cases. The exclusion criteria were as follows: 1) had antibiotics for treatment in the last 3 months; 2) on a vegetarian diet; 3) experiencing surgeries in the last 3 months; 4) inflammatory bowel disease (IBD), Crohn’s disease, and diarrhea; 5) had any other cancer history; and 6) had received radiotherapy or chemotherapy. Samples were collected either prior to colonoscopy or 1–2 weeks after colonoscopy, placed on ice, transported to the laboratory, and stored at −80°C immediately. The study protocol was approved by the Ethical Review Board of the hospital (LDYYLL 2020-241 and 2021A-152). Informed consent was obtained from all study patients.
16S rRNA Sequencing and Bioinformatics Analysis
Genomic DNA was extracted using the TIANamp Stool DNA Kit (TIANGEN BIOTECH) following the manufacturer’s instructions. Quality and quantity of DNA were verified with NanoDrop 2000 and 1% agarose gel. Bacterial V3–V4 regions of the 16S rRNA gene were amplified with universal primers 343F and 798R. PCR products were purified with AMPure XP beads (Agencourt) and quantified using Qubit dsDNA assay kit.
Paired-end reads were then preprocessed using Trimmomatic software and assembled using FLASH software (Reyon et al., 2012; Bolger et al., 2014). Sequences were performed further denoising as follows: reads with ambiguous, homologous sequences or below 200 bp were abandoned. Reads with 75% of bases above Q20 were retained. Then reads with chimera were detected and removed using the QIIME software (version 1.8.0) (Caporaso et al., 2010). Clean reads were subjected to clustering to generate operational taxonomic units (OTUs) using the Vsearch software with 97% similarity cutoff (Edgar et al., 2011). Species richness was represented by observed species, while community diversity was expressed using phylogenetic diversity (Faith, 1992).
Bacteria and Cell Culture
F. nucleatum was purchased from the China General Microbiological Culture Collection Center (CGMCC) and cultured with EG medium (Euglena gracilis medium) in an anaerobic box at 37°C, and the number of F. nucleatum was determined by the standard curve. HCT116 cell line was cultured in RPMI-1640 medium supplemented with 10% FBS and 1% antibiotics at 37°C and 5% CO2. F. nucleatum and cancer cells (multiplicity of infection, MOI = 100) were cocultured for 2 h at 37°C and treated with compounds at the half maximal inhibitory concentration (IC50) for 48 h. Experiments were performed with cells of passage numbers 4 to 20. Experiments were repeated three times.
Minimum Inhibitory Concentrations and Minimum Bactericidal Concentrations Test
F. nucleatum was harvested at logarithmic growth period (24–48 h), and the concentration of the bacterial solution was adjusted to 106 CFU/ml. IPM711 and IPM712 were diluted to 40, 80, 120, 160, and 200 μM with EG medium. Then 50 μl of compound solution and 50 μl of bacterial solution were added to 96-well plates and mixed for 10 min. After 48 h of anaerobic culture at 37°C, concentrations of clarified wells were determined as the minimum inhibitory concentrations. Finally, 50 μl of culture solution was collected from each clarified well and spotted onto the EG plates, and concentrations of plate without colonies were determined as the minimum bactericidal concentrations (MBC). Experiments were repeated three times.
MTT Assay for Inhibition
MTT was used to determine the inhibition, and L-cysteine was removed from the medium formula. F. nucleatum was harvested and diluted to an optical density at 600 nm (OD600nm) of 0.2. Next, 50 μl of bacterial solution and the same volume of compound solution were added to the 96-well plate with the final concentration at 20, 40, 60, 80, and 100 μM, which were cultivated for 24 h under anaerobic conditions at 37°C. Finally, absorbance (Abs) values were detected at 490 nm, and the cell viability was calculated according to the formula = 100% × (sample Abs)/(control Abs). Penicillin–streptomycin and EG medium were set as positive and negative controls, respectively.
Effects on Bacterial Membrane Permeability
Propidium iodide (PI) was used to study the effect on bacterial membrane permeability, which could only bind to the nucleus through broken cell membranes. First, the density of F. nucleatum was diluted to 0.4 at OD600nm. Then 1 ml of bacterial solution and compound solution were mixed and incubated for 24 h under anaerobic conditions at 37°C. Next, the solution was centrifuged for 2 min at 10,000 rpm and washed twice with 1× phosphate-buffered solution (PBS). Finally, F. nucleatum was stained with 50 mg/ml of PI solution for 20 min. To determine the total bacteria, it was fixed using 4% paraformaldehyde. Measurements were made using fluorescence microscope (BX53, Olympus). Experiments were repeated three times.
Effects on Bacterial Integrity
The density of F. nucleatum was diluted to 0.4 at OD600nm and incubated with compounds (MIC). Three hours later, the bacterial suspension was centrifuged for 5 min at 10,000 rpm and fixed with 2.5% glutaraldehyde for 4 h at 4°C. Then it was centrifuged to remove the supernatant and dehydrated with 20%, 50%, 80%, and 100% (twice) ethanol for 15 min each time. Next, the bacterial solution was adjusted to a suitable concentration and frozen dried for 4 h. Finally, a layer of gold was sprayed onto the surface, and F. nucleatum was observed using a scanning electron microscope (SEM, JSM-6701F, JEOL).
Real-Time Quantitative PCR
After coculture with F. nucleatum, HCT 116 cells (1 × 106 cells) were treated with IPM711 and IPM712 at the concentration of IC50 (6.69 and 1.40 μM, respectively) for 48 h. Total RNA was extracted using RNAsimple Total RNA Kit and subjected to reverse transcription with FastKing gDNA Dispelling RT SuperMix (TIANGEN BIOTECH) following the manufacturer’s instructions. Quantitative PCR (qPCR) assay was used to measure the relative abundance of the gene. Each 10 μl of reaction volume contained 1× SuperReal PreMix Plus (SYBR Green, TIANGEN BIOTECH), 0.3 μM of each primer, 1× ROX reference dye. Primers used here are listed in Table 1 and the conditions were as follows: 15 min at 95°C, 40 cycles of 15 s at 95°C, and 32 s at 60°C. A melting curve step was run after the qPCR reaction to verify the specificity of each primer. All qPCR amplifications were run on the Applied Biosystems QuantStudio 5 Real-Time PCR Systems (Applied Biosystems, USA). The relative abundance was calculated using 2−ΔΔCt method. All experiments were performed in triplicate.
TABLE 1 | Primers used for qPCR in this study.
[image: Table 1]Western Blot
For Western blot experiments, 1 × 106 cells were seeded into six-well plates. The coculture and treatment were the same as described above. Then the total proteins were extracted with RIPA buffer containing 1% PMSF and detected with Brasford assay. Proteins of different sizes were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Afterward, proteins were transferred onto a 0.22-μm PVDF membrane and incubated with Tris buffer containing 5% nonfat milk, which was further incubated with primary antibodies, including E-cadherin (#bs-1519R, 1:1,000, Bioss) and β-catenin (#bs-1165R, 1:1,000, Bioss), and secondary antibody (#bs-40295G-HRP, 1:5,000, Bioss) for 12 and 1 h, respectively. Subsequently, the expression of proteins was analyzed using the chemiluminescence analysis system and ImageJ 1.43 software. GAPDH (#bs-10900R, 1:5,000, Bioss) was used as a control for whole-cell lysates. All experiments were performed in triplicate.
Migration Assay
HCT116 cells (1 × 106 cells) were seeded into six-well plates and cocultured with F. nucleatum for 2 h under anaerobic conditions. Then cells were washed with PBS three times and seeded at a density of 1 × 105 cells/0.1 ml in RPMI-1640 (1% FBS) into the upper chambers (8-μm pore size, Corning). The lower chamber was filled with 500 μl of media with 20% FBS. After incubation for 48 h, cells were fixed with 4% paraformaldehyde for 20 min at room temperature, and then stained with 0.1% crystal violet for 20 min. Migrating cells were visualized by microscopy at ×40 magnification and counted with the ImageJ 1.43 software. All experiments were performed in triplicate.
Statistical Analysis
Transcriptome data from colorectal cancer and the adjacent normal tissues infected with F. nucleatum in the public GEO datasets were used as external validation. Additionally, gene expression abundance, and overall survival of healthy people and CRC patients were analyzed using GEPIA (http://gepia.cancer-pku.cn/) (Tang et al., 2017).
All statistical analysis were performed with the OriginPro software (OriginLab Corporation, United States) and R Project for Statistical Computing environment. qPCR data were analyzed using QuantStudio™ Design and Analysis Software (Thermo Fisher Technology). Statistical differences between groups were analyzed using t-test. All results were expressed as the mean ± standard deviation of independent experiments. A value of p < 0.05 was considered statistically significant.
RESULTS
Changes of Microbial Community and Diversity
The overall study population consists of 22 CRC patients, 22 cases with different degrees of polypus, and 18 controls who went through colonoscopy but with no disease symptoms. The mean age of the cohort is 59.5 years old, and female subjects account for 40.0%. The number of valid tags of each sample was distributed between 26,376 and 37,118, with the average length distributed between 414.35 and 420.06 bp.
To investigate the signature of the three groups, microbial community structure and alpha diversity were used for comparison. In CRC patients, the abundance of Clostridia and Bacilli was higher, while the healthy group contained more Gammaproteobacteria and Deltaproteobacteria (Figure 1A). Compared with the polyp group, the difference in composition of species between healthy and cancer groups was bigger (Figure 1B). In addition, both species richness and community diversity showed a stepwise decreased frequency from controls, to dysplasia and to cancers, indicating that the development of CRC was accompanied with depletion of gut microbes (Figures 1C, D). We further studied the change in Fusobacterium and found that its abundance gradually increased along the deterioration of the disease (the sample H06 was excluded according to the F-test) (Figure 1E).
[image: Figure 1]FIGURE 1 | Changes in microbial community and diversity. Relative abundance of the top 15 classes (H, healthy people; P, polyp patients; T, CRC patients) (A). Venn diagram of different groups (B). Comparation among observed species (C). Comparation among phylogenetic diversity (D). Absolute abundance (OTU numbers) of Fusobacterium in different groups (E).
Antimicrobial Effect of IPM711 and IPM712
As one of the most prevailing pathogenic bacteria, F. nucleatum was used for antibacterial test of IPM711 and IPM712. Results showed that their MIC values were 80 and 60 μM, respectively. Both MBC values were 80 μM. Furthermore, MTT assay was applied for the detection of inhibition rate, and the standard curve showed that there was a good linear relationship between the number of viable bacteria and the absorbance (R2 > 0.99, Figures 2A, B). The inhibition rates of IPM711, IPM712, and antibiotics were 88.09%, 88.00%, and 87.25% at 100 μM/5 U (Figures 2C,D). Overall, IPM712 has a higher antibacterial activity, demonstrating that the change in the hydroxyl position reduces the steric hindrance and increases the activity, which is consistent with their antitumor effects.
[image: Figure 2]FIGURE 2 | Anti-F. nucleatum activities of IPM711 and IPM712. Gradient changes in color in a 96-well plate at different F. nucleatum concentrations using the MTT method and corresponding standard curve at 490 nm (A,B). Inhibition rates of IPM711 (red point), IPM712 (black point), and penicillin–streptomycin (blue point) against F. nucleatum (C,D).
Morphology Changes of Bacterial Cells
Based on the antibacterial activity results, PI staining and SEM were carried out to observe the bacterial morphology change after exposure to compounds. Paraformaldehyde-treated bacteria were used to display all the F. nucleatum in the different groups, and results showed a decreased number of F. nucleatum after treatment of compounds (Figure 3A). Additionally, compared with EG medium and vanillin groups, IPM711 and IPM712 groups had stronger fluorescence, indicating that they could strongly increase the permeability of cell membranes, which was similar to the penicillin–streptomycin group. SEM observation showed that the outer surface of F. nucleatum was complete and smooth after treatment with EG medium and vanillin, yet the bacteria became rough and some broke after treatment with IPM711 and IPM712 (Figure 3B). Results suggested that IPM711 and IPM712 could cause the breakage of bacterial cells and destroy the integrity, thus, exerting better antibacterial activity than vanillin.
[image: Figure 3]FIGURE 3 | Fluorescence microscope observation after propidium iodide (PI) staining and bacterial morphology after exposure to vanillin and its derivatives. Observation (20×) after 4% paraformaldehyde fixation and stain (marked as “killed” on the first row). Observation (20×) after Euglena gracilis (EG) medium, vanillin, IPM711, IPM712, and penicillin–streptomycin treatments (the second row). Observation (40×) after treatment (the third row) (A). Scanning electron microscope (SEM) observation after EG medium, vanillin, IPM711, and IPM 712 treatments (B).
F. nucleatum Induce Colorectal Tumourigenesis
F. nucleatum was reported to be more abundant in CRC tissues, and expression data (GSE122182) of miRNA profile from colorectal cancer and the adjacent normal tissues infected with F. nucleatum showed that miRNA 21 was the most upregulated, whose corresponding gene is RASA (Figure 4A). Further analysis showed that the expression level of RASA was higher in CRC patients. Those patients with high RASA expressions displayed shorter survival period (GEPIA, http://gepia.cancer-pku.cn/, Figures 4B, C). In addition, after coculture of F. nucleatum and HCT116 cells, qPCR experiments showed that F. nucleatum induced upregulated expression of RASA, PI3KCA, β-catenin, E-cadherin, and GSK-3β, yet without any influence on the AKT gene. Meanwhile, expression of MYD88 was downregulated (Figure 4D). Those genes were previously reported to be associated with apoptosis, invasion, and chemotherapy resistance of colorectal cancer.
[image: Figure 4]FIGURE 4 | Analysis of GSE122182 dataset and validation with qPCR. Volcano map of gene expression of colorectal cancer and the adjacent normal tissues infected with F. nucleatum (red points represent upregulated genes and blue points represent downregulated genes) (A). Expression difference of RASA gene between healthy people and CRC patients (COAD, colon cancer; RECD, rectal cancer; T, tumor patients; N, normal people) (B). Survival curve of patients with high and low expression of RASA gene (obtained from GEPIA, http://gepia.cancer-pku.cn/) (C). Changes in gene expressions of HCT116 after coculture with F. nucleatum (numbers represent the fold change in gene expression) (D).
IPM711 and IPM712 Reverse Fusobacterium nucleatum-Induced Colorectal Tumorigenesis
To verify whether IPM711 and IPM712 are able to treat CRC after F. nucleatum infection, compound treatments were performed after coculture of F. nucleatum and HCT116 cells. qPCR results showed that IPM711 and IPM712 could downregulate the overexpressed RASA gene significantly, but without any effect on MYD88 gene, suggesting that IPM711 and IPM712 might rescue F. nucleatum-induced chemoresistance somehow instead of the TRL4/MYD88 pathway. Moreover, the expression of E-cadherin, PI3KCA, β-catenin, AKT, and GSK-3β were downregulated, indicating that IPM711 and IPM712 could reduce the proliferation and migration of cancer cells as well as the adhesion of F. nucleatum (Figure 5A). Western blot results also showed that E-cadherin and β-catenin proteins were downregulated after IPM711 and IPM712 treatments, corroborating the gene expression changes (Figures 5B, C). Finally, migration assay proved that IPM711 and IPM712 still exerted anticancer effect in the case of F. nucleatum infection (Figure 5D).
[image: Figure 5]FIGURE 5 | Changes in gene and protein expression. Changes in related genes of HCT116 after cocultivation with F. nucleatum (Fn, MOI = 100, 2 h) and treatments with IPM711 and IPM712 at the concentration of IC50 (A). Changes in E-cadherin and β-catenin proteins of HCT116 after cocultivation with F. nucleatum (MOI = 100, 2 h) and treatments with IPM711 and IPM712 (IC50) (B). Statistical analysis, *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group (C). Characterization of migratory capacity of HCT116 cells after treatment with RPMI-1640, F. nucleatum, F. nucleatum and IPM711, and F. nucleatum and IPM712 (D). Statistical analysis, *p < 0.05 compared with control group (E).
DISCUSSION
Gut microbiome dysbiosis and increase in Fusobacterium are common in CRC patients and verified in our sample set in Northwest China for the first time. In addition, vanillin derivatives, IPM711 and IPM712, showed better anti-F. nucleatum activity after structural modification. Furthermore, intervention experiments in vitro indicated that they were effective for F. nucleatum-infected CRC cells by inhibiting proliferation and migration through the E-cadherin/β-catenin pathway (Figure 6).
[image: Figure 6]FIGURE 6 | Vanillin derivatives reverse F. nucleatum-induced proliferation and migration of CRC through the E-cadherin/β-catenin pathway.
Disorders of the gut microbiome have been acknowledged as one important factor of CRC development, and panels of different microbes can be used as biomarkers for early diagnosis. People from different countries or areas carry different microbiome characteristics, which may result from their unique regional environmental factors. Fusobacteria is not relatively abundant in healthy people but common in CRC patients. However, Fusobacterium are prevalent in most CRC populations in China, though several Fusobacterium taxa are comparatively more abundant in southern Chinese populations (Yang et al., 2020; Yeoh et al., 2020). Northwest China, especially Gansu and Ningxia, are areas with a high incidence of gastrointestinal tumors (Zhang et al., 2021), yet the gut microbiome changes in CRC patients in these areas are unclear. Our results showed that patients’ intestinal microbiome gradually changed with the development of the disease, manifested as an increase in harmful bacteria, a decrease in beneficial bacteria, and a gradual decline in overall diversity. Moreover, predictions in the Kyoto Encyclopedia of Genes and Genomes (KEGG) displayed that pathways of CRC patients were mainly related with the calcium signaling pathway, various types of N-glycan biosynthesis, the GnRH signaling pathway, endocytosis, and Fc gamma R-mediated phagocytosis, while the main functions in healthy people included glycolysis/gluconeogenesis, cysteine and methionine metabolism, primary immunodeficiency, and peptidoglycan biosynthesis (Supplementary Figure S1), suggesting that the dysregulation in the gut microbiome might be accompanied by changes in metabolic function. Most importantly, Fusobacterium is more abundant in CRC patients in Northwest China, whereas the specific taxa and associated functions need further exploration using powerful tools, such as metagenomic and metatranscriptome sequencing. Another limitation is that changes in the microbial community or Fusobacterium are based on the microorganisms shed into the feces. Although fecal samples are more convenient for collection and noninvasive for early diagnosis (Wong et al., 2017), they may contain the bacteria throughout the digestive tract. Therefore, tissue samples are needed to further verify those changes.
F. nucleatum can produce volatile sulfur compounds, such as H2S and CH3SH, being considered to be related to oral halitosis initially. Subsequently it was found to be prevalent in human colorectal carcinoma. To reduce these kinds of bacteria, many natural products and active molecules had been tested to inhibit F. nucleatum, including Labrador tea, peppermint, winter savory essential oils, tea polyphenols, wild blueberry polyphenols, Litsea japonica leaf extract, curcumin, dietary (poly) phenols, graphene oxide, and macrolides (Nagaoka et al., 2013; Ben Lagha et al., 2015; He et al., 2015; Shahzad et al., 2015; Izui et al., 2016; Ben Lagha et al., 2017; Yun et al., 2018; Ben Lagha et al., 2020), indicating that phenolic compounds possess superior activity against F. nucleatum. A study evaluated the resistance of natural and synthetic phenolic compounds to oral bacteria, finding that lipophilicity and steric effect were two key factors. They acted as non-ionic surfactants and destroyed the lipoprotein interface (Greenberg et al., 2008). Similarly, after structural modification, ortho-hydroxyl groups enhanced the antibacterial activity of vanillin derivatives, which was consistent with the anticancer effect (Ma et al., 2020). Currently, narrow-spectrum antibiotics targeting F. nucleatum are not available, thus, combining conventional chemotherapy (5-fluorouracil, cisplatin, etc.) with well-tolerated natural compounds may help to better respond to treatment and improve patients’ quality of life. Recently, a systematic review summarized natural compounds possessing anti-CRC activities and proposed advantages of combination therapy, including reduction of resistance to cancer drugs, alleviation of the toxic burden on the patient’s body, and increased sensitivity to chemotherapeutic drug by targeting multiple metabolic pathways (Rejhová et al., 2018). Therefore, natural products, such as vanillin derivatives, are potential candidates for the treatment of F. nucleatum-infected CRC, which will lead to chemotherapy resistance to 5-fluorouracil and cisplatin (Yu et al., 2017; Zhang et al., 2019).
Results of qPCR and Western blot suggested that IPM711 and IPM712 inhibited the expression of E-cadherin (the occurrence of double bonds might result from the slightly poor specificity of polyclonal antibody) and β-catenin, which were indispensable for the adherence of F. nucleatum to HCT116 cells. E-cadherin mediates bacterial adhesion to mammalian cells, and β-catenin (also called CTNNB) is necessary for the creation and maintenance of epithelial cell layers by regulating cell growth and adhesion between cells, both of which are overexpressed in tumor tissues (Supplementary Figure S2). Previous studies demonstrated that F. nucleatum could stimulate growth of CRC cells through its FadA adhesion, which binds to E-cadherin and activated β-catenin signaling (Rubinstein et al., 2013). Another research found that FadA, E-cadherin, Annexin A1, and β-catenin could form a complex in cancerous cells, and FadA adhesin from F. nucleatum upregulated Annexin A1 expression through E-cadherin (Rubinstein et al., 2019). The protein encoded by the RASA gene is part of the GAP1 family of GTPase-activating proteins, thereby, allowing control of cellular proliferation and differentiation. Upregulation of miR-223 was associated with the downregulation of RASA in CRC tissues, and C/EBP-β-activated miR-223 improved colorectal cancer cell growth and stimulated tumorigenesis by targeting RASA in CRC (Sun et al., 2013; Sun et al., 2015). Furthermore, overexpression of RASA could abolish the promotive effects of exosome-transmitted miR-335-5p on CRC cell migration, invasion, and epithelial–mesenchymal transition (Sun et al., 2021). Recently, it was reported that F. nucleatum could activate TLR4 signaling to MYD88 and reduce levels of RASA, thus, leading to chemoresistance (Yang et al., 2017). IPM711 and IPM712 could significantly downregulate the expression RASA gene and might relieve chemoresistance. Furthermore, IPM711 and IPM712 also changed the upregulation of GSK-3β induced by F. nucleatum, which was recently proved to be associated with exosomes derived from F. nucleatum (Guo et al., 2021), suggesting that they might inhibit the proliferation and migration of CRC cells by influencing the exosomes. With the discovery of the carcinogenic mechanisms of F. nucleatum, treatment of CRC by targeting the bacteria has become a feasible strategy. Natural products are important source of drug development with low toxicity and high efficiency. It is of great significance to develop natural medicines that can resist both colorectal cancer and pathogenic bacteria.
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In cervical cancer (CC), cisplatin resistance greatly restricts the application in clinical. Here, we report that engineered exosomes-mediated transfer of hsa-miR-320a overcomes chemoresistance in cervical cancer cells via targeting Myeloid Cell Leukemia Sequence 1 (MCL1). In DDP resistant CC tissues, as well as cell lines, it was found that miR-320a expression is lower, engineered miR-320a exosomes were used to attenuate DDP resistance in Hela/DDP and Caski/DDP cells. Mechanistically, we find that MCL1, which is a target of miR-320a, overcomes DDP resistance in Hela/DDP cells and in mice. In conclusion, we report that the engineered miR-320a exosomes is proved to be effective and safe.
Keywords: engineered exosomes, cervical cancer, has-miR-320a, Mcl1, chemoresistance
INTRODUCTION
In women, CC is the fourth malignant cancer (Arbyn et al., 2020). The causes that associated with the development of CC include human papillomavirus (HPV) infection, reproductive factors, long-term oral contraceptives, smoking, obesity, genetic changes, epigenetic aberrations, and so on (Arora et al., 2019).
The CC patient survival rate is low because of its metastasis and recurrence, even there are progress in surgical and r chemoradiotherapy (Pfaendler et al., 2018). Nowadays, cisplatin (DDP)-based chemoradiotherapy is the main treatment. However, cisplatin resistance is a big challenge for the clinical application (Zhu et al., 2016). Overcoming cisplatin resistance could improve the efficacy of cisplatin-based therapy.
MiR-320a is related to chemoresistance and cisplatin resistance in lung adenocarcinoma (Lu et al., 2020) and laryngeal carcinoma (Yuan et al., 2018), doxorubicin resistance in osteosarcoma (Zhou et al., 2018), imatinib resistance in gastrointestinal stromal tumors (Gao et al., 2014), 5-FU resistance in human pancreatic cancer (Wang et al., 2016), and tamoxifen resistance in other type such as breast cancer (Lu et al., 2015). Whether miR-320a is involved in cisplatin resistance in cervical cancer is unknown.
Exosomes are nano-sized vesicles with a 30–150 nm diameter, and are enclosed by a lipid bilayer, nucleic acids or miRNAs (Dong et al., 2021). Exosomes can be transferred to influence the phenotype of recipient cells regulating and serving as a potential tool for therapy. Compared with liposome and nanoparticle, the exosomes are with high efficiency and biocompatibility.
It was reported that MCL1 is a key molecule in cisplatin resistance, such as. MCL1 in non-small cell lung cancer (NSCLC) (Ma et al., 2016; Lu et al., 2021) and hypopharyngeal squamous cell carcinoma (Liu X. et al., 2021). The miR-320a/MCL1 axis mediates the doxorubicin resistance of osteosarcoma (Zhou et al., 2018). Thus, we hypothesis that miR-320a/MCL1 may mediate DDP resistance in cervical cancer.
Here, we report that miR-320a expression is lower in DDP resistant CC, and engineered miR-320a exosomes can attenuate DDP resistance. The miR-320a molecule directly combines with and negatively regulates MCL1, resulting in alleviation of DDP resistance. The effectiveness and safety of engineered miR-320a exosomes in DDP resistant cervical cancer provides a new therapy strategy.
MATERIALS AND METHODS
Cells and Animals
Hela and Caski cell lines were from Shanghai Culture Collection of Chinese Academy of Sciences. Hela and Caski cells were cultured in RPMI-1640 (Gibco, United States) medium. The medium contains 10% fetal bovine serum (FBS, Gibco, United States) with 100 U/ml penicillin/streptomycin (Gibco, United States) at 37°Cand 5% CO2 in a humidified incubator.
C57BL/6J female mice of 8–10 weeks were from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Mice were maintained at 25 ± 1°C under light and dark cycles. Three mice were randomly selected for each experiment. All animal experiments were approved by the Animal Care Committee of Zhejiang University School of Medicine.
qRT-PCR
The total RNA was isolated from cells using Trizol (Invitrogen) and quantified with Nanodrop 2000 (Thermo Fisher Scientific). qPCR was performed on ABI 7300 Thermocycler (Thermo Fisher Scientific) with SYBR Premix Ex Taq kit (Thermo Fisher Scientific). We use GAPDH and U6 as internal control. The relative expressions were calculated by the 2−ΔΔCt method. The sequences employed are as follows: GAPDH forward (F): 5ʹ-AAC​GGA​TTT​GGT​CGT​ATT​GG-3ʹ and Reverse (R): 5ʹ-TTG​ATT​TTG​GAG​GGA​TCT​CG-3ʹ; MCL1 F: 5ʹ-CCA​GAG​GTG​AAC​CAC​AGC​G-3ʹ, and R: 5ʹ-AGC​CCC​TGT​CAA​TCC​TCC​T-3ʹ; U6 F: 5ʹ-CTC​GCT​TCG​GCA​GCA​CA-3ʹ, and R: 5ʹ-AAC​GCT​TCA​CGA​ATT​TGC​GT-3ʹ; miR-320a, 5′-AAA​AGC​UGG​GUU​GAG​AGG​GCG​A-3′.
MTT Assay
The cells were plated in 96-well plates at a density of 5,000 cells/well, incubated overnight, and then treated. Cells were incubated with 20 μl MTT for 4 h at 37°C. The formazan crystals were dissolved in 150 μl DMSO, and the OD490 values were measured with a BioTek instrument (Winooski, Vermont, United States).
Engineered miR-320a Exosome Preparation and Identification
A miR-320a lentiviral vector was from GenePharma, Shanghai. HEK293 cells were incubated with retroviral supernatant and selected by puromycin dihydrochloride (Thermo Fisher). The conditioned medium (CM) was harvested to isolate exosomes. Briefly, the CM was centrifuged at 300×g (15 min) and 2000×g (15 min) and filtered by a 0.22-μm filter (Merck Millipore, United States). Then, the solution was ultracentrifuged at 100,000×g (90 min) in an ultracentrifuge (Beckman, United States). The pellets were resuspended in PBS and ultracentrifuged at 100,000×g (90 min). In order to quantify the exosomes, Nanoparticle Tracking Analysis was used. Transmission electron microscopy (TEM) was used for the morphology of exosomes.
Western Blotting
For protein extraction, cells were washed and suspended with RIPA buffer. The protein was obtained by centrifugation with 12,000 rpm for 30 min at 4°C. Protein was separated by 10% SDS-PAGE. The bands were transferred onto nitrocellulose membrane (PALL, United States), then blocked with 5% skim milk and incubated with primary conjugated antibodies (CD63: Proteintech, Cat No. 25682-1-AP; TSG101: Proteintech, Cat No. 67381-1-Ig; Bax: Proteintech, Cat No. 50599-2-Ig; Bcl-2: Proteintech, Cat No. 12789-1-AP; Cleaved Caspase3: CST, Cat No. 9661; Cleaved Caspase9: CST, Cat No. 7237; MCL1: Proteintech, Cat No. 16225-1-AP; β-actin: Proteintech, Cat no. 66009-1-Ig). Then the nitrocellulose membrane was incubated with the secondary conjugated antibody (HRP-conjugated Affinipure Goat Anti-Rabbit: Proteintech, Cat no. SA00001-2; HRP-conjugated Affinipure Goat Anti-Mouse IgG: Proteintech, Cat no. SA00001-1) for 4 h at room temperature and washed with TBST. The target protein bands were imaged by ECL (Advansta, United States), analyzed, and quantified by Bio-Rad ChemiDoc™ MP system (Bio-Rad, United States).
CCK-8 Assay
For the proliferation assay, a CCK-8 kit (Beyotime Biotechnology Inc., China) was used. Cells were seeded into 96-well plates at a density of 2 × 103 cells/well and incubated for 24, 48, 72 or 96 h at 37°C. Then, 20 µl of 10% CCK-8 reagent was added per well and incubated at 37°C for 2 h. The optical density was measured at 450 nm using an Enzyme Immunoassay Analyzer (Bio-Rad Laboratories, Inc.).
Apoptosis Analysis
The flow cytometry was used for the apoptosis. The cell pellets from each group were harvested, collected, and dissolved in 500 μl binding buffer, incubated with 5 μl AnnexinⅤ-FITC and 5 μl PI in darkness for 30 min at RT and immediately subjected to flow cytometry analysis.
Luciferase Reporter Assays
The 3′UTR of MCL1 containing miR-320a binding sites were synthesized by Genepharma (Shanghai, China). These fragments were linked to the luciferase reporter gene vector (Promega, Madison, WI, United States). The luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega, United States).
RIP Assay
The EZ-Magna RIP Kit (Sigma, St. Louis, MO, United States) was used for the RIP assay. In brief, the lysate of 1 × 107 cells in RIP lysis buffer was incubated with Anti-IgG or Anti-Ago2-coated magnetic beads for 6 h. RNAs of MCL1 and miR-320a enriched on the beads was extracted and quantified by reverse-transcription quantitative polymerase chain reaction (qRT-PCR).
TUNEL Assay
Fixed cells were used for TUNEL assay (Beyotime, Shanghai, China). Briefly, the cells were incubated with 50 μl of TUNEL reaction buffer for 50 min and diaminobenzidine (DAB) for 3 min, the results were photographed using an epifluorescence microscope at ×400 magnification (Nikon Eclipse 80i).
Immunofluorescence Staining
For immunofluorescence Staining, the mainly procedure was described in previously report (Zhang et al., 2022). Briefly, the treated Hela/DDP and Caski/DDP cells were washed by PBS and fixed by ice chilled methanol. The exosome was labeled by PKH26 (Puzar Dominkus et al., 2018) using PKH26 Red Fluorescent Cell Linker Kits for General Cell Membrane Labeling (Sigma-Aldrich). DAPI (Sigma-Aldrich) stained cellular nucleus with following the instruction, slides were imaged by confocal laser scanning microscopy (Olympus).
Hematoxylin-Eosin (HE) Staining and Immunohistochemistry (IHC) Assays
Dissected solid tumors were fixed with 10% formalin and imaged by a microscope at 400×. For IHC assays, the paraffin slices were dewaxed by xylene, rehydrated by gradient ethanol, immerged in 3% H2O2 for 30 min, then the primary antibody (PCNA: Proteintech, Cat No. 24036-1-AP) was incubated at 4°C overnight. Then, the slides were incubated with peroxidase-conjugated streptavidin at 37°C for 25 min. The slides were counterstained with hematoxylin, dehydrated by gradient ethanol and clarified by xylene, imaged by a microscope (Olympus, Japan) with 200×. The brown staining indicates the positive reactions.
Statistical Analysis
Overall survival analysis was performed using the Kaplan-Meier method. All data are presented as mean ± SD. Data were analyzed by ANOVA, followed by Turkey post hoc test. A p value below 0.05 was considered that there were statistically significant differences. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
RESULTS
MiR-320a Expression is Lower in DDP Resistant CC Cells
Firstly, we found that the miR-320a expression were decreased in CC tissues (Figure 1A), and further decreased in DDP resistant CC tissues (Figure 1B). However, there were no significant differences in overall survival of patients between miR-320a high- and low-expression (Figure 1C). Next, after the DDP resistances of CC cell line Hela/DDP and Caski/DDP being verified (Figure 1D), miR-320a expression was also inhibited in these DDP resistant CC cell lines (Figure 1E). These data indicate MiR-320a expression is downregulated in DDP resistant CC cells.
[image: Figure 1]FIGURE 1 | The miR-320a expression levels are inhibited in DDP resistant CC cells. (A) The miR-320a expressions in para-cancer and CC tissues were determined by qRT-PCR analysis. (B) The miR-320a expressions in DDP sensitive clinical CC tissues and DDP resistant clinical CC tissues were determined by qRT-PCR analysis. (C) The overall survival of miR-320a high- and low expression patients analyzed by the Kaplan-Meier method. (D) IC50 values of DDP resistant CC cell line Hela/DDP and Caski/DDP were verified by MTT assay. (E) The miR-320a expressions of DDP sensitive or resistant CC cell lines Hela and Caski were measured by qRT-PCR. ***, p < 0.001 vs. Control group.
Engineered miR-320a Exosomes can be Effectively Up-Taken by Hela/DDP and Caski/DDP Cells
MiR-320a overexpressing cells were constructed, And the exosomes were obtained. According to transmission electron microscopy (TEM) (Figure 2A) and dynamic light scattering (DLS) (Figure 2B), it was found that the engineered miR-320a exosomes were spherical microvesicles ranged from 40 to 130 nm. Western blotting for exosomal characteristic markers (CD63 and TSG101) further confirmed the specific molecule of the exosomes (Figure 2C). Moreover, these data indicate that there are no differences in morphology and specific markers between the non-engineered HEK293 exosomes and engineered miR-320a exosomes. Next, we observed that the engineered miR-320a exosomes could be phagocytized into both Hela/DDP and Caski/DDP cells via laser confocal microscopy (Figure 3A). The qRT-PCR analysis for miR-320a showed that miR-320a in Hela/DDP and Caski/DDP cells were promoted by engineered cell exosomes (Figure 3B). These results show that the engineered miR-320a exosomes are effectively up-taken by Hela/DDP and Caski/DD cells.
[image: Figure 2]FIGURE 2 | The characterization of engineered miR-320a exosomes. The morphology and diameter distribution of non-engineered HEK293 exosomes and engineered miR-320a exosomes were detected by TEM (A) and DLS (B). (C) The exosomal specific markers CD63 and TSG101 were detected by Western blotting.
[image: Figure 3]FIGURE 3 | Engineered miR-320a exosomes can be effectively up-taken by Hela/DDP and Caski/DDP cells. (A) The uptake of engineered miR-320a exosomes by Hela/DDP and Caski/DDP was confirmed by laser confocal microscopy. (B) The miR-320a expression in Hela/DDP and Caski/DDP cells after internalizing the engineered miR-320a exosomes was determined by qRT-PCR. ***, p < 0.001 vs. PBS group.
Engineered miR-320a Exosomes Attenuate DDP Resistance in Hela/DDP and Caski/DDP Cells
To investigate whether the engineered miR-320a exosomes, which were up-taken by Hela/DDP and Caski/DDP cells, affected the cell sensitivity to DDP, the Hela/DDP and Caski/DDP cells were treated with exosomes from non-engineered HEK293 and engineered miR-320a exosomes, and stimulated with DDP (1ug/ml) at 24, 48, 72 h. The results suggested that, compared with non-engineered HEK293 exosomes, engineered miR-320a exosomes increased the inhibitory function of DDP on Hela/DDP and Caski/DDP cell viability (Figure 4A) and proliferation (Figure 4B). Additionally, engineered miR-320a exosomes enhanced the DDP induced apoptosis rates of Hela/DDP and Caski/DDP cells (Figure 4C). Consistent with the apoptosis rates, the levels of pro-apoptotic protein markers, Bax/Bcl-2 ratio, cleaved-caspase3, and cleaved-caspase9, were increased in the DDP stimulated Hela/DDP and Caski/DDP cells by engineered miR-320a exosomes (Figure 4D). These data indicate that engineered miR-320a exosomes overcome DDP resistant CC cell line Hela/DDP and Caski/DDP cells.
[image: Figure 4]FIGURE 4 | Engineered miR-320a exosomes attenuates DDP resistance in Hela/DDP and Caski/DDP cells. (A) The cell viability, proliferation, apoptosis rate, and apoptosis associated proteins of DDP induced Hela/DDP and Caski/DDP cells affected by engineered miR-320a exosomes were measured by CCK-8 assay (A), 5-Ethynyl-2′-deoxyuridine (EdU) assay (B), annexin V-FITC/PI apoptotic kit (C), and Western blot (D), respectively. *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. PBS group; #, p < 0.05; ##, p < 0.01; ###, p < 0.001 vs. PBS + cisplatin group.
MCL1 is a Target of miR-320a
Among the potential targets of miR-320a, MCL1 has been reported as a target of miR-320a (PMID: 30119255). MCL1, as an anti-apoptotic protein, is a therapeutic target of CC (PMID: 32715755). Thus, our study focused on whether MCL1 is regulated by miR-320a in Hela/DDP and Caski/DDP cells. The bioinformatics results showed that the 3′-UTR of MCL1 mRNA displayed complementary sequences for miR-320a (Figure 5A). Then, dual-luciferase reporter assay was carried out, the results indicated the decreased of MCL1-WT luciferase activity in Hela/DDP and Caski/DDP cells in the addition of miR-320a, relative to MCL1-MUT (Figure 5B). And the results of RIP assay suggested that MCL1 mRNA was directly combined with miR-320a (Figure 5C). Next, we validated that the levels of MCL1 mRNA were increased in CC (Figure 5D) and DDP resistant CC (Figure 5E) in clinical samples. And MCL1 protein expression was proved to be downregulated by miR-320a in Hela/DDP and Caski/DDP cells (Figure 5F). These data indicate that MCL1 directly combines and negatively regulated by miR-320a.
[image: Figure 5]FIGURE 5 | MCL1 is a target of miR-320a. (A) The complementary sequences of 3′-UTR of MCL1 mRNA and miR-320a were analyzed by StarBase website. (B) The level of MCL1 expression regulated by miR-320a is verified by the luciferase reporter assay. (C) The combination of MCL1 mRNA and miR-320a is confirmed by RIP assay. (D) The mRNA levels of MCL1 in CC tissues were detected by qRT-PCR. (E) The mRNA levels of MCL1 in DDP resistant CC tissues were detected by qRT-PCR. (F) The MCL1 proteins regulated by miR-320a were confirmed by Western blot. ***, p < 0.001 vs. Control group.
MiR-320a Overcomes DDP Resistance in Hela/DDP Cells by Regulating MCL1
To further evaluate whether miR-320a regulate DDP resistance in Hela/DDP cells via MCL1, MCL1 was overexpressed in Hela/DDP cells. The data showed that, MCL1 overexpression abolished the suppression of cell viability (Figure 6A) and proliferation (Figure 6B) by engineered miR-320a exosomes in Hela/DDP cells. Additionally, MCL1 overexpression canceled the enhanced apoptotic rates (Figure 6C) and upregulated pro-apoptotic protein markers (Bax/Bcl-2 ratio, cleaved-caspase3, and cleaved-caspase9) (Figure 6D) induced by engineered miR-320a exosomes in Hela/DDP cells. It is evidenced by our data that miR-320a overcomes DDP resistance in Hela/DDP cells by regulating MCL1.
[image: Figure 6]FIGURE 6 | MiR-320a overcomes DDP resistance in Hela/DDP cells by regulating MCL1. (A) The cell viability, proliferation, apoptosis rate, and apoptosis associated proteins of DDP induced Hela/DDP and Caski/DDP cells affected by engineered miR-320a exosomes and MCL1 overexpression were measured by CCK-8 assay (A), 5-Ethynyl-2′-deoxyuridine (EdU) assay (B), annexin V-FITC/PI apoptotic assay (C), and Western blot (D), respectively. *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. PBS group; #, p < 0.05; ##, p < 0.01; ###, p < 0.001 vs. NC-Exo + pc-NC + cisplatin group; $, p < 0.05; $$, p < 0.01 vs. miR-320a-Exo + pc-NC + cisplatin group.
Engineered miR-320a Exosomes Ameliorate DDP Resistance In Vivo
To evaluate the function of engineered miR-320a exosomes on DDP resistance in vivo, engineered miR-320a exosomes were isolated and injected into the tail vein of the mice with subcutaneous Hela/DDP cells tumor. Th volumes and weights of tumor were inhibited by engineered miR-320a exosomes injection (Figures 7A,B). The Tunel assay showed that engineered miR-320a exosomes enhanced the apoptosis of tumor cells in the mice with subcutaneous tumor formation of Hela/DDP cells (Figure 7C), which is consistent with the inhibited proliferation in vitro (Figure 7C). Then, the expression of MCL1 mRNA was suppressed by the injection of engineered miR-320a exosomes (Figure 7D). These data are in consistent with in vitro, suggesting that engineered miR-320a exosomes overcome DDP resistance in CC.
[image: Figure 7]FIGURE 7 | Engineered miR-320a exosomes ameliorate DDP resistance in vivo. (A) The tumor images, and. (B) The tumor volumes and weights of the mice with subcutaneous tumor formation of Hela/DDP cells affected by tail vein injection of engineered miR-320a exosomes. (C) The apoptosis and proliferation of tumor tissues detected by Tunel assay and immunohistochemistry. (D) MCL1 mRNA expression regulated by engineered miR-320a exosomes injection is evaluated by qRT-PCR. *, p < 0.05; **, p < 0.01 vs. PBS group; ##, p < 0.01; ###, p < 0.001 vs. NC-Exos + cisplatin group.
The Safety of Engineered miR-320a Exosomes Injection In Vivo
We evaluated the safety of engineered miR-320a exosomes which were injected into the tail vein. No significant difference was found in the body weights between the non-engineered HEK293 exosomes injected mice and the engineered miR-320a exosomes injected mice (Figure 8A). Furthermore, ALT, AST, ALP, WBC, RBC, and PLT in the serum were not different in the engineered miR-320a exosomes injected mice compared with the non-engineered HEK293 exosomes injected mice (Figure 8B). And the histopathological staining of heart, liver, spleen, lung, and kidney did not show observable change in the engineered miR-320a exosomes injected mice compared with the non-engineered HEK293 exosomes injected mice (Figure 8C). These data indicate that tail vein injection of engineered miR-320a exosomes is safe.
[image: Figure 8]FIGURE 8 | The safety of engineered miR-320a exosomes injection in vivo. (A) The body weights between the non-engineered HEK293 exosomes injected mice and the engineered miR-320a exosomes injected mice. (B) The differences of ALT, AST, ALP, WBC, RBC, and PLT in the serum of the engineered miR-320a exosomes injected mice compared with the non-engineered HEK293 exosomes injected mice. (C) The histopathological staining of heart, liver, spleen, lung, and kidney of the engineered miR-320a exosomes injected mice compared with the non-engineered HEK293 exosomes injected mice.
DISCUSSION
Although major progress has been made in improving the effectiveness of DDP for CC chemotherapy, DDP resistance remains a serious problem, which is urgent to be solved. Here, we confirm the effectiveness and safety of engineered miR-320a exosomes in DDP resistant cervical cancer. And the bioinformatics analysis and the dual-luciferase reporter assay confirms that miR-320a directly binds to the 3′-UTR of MCL1 mRNA and negatively regulates its function, improving the DDP chemoresistance.
MiR-320a has been considered as an inhibitor of carcinoma. A recent study showed that low level of miR-320a promoted glioma proliferation through FOXM1 expression (Qi et al., 2021). Additionally, it was reported that miR-320a, the expression of which is modulated by demethylation, ameliorated DDP resistance in lung adenocarcinoma (Lu et al., 2020). Moreover, as a downstream target of long non-coding RNA AFAP1-AS1, the low expression of miR-320a promoted the stemness and DDP chemoresistance of laryngeal carcinoma cells by negative regulation of RBPJ mRNA and protein (Yuan et al., 2018). Consistent with these results, here, we verified the effectiveness of miR-320a in DDP resistant cervical cancer.
Exosomes are nano-sized vesicles with the diameter of 30–150 nm, they contain various biomolecules, and can be secreted by almost all mammalian cell types. Based on the structure, engineered exosomes have become a possibility in the treatment of numerous diseases. A recent study indicated that miR-317b-5b-loaded engineered exosomes can transfer itself both in vitro and in vivo for the anti-tumor functions (Xue et al., 2021). In addition, engineered miR-181b exosomes regulate macrophage polarization, thus to improve osteointegration (Liu W. et al., 2021). In this study, engineered miR-320a exosomes were used to alleviate DDP resistance in CC.
MCL1, a pro-survival and pro-proliferative factor, plays a critical role in many tumor types. The deubiquitination and stabilisation of MCL1 was considered to be required for the proliferation of CC cells (Morgan et al., 2021). What’s more, MCL1 siRNA-silencing demonstrated high efficacy on CC cell lines (Lechanteur et al., 2017). All these data support that MCL1 is a therapeutic target for CC. In contrast, we confirmed that MCL1 functioned as the target of miR-320a for ameliorating DDP resistance in CC, which was consistent with the previous study that miR-320a/MCL1 axis mediated the doxorubicin resistance of osteosarcoma (Zhou et al., 2018).
Besides the effect we mentioned above, miR-320a has a great number of functions in numerous aspects. For example, by inhibiting MafF, the pancreatic beta cells loss its function in diabetes (Du et al., 2021); it also regulates endoplasmic reticulum stress as well as autophagy in diffuse large B-cell lymphoma (Cui et al., 2021); and human glucagon expression (Jo et al., 2021). Although the safety of engineered miR-320a exosomes was assessed by measuring body weights, ALT, AST, ALP, WBC, RBC, and PLT in the serum, and the histopathological staining, more comprehensive evaluation is required to investigate the impact of miR-320a.
In conclusion, we confirmed that miR-320a is downregulated in DDP resistant CC and engineered miR-320a exosomes can attenuate DDP resistance by inhibiting MCL1.
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Although most thyroid cancers have a good and predictable prognosis, the anaplastic, medullary, and refractory thyroid cancers still prone to recurrence and metastasis, resulting in poor prognosis. Although a number of newly developed targeted therapies have begun to be indicated for the above types of thyroid cancer in recent years, their ability to improve overall survival remain hindered by low efficacy. As the largest component of immune cells in tumor microenvironment, tumor-associated macrophages play a key role in the invasion and metastasis of thyroid cancer. There is much evidence that the immune system, tumor microenvironment and cancer stem cell interactions may revolutionize traditional therapeutic directions. Tumor-associated macrophages have been extensively studied in a variety of tumors, however, research on the relationship between thyroid cancer and macrophages is still insufficient. In this review, we summarize the functions of tumor-associated macrophages in different types of thyroid cancer, their cytokines or chemokines effect on thyroid cancer and the mechanisms that promote tumor proliferation and migration. In addition, we discuss the mechanisms by which tumor-associated macrophages maintain the stemness of thyroid cancer and potential strategies for targeting tumor-associated macrophages to treat thyroid cancer.
Keywords: thyroid cancer, cancer stem cell, tumor microenvironment, tumor associated macrophages, cytokines
INTRODUCTION
In recent years, thyroid cancer (TC) has attracted more and more attention due to its rapid increase in incidence. TC ranks the fifth in the incidence of all malignant tumors and has become the most common endocrine tumor (Cabanillas et al., 2016). It is important to note that the incidence of TC is also increased in children and adolescents (Person et al., 2021). The incidence of TC continues to increase not only because of environmental pollution, radiation exposure and other external factors, but also because of the improvement of imaging or ultrasound diagnostic technology and biopsy diagnosis (La Vecchia et al., 2015). Papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma (FTC) account for 80%–85% and 10%–15% of TCs respectively (LiVolsi, 2011; Sowder et al., 2018). Patients with these differentiated TCs can benefit from surgery, radioiodine therapy, and thyroid stimulating hormone (TSH) inhibition therapy, and thus have a better prognosis. In contrast, medullary thyroid carcinoma (MTC) is one of the relatively rare thyroid malignant tumors, accounting for 1%–2% of all TCs, but it has a worse prognosis with a 10-year overall survival (OS) of only 81.2% (Cabanillas et al., 2016; Kotwal et al., 2021). Notably, there are approximately 2% of anaplastic thyroid cancer (ATC) (Smallridge et al., 2012), though rare, is often associated with resistance to radioiodine treatment and is characterized by an aggressive phenotype and poor prognosis, with an average survival time of few months (Cabanillas et al., 2016; Veschi et al., 2020). Currently, the clinical treatment for ATC is a great challenge.
Macrophages are highly plastic cells with multiple functions and these cells originate in the bone marrow from myeloid derived progenitor cells (Varol et al., 2015). Tumor-associated macrophages (TAMs) are derived from tumor-infiltrating monocytes in peripheral blood. Current studies indicate that TAM population is in a constant transition between M1 and M2 type (Pan et al., 2020). M1-macrophages have antitumor effects, through the identification of tumor cells and finally kill tumor cells, the study revealed M1-macrophages by two different mechanism of killing tumor cells, one is mediated cytotoxicity to kill tumor cells directly, and the other is antibody dependent cell-mediated cytotoxicity to kill tumor cells. M2-macrophages are divided into multiple subtypes, M2a is involved in tissue fiber formation, M2b contributes to tumor progression, M2c is responsible for tissue remodeling, and M2d promotes angiogenesis (Wang et al., 2019a). TAMs can promote tumor progression by secreting cytokines, such as vascular endothelial growth factor (VEGF) or fibroblast growth factor (FGF) (Mantovani et al., 2002). Therefore TAMs promote angiogenesis and are often associated with high density of blood vessels (Coffelt et al., 2010). In TCs, TAMs mainly exhibit the M2 phenotype (Solinas et al., 2010). Therefore, how to control the phenotypic transformation of TAMs may be the focus of future research. These cytokines or chemokines originate from cancer cells and macrophages, but the mechanisms by which these cytokines or chemokines act on tumors have not been fully elucidated. TAMs maintains the survival, proliferation and invasion of cancer cells and may be a potential therapeutic target (Bolli et al., 2017; Mantovani et al., 2017; Cassetta and Pollard, 2018).
Tumor microenvironment (TME) is mainly composed of tumor cells, innate and adaptive immune cells, fibroblasts, vascular, cytokines and chemokines, et al. TME can not only provide a suitable environment for tumor to promote tumor growth and metastasis, but also inhibit the occurrence and development of tumor through changes in metabolism, secretion, immunity and other conditions (Ben-Baruch, 2006; de Visser et al., 2006). TME is a complex and interactive network regulated by immune cells, cytokines and other elements. Tumor cells are regulated by their own genes and external factors, which jointly promote tumor development and phenotypic changes, such as EMT of tumor cells (Pradella et al., 2017; Weng et al., 2019). TC cells can maintain growth by secreting a variety of cytokines and also by secreting chemokines to recruit different immune cells (Lumachi et al., 2010; Fozzatti and Cheng, 2020). These cytokines or chemokines affect the progression of TC and changes in the immune microenvironment (Menicali et al., 2020). Innate immune cells, especially natural-killer cells (NK cells) and macrophages play a key role in the regulation of tumor progression and inhibition (Goldberg and Sondel, 2015). Similarly, these immune cells can also secrete some cytokines and angiogenic factors to remodeling the TME of TC (Poschke et al., 2011). In addition, tumor progression can also destroy the balance of the original microenvironment, making it conducive to tumor proliferation and migration. Immune surveillance is the function of the immune system to identify, kill and remove mutated cells from the body to prevent tumor development. Tumor immune escape is a phenomenon in which tumor cells evade recognition and attack by the immune system through various mechanisms, thus allowing them to survive and proliferate in vivo (Prendergast et al., 2010). Although immune cells tend to kill tumor cells in the early stage of tumor genesis, they seem to evade immune surveillance eventually, and even inhibit the cytotoxic effect of immune cells on tumor through various mechanisms (Lei et al., 2020).
At present, it is believed that TC is closely associated with the occurrence and development of inflammation, and about 20% of PTC is caused by chronic thyroiditis (Fugazzola et al., 2011). Chronic inflammatory is an important factor mediating tumorigenesis (Noy and Pollard, 2014). The original concept of “inflammation causes tumors” is gradually changed to “inflammation causes tumors, and tumors cause inflammation (Allavena et al., 2011).” In this review, we discuss the types of TAMs and their effects on TCs, the interaction between cytokines and chemokines in TME, cancer stem cell (CSC), and new strategies for immunotherapy of TCs.
TUMOR-ASSOCIATED MACROPHAGES IN THE THYROID TUMOR MICROENVIRONMENT
Similar to other malignant tumors, the thyroid-TME is composed of immune cells (macrophages, mast cells, neutrophils, and lymphocytes) and soluble mediators (chemokines, cytokines, and growth factors) that are active in and around cancer cells (Yapa et al., 2017). Currently, TAMs infiltration in TME is believed to be through recruitment of circulating monocytes. Cytokines and chemokines in TME promote polarization of macrophages and affect the functions of TAMs, such as promoting tumor proliferation, stemness, gene instability, blood vessel and lymphatic proliferation, immunosuppression, et al. (Mantovani and Allavena, 2015). A schematic diagram of the interaction between TC and TAM is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Interaction between thyroid cancer and tumor-associatated macrophages: Thyroid cancer cells secrete cytokines to manitain the stemness of cancer cells and cancer stem cells feedback to promote tumor proliferation and migration. Thyroid cancer can also secrete chemokines to recruit macrophages and polarize into M2 subtype. Similarly, cytokines derived from tumor-association macrophages promote tumor migration.
TC is commonly associated with a complex genetic background and gene mutations, that could be involved in mutations in BRAF, RAS and PI3K signaling pathways. Losing or inhibiting the functions of PTEN, p53 and B-catenin is commonly seen in poorly differentiated TCs (Hou et al., 2007). BRAFV600E mutation is most frequent in PTCs or ATCs (Cancer Genome Atlas Research, 2014). While RAS mutation mostly exist in FTCs and other variant of PTCs (Cabanillas et al., 2016). RET proto-oncogene mutation is thought to be the cause of most MTC, while a low proportion of TCs is caused by sporadic RAS mutation (Ciampi et al., 2013; Wells et al., 2015). In an in vivo study of nude mice, high CXCL16 expression is associated with M2-macrophage infiltration in BRAFV600E mutated PTC, promoting tumor angiogenesis and resulting in poor prognosis (Kim et al., 2019). In another study, In BRAFV600E and BRAFWT, the average ratio of immune cell populations CD68 +/CD163 + cells tends to decrease, resulting in extensive immunosuppression of TC in BRAFV600E (Angell et al., 2014).
Polarization of Tumor-Associated Macrophages in Tumor Microenvironment
Macrophages recruited from circulating monocytes into tumor tissues and endowed with tumor-promoting or suppressive effects are called TAMs (Pathria et al., 2019; Cassetta and Pollard, 2020). Once TAMs from peripheral blood monocytes are recruited to TME by tumor secreted chemokines and polarized into M1/M2 macrophages under various stimuli. TAMs can also show significant plasticity within the TME, transforming from one phenotype to another in response to certain stimuli (Sica and Mantovani, 2012).
M1-TAMs are involved in the activation of Th1 type immune response and they have a high capacity of antigen presentation, secreting some cytokines and chemokines such as IL-1β, IL-6, IL-12, IL-23, CXCL9, CXCL10, TNF-α, etc., (Porta et al., 2015; Wu et al., 2020). In addition, Some surface proteins of M1-TAMs, CD68, CD80 and CD86, are also upregulated (de Sousa et al., 2016). In contrast, M2-TAMs primarily upregulated the expression of anti-inflammatory cytokines and chemokines, including IL-10, TGF-β, CCL17, CCL18, CCL22, and CCL24. Similarly, some surface proteins of M2-TAMs are upregulated including CD163, CD204 and CD206 (Biswas et al., 2013; Jayasingam et al., 2019).
Although many markers related to TAMs polarization have been discovered, some markers of M1 or M2 phenotype can be co-expressed on an individual cell (Chong et al., 2015). Therefore, the anti-tumor or pro-tumor effects of M1 or M2 macrophages are still controversial. Their effects can be determined not only by the high and low expression of markers, but also by the complex activation mechanism of the mutual transformation between the two phenotypes (Figure 2).
[image: Figure 2]FIGURE 2 | Polarization characteristics surface markers receptors and secretions of TAMs.The variation of M1/M2-TAMS in the Tumor microenviroment the same or different markers and receptors on the membrane surface are explained. Different types of Polarization secreted different cytokines and chemokines and different effects on tumors
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Hypoxia is an effective means to induce TME to recruit TAMs, and imbalance of TME oxygen supply may inhibit TAMs migration. Hypoxia inducible factor-1α (HIF-1α) is a key transcription factor regulating hypoxia-induced gene expression, and its high expression can induce TAMs to enter hypoxia region continuously. HIF-1α upregulates CXCR4 and its ligand CXCL12 in monocytes/macrophages and induces these chemotactic responses (Kumar and Gabrilovich, 2014).
After recruitment and polarization, M2-TAMs can secrete a series of cytokines to stimulate tumor cell proliferation and survival including epithelial growth factor (EGF), epithelial growth ligands of the factor receptor (EGFR) and basic fibroblast growth factor (bFGF) (Yin et al., 2016). Polarization of TAMs has been confirmed to be associated with proliferation and metastasis of various malignant tumors. In ovarian cancer, TAMs can promote tumor proliferation and migration by upregulating insulin like growth factor (IGF1) signaling pathway (Liu et al., 2018a). Gastric cancer derived mesenchymal cells secrete IL-6 and IL-8 (CXCL8) through JAK2/STAT3 signaling pathway and induce polarization of gastric cancer M2-macrophages. M2-macrophages significantly promote gastric cancer metastasis through promoting epithelial-mesenchymal transition (EMT) mechanism (Li et al., 2019). In a study on exosomes and TME, Mir-183-5p level of M2-TAMs exosomes was significantly increased, which targeted THEM4-mediated Akt/NF-κB and inhibited the mRNA and protein expression, promoted the proliferation and invasion of colon cancer cells, and inhibited apoptosis. Downregulation of Mir-183-5p reversed the M2-TAMs mediated tumor promotion (Zhang et al., 2021a). In some clinical studies of non-small cell lung cancer, M2-TAMs infiltrate induce tumor cell invasion and progression, resulting in poor prognosis (Sumitomo et al., 2019; Sedighzadeh et al., 2021). Pulmonary macrophage accumulation is one of the important factors leading to lung metastasis of ATC (Li et al., 2016). Recent studies have found that some gene mutations can cause imbalance of M1/M2-TAMs. For example, a recent animal study revealed that Mettl3-deficient mice showed increased infiltration of M1/M2-TAMs. Deletion of METTL3 disrupts YTHDF1-mediated translation of SPRED2, thereby enhancing NF-kB and STAT3 activation through the ERK pathway, leading to increased tumor growth and metastasis (Yin et al., 2021). When the mTOR pathway is activated, the monocyte macrophage phenotype is converted to M2-TAMs, enhancing pro-angiogenic capacity. On the contrary, when the mTOR pathway is inhibited, the cell phenotype is transformed into M1-TAMs, and its decreased angiogenesis ability can inhibit tumor growth (Li et al., 2020). Therefore, under the structure of TME, M2-TAMs can not only secrete cytokines or chemokines to induce tumor development, but also promote tumor proliferation and migration through cross talk with tumor cells.
There is substantial evidence that inflammatory responses at tumor sites can promote tumor growth and progression. Inflammation and immune evasion are considered to be hallmarks of cancer.
Interaction of Tumor-Associated Macrophages With Thyroid Cancer Stem Cells
CSC is a subpopulation of cancer cells with the ability to self-renew and proliferate heterogeneous cancer cells. CSCs have an important role in tumor survival, proliferation, metastasis, drug resistance and recurrence (Ayob and Ramasamy, 2018). CSCs are primarily found inside tumors, named stem cell niches, under specific microenvironmental conditions, that consist of multiple types of stromal cells, including the vascular system, mesenchymal cells, immune cells, extracellular matrix, and cytokines (Borovski et al., 2011). In 2005, Takano and his colleagues proposed that TC cells were derived from stem cells or precursor cells of fetal origin in normal thyroid gland rather than from differentiated thyroid follicular cells.
Based on this hypothesis, many scholars believe that TC is a CSC-driven disease that may originate from the transformation of stem cells or from the dedifferentiation process of cancer cells (Zhang et al., 2006; Zito et al., 2008). CSCs are predominantly found in different specific TME, where the dynamic balance between intracellular and extracellular cytokines produced by the TME allows the maintenance of a stem cell phenotype characterized by a lack of tissue-specific differentiation, slow cell cycle rate, quiescence and a theoretically unlimited capacity for self-renewal (Pietras et al., 2014; Chan et al., 2019; Grassi et al., 2021). A growing number of studies have shown that CSCs are closely associated with radiotherapy tolerance, tumor metastasis and recurrence (Magee et al., 2012; Mertins, 2014). The transition of stem cells to differentiated cancer cells is stimulated by growth factors and cytokines that are present in the TME in which the stem cells are located (Gianì et al., 2020). TAMs secretes multiple cytokines or chemokines to support self-renewal and maintenance of stemness. Similarly, CSCs secrete pro-tumor signals to activate TAMs, which further promotes tumor development (Sainz et al., 2016). The expression of EMT biomarkers was strongly correlated with the presence of CSCs in TC and the role of TAMs (Lan et al., 2013; Hardin et al., 2018). CSCs are currently thought to drive TC heterogeneity, contributing to their metastatic potential and therapeutic resistance (Grassi et al., 2021). CSCs can also secrete exosomes to regulate the polarization of TAMs toward the M2 phenotype, inhibit NK-cell activity, and promote suppression of the immune microenvironment in CSC niches (Caruso Bavisotto et al., 2019; Baig et al., 2020). The current view is that eradication of CSCs may inhibit tumor recurrence, while failure to completely remove CSCs eventually leads to tumor recurrence (Nguyen et al., 2012). Although current research is limited, there is evidence that TAMs can enhance the stemness of CSC (Chanmee et al., 2014). In a study of head and neck cancer, TAMs can affect CD44 signal through PI3K-4EBP1-SOX2 pathway to mediate stemness enhancement, and In vivo experiments, Targeting CD44 reduced PI3K-4EBP1-SOX2 signal, inhibited tumor growth, and attenuated stemness (Gomez et al., 2020). Periostin secreted by glioma stem cells recruited peripheral blood mononuclear cells into glioblastoma tissue. Moreover, TAMs and glioma stem cells co-distribute in perivascular niches to maintain the characteristics of M2 macrophages and secrete tumour-supportive factors to promote glioblastoma growth and progression (Zhou et al., 2015).
Although the current research results on thyroid CSCs and TAMs are still insufficient. However, existing studies can show that there is a mutual promotion between thyroid CSCs, TAMs and TME, that is, TAMs can maintain the stemness of thyroid CSCs, and CSCs can also promote polarization of TAMs to M2 macrophages. Finally, CSCs and TAMSs establish a positive loop by a cross talk mechanism.
FUNCTIONS AND MECHANISMS OF MACROPHAGES IN THYROID CANCER
TAMs accounts for a large proportion of tumor-infiltrating immune cells in TME and are highly plastic (Chen et al., 2019). TAMs are infiltrating immune cells that can occupy up to 50% of the total volume of thyroid tumors (Ryder et al., 2008). TAMs respond to cytokines or chemokines secreted by tumor cells and polarize into M1 or M2-TAMs. but in TME, M2-TAMs are usually predominant. M1-TAMs play a key role in killing tumor cells by producing reactive oxygen/nitrogen species (ROS/RNS) and pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α, and thus M1-TAMs are macrophages with anti-tumor effects (Jeannin et al., 2018; Chen et al., 2019). Typically, most TAMs are M2-TAMs with a Th2 immune response, which can enhance tumor cell immune escape (Galdiero et al., 2013; Ferrari et al., 2019).
TC cells and M2-macrophages can promote each other. M2-TAMs promotes TC dedifferentiation, proliferation and metastasis by secreting Wnt1 and Wnt3 ligands, that activate the Wnt signaling pathway and promote β-catenin activation (Lv et al., 2021a). Inhibition of the Akt-mTOR signaling pathway inhibits TC-induced cytokines production by macrophages (Sloot et al., 2019a). Mazzoni et al. found that TC cells activate PGE2 secretion to promote M2 polarization, enhancing tumor invasiveness (Mazzoni et al., 2019). On the contrary, TCs can induce macrophages polarization, which in turn acts on tumor cells to lead to tumor progression and metastasis. For example, senescent thyroid tumor cells can induce M2-macrophages polarization with increased expression of CCL17,CCL18,IL-18,TGFβ1, that ultimately promotes tumor migration by activating NF-κB signaling pathway (Zhang et al., 2021b). In addition, gene mutations also have an impact on TAM polarization, such as BRAFV600E mutation, which can lead to an increase in the proportion of M2-TAMs and promote tumor growth (Ryder et al., 2013). Some drugs or compounds can alter polarization of M2. For example, a recent study by Juan LV et al. found that Zoledronic acid inhibits M2-induced TC proliferation, stemness and metastasis by inhibiting M2 polarization and suppressing the Wnt/β-catenin signaling pathway (Lv et al., 2020). TNF-α derived from TAMs can induce IL-32β expression in TC cells. Although IL-32β does not directly affect TC cells migration, alternative splicing of IL-32 towards the IL-32β isoform may be beneficial for TC cell survival through induction of the pro-survival chemokine IL-8 (CXCL8) (Sloot et al., 2019b).
M1-Macrophage Transformation in Thyroid Cancer
M1-macrophages can inhibit tumor proliferation and migration in a variety of malignant tumors. However, due to the limitations of various factors and conditions, studies on TC are still insufficient. Reversing the polarization of M2-macrophages has also emerged as one of the potential new strategies for TC treatment. Metabolic reprogramming of M1-macrophages has been found in autoimmune diseases to enhance glycolysis and inhibit oxidative phosphorylation, which may be one of the clues of autoimmune thyroiditis (Murray et al., 2014).
In PTC, the normal thyroid tissue had higher density of M1-macrophages than the cancer tissue. And the proportion of M1-macrophages in stage I and II is higher than that in other stages (Xie et al., 2020). More importantly, CIBERSORT results showed that some anti-tumor immune cells such as M1-macrophages, plasma cells and CD8+ T cells were positively correlated. Similarly, A the cancer genome atlas (TCGA) prognostic model of TC revealed that a higher proportion of M1-macrophages and dendritic resting cells in the low-risk group (Zhang et al., 2021c). In addition, the endocrine system is also involved in regulating the polarization of macrophages. In vitro results showed that triiodothyronine (T3) had a negative effect on triggering the differentiation of bone marrow derived monocytes into nonpolarized macrophages. M1-macrophages polarization of macrophages induced by T3 (Perrotta et al., 2014). In vitro experiments, the co-culture system of TPC-1 cells and bleomycin revealed that low-dose bleomycin could transform M2-TAMs into M1-TAMs, and the proliferation, migration and invasion abilities of TPC-1 cells were significantly reduced (Liu et al., 2018b). Another in vitro study found that in Graves disease (GD), activated NK-cells drive macrophages to differentiate to M1 phenotype, which in turn is cytotoxic to cancer cells and downregulates the M2 phenotype (Imam et al., 2019). This will open up new prospects for immunotherapy of TC. Macrophage/innate immunity can modulate from M2 phenotype to M1 phenotype to help treat TC as naturally done by GD.
Functions of M2-Macrophages in Papillary Thyroid Cancer
The most common route of metastasis for PTC is lymphatic metastasis. Current studies have found that PTC can achieve the purpose of macrophage recruitment in TME by upregulation of some chemokine transcription programs (Guarino et al., 2010; Muzza et al., 2010). Previous studies have demonstrated that high density of M2-TAMs leads to lymph node metastasis in PTC (Gulubova and Ivanova, 2019). It was reported that M2 macrophages accumulated around the lymphatic vessels at the PTC tumor margins implicated lymphatic invasion of cancer cells (Kabasawa et al., 2021). M2-TAMs around lymphatic vessels enhance lymphatic invasion by upregulating MMP2. Yang et al. found that Mir-324-5p/PTPRD/CEBPD axis induces Human Umbilical Vein Endothelial Cells (HUVEC) invasion/migration and M2- macrophages polarization through VEGF and IL4/IL13, respectively, and participates in the progression of PTC (Yang et al., 2020a). TAMs conditioned medium co-cultured with PTC cell enhanced the invasion of PTC. More importantly, this study found that CXCL8 promotes PTC metastasis in vivo, confirming that TAMs may promote PTC metastasis through the interaction between CXCL8 and its receptor, CXCr1/2 (Fang et al., 2014). In addition, other cytokines secreted by TAMs also promote the invasion and metastasis of PTC. For example, The combination of CXCL16 derived from M2-TAMs with angiogenic genes leads to high aggressiveness of PCT, and knockout of endogenous CXCL16 delayed tumor growth in athymic mice (Cho et al., 2016). M2-macrophages also have immunosuppressive function, which can mediate immune escape and promote the proliferation and metastasis of TC. M2-TAMs promote the proliferation and metastasis of TC through a variety of paracrine methods. In addition, the upregulated level of VEGF and EGF secreted by M2-macrophages can promote tumor microangiogenesis by recruiting endothelial cells (Chandler et al., 2019). Hypoxia is also a major driver of tumor angiogenesis, and a large number of TAMs have been found in hypoxia areas of tumors, especially necrotic tissues (Yang et al., 2020b).
Functions of M2-Macrophages in Anaplastic Thyroid Cancer
The density of M2-macrophages varied among thyroid tumors, with higher density in PTC and highest in ATC. The density of M2-macrophages is closely associated with tumor prognosis (Jung et al., 2015; Ferrari et al., 2019). The presence of a high density of macrophages in ATC, which are dominated by polarized M2-TAMs, is associated with tumor aggressiveness, and therefore M2-TAMs can be used as a biomarker to predict prognosis (Sica et al., 2006; Caillou et al., 2011). However, the high density of TAMs aggregation is not sufficient to evaluate the prognosis. It is critical to evaluate their function and signaling pathways (MacDonald et al., 2020). The infiltrating cells of ATCs include lymphocyte infiltrate (mainly CD8+ cytotoxic T cells) and TAMs (Cameselle-García et al., 2021; Prete et al., 2021). M2-TAMs can secrete insulin-like growth factors (IGF) to activate IR-A/IGF1R and mediate PI3K/AKT/mTOR signaling pathway to accelerate ATC cells metastasis and enhance stem cell viability and stemness (Lv et al., 2021b). A recent study revealed that blocking CD47 inhibits the growth of ATCs and reduces TAMs density, thereby suppressing tumor growth (Schürch et al., 2019). Caluo and his colleagues identified a specific type of TAM in ATC, called “ramified TAM” (RTAM), which is not present in other types of TCs, and forms a high dense network interlinked with tumor cells in ATC, providing signals and nutrients for tumor growth (Caillou et al., 2011).
Functions of M2-Macrophages in Medullary Thyroid Cancer and Follicular Thyroid Cancer
A recent in vitro study showed that CCL15 derived from FTC cells can effectively recruit TAMs to TME, thus providing a favorable microenvironment for tumor growth (Huang et al., 2016). MALAT1-mediated TAMs secretes FGF2 (bFGF) to inhibit the release of inflammatory cytokines, promote the proliferation, migration and invasion of FTC133 cells, and induce angiogenesis (Huang et al., 2017). In transgenic mouse models of FTC, a mechanism was found that advanced cancer in emasculated men was due to increased expression of tumor suppressor genes:GLIPR1 and SFRP1, resulting in increased tumor invasion of M1-macrophages and CD8 cells. In addition, GLIPR1 slows down the growth of cancer cells and increases the secretion of CCL5, which leads to the activation of immune cells (Zhang et al., 2015). However, studies on TAMs in FTC is still lacking due to tumor samples limitations, and large samples of clinical and basic studies are needed to confirm this function. Interestingly, there is still no study or report on MTC and TAMs, and the relationship between the two is still unclear.
MACROPHAGE-DERIVED CYTOKINES AND CHEMOKINES INTERACT IN THYROID CANCER
Macrophage-Derived Cytokines in Thyroid Cancer
TAMs not only provide structural support for tumor growth, but also participate in tumor development by secreting signaling molecules (Kogure et al., 2019). Although TAMs have insufficient secretory function, they can secrete cytokines or directly stimulate TC cells. Though some of the macrophage phenotypes will have anti-tumor immune function, but in recent years, there are evidence that TAMs can reconstruct TME, promote tumor cell proliferation and survival, promote angiogenesis and lymphatic vessel formation, and suppress T cell response to tumors (Mantovani and Allavena, 2015).
TAMs can also increase angiogenic factors to promote tumor angiogenesis. A recent study confirmed that TAMs promote tumor angiogenesis by upregulating VEGF (Hughes et al., 2015; Osterberg et al., 2016). In addition, VEGF secreted by TAMs increased the growth and activity of tumor microvasculature, providing suitable microenvironment for TC infiltration and metastasis. Examples include VEGF, platform-derived growth factor (PDGF), bFGF (Melaccio et al., 2021). In addition, it can also produce the matrix metalloproteases (MMPS) (Ojalvo et al., 2010; Cheng et al., 2021). Angiogenesis is related to tumor growth and metastasis and plays an important role in tumor development. Therefore, TAMs are one of the important factors in tumor angiogenesis (Chen et al., 2019).
In a BRAFV600E mutation-induced mouse tumor model, TC cells and TAMs secrete TGF-β, which leads to tumorigenic EMT and increases the invasiveness of TC cells (Knauf et al., 2011). TAMs not only secretes some cytokines to promote the EMT of TC, but also maintains the stemness of TC. In TC, IL-6 is dependent on the activation of the IL6/JAK1/STAT3 signaling pathway to promote thyroid CSC proliferation and colony formation and to enhance the properties of thyroid CSCs and EMT (Zheng et al., 2019). IL-10 is secreted by both TAMs and malignant tumor cells. IL-10 has various effects in the immune system, most notably in the form of immunosuppression. IL-10 is found to be overexpressed in TCs and its expression was shown to be correlated with tumor size and tumor extension, suggesting that IL-10 might enhance the function of tumor progression (Mocellin et al., 2005; Cunha et al., 2017).
In summary, after monocytes are recruited near the tumor and differentiate into TAMs, TAMs secrete a variety of molecules, including growth factors, cytokines, and proteases, that promote tumor angiogenesis, immunosuppression, and tumor metastasis.
Macrophage-Derived Chemokines in Thyroid Cancer
Chemokines are classified into four subtypes: C, CC, CXC, and CX3C, and CC in the predominant one of these subtypes (Yapa et al., 2017). The role of cytokines is to create a concentration gradient to induce motility or chemotaxis for specific receptor cells, inducing the migration of immune cells such as NK-cells, dendritic cells, and others (Mukaida et al., 2014). Previous studies have identified a variety of chemokine-mediated immune cells that promote progression of TCs (Yapa et al., 2017). However, the signaling pathways by which these chemokines mediate immune cells are diverse. TC cells or normal thyroid cells secrete a variety of chemokines in the basal state or under stimulation (Mironska et al., 2019).
In the studies on chemokine-mediated macrophages, cellular CXCL8 was the first chemokines found to be associated with TC, and cell lines from PTC and ATC were found to contain high levels of CXCL8 and TAMs, leading to tumor proliferation and metastasis (Kobawala et al., 2011). When CXCL8 is blocked, the metastatic potential of PTC is significantly reduced, and conversely, increasing exogenous CXCL8 promotes the metastatic potential of PTC (Fang et al., 2014). In addition, Visciano and his colleagues used in vitro cell culture to demonstrate that (IL-8) CXCL8 induces EMT in TC and enhances the stemness of thyroid CSCs through the Akt-Slug signaling pathway (Visciano et al., 2015). These chemokines also have the function of promoting EMT in TC (Pradella et al., 2017).
In a study of another chemokine receptor, CXCR4, whose ligand is CXCL12, activates G protein-mediated signaling pathways, including AKT, JAK/STAT, and MAPK (Pawig et al., 2015), and promotes migration and invasion of a variety of malignancies, including TCs. High expression of CXCR4 promotes cell proliferation and lymph node metastasis in PTCs and ATCs (Hwang et al., 2003; Wagner et al., 2008). In addition, there are many chemokines that can enhance the proliferation and invasion of TC. For example, CCL2/MCP-1 (monocyte chemotactic protein-1) promotes lymph node metastasis in PTC by recruiting TAMs expressing CCR2, and patients with high CCL2 expression are more likely to recurrence (Tanaka et al., 2009). The chemokine CCL21 and its receptor CCR7 were found to play crucial roles in the proliferation and migration of PTC and MTC by Sancho et al. (2006). In PTC, patients with elevated CCL2 are more likely to develop lymph metastases and have a high recurrence risk (Tanaka et al., 2009). In another experiment found that PTC overexpression of CXCL16 is correlated with M2 polarization and promote tumor angiogenesis (Kim et al., 2019). A recent study confirmed that high CXCR6 expression was positively associated with PTC lymph metastasis and that CXCL16 mediated macrophages invasion of PTC and altered the macrophages phenotype to M2-TAMs in the TME (Cho et al., 2016).
TARGETING TUMOR-ASSOCIATED MACROPHAGES IS A POTENTIAL TREATMENT FOR THYROID CANCER
For all types of TC, surgical treatment is still the best means of treatment, and TSH inhibition therapy could be performed according to the postoperative pathological results such as lymph node metastasis of patients and the risk of recurrence (Haugen et al., 2015). If necessary, 131I therapy, external radiation or targeted therapy should be performed (Wang et al., 2019b). Tumor immunotherapy is an effective anti-tumor therapy strategy developed in recent years. There is considerable evidence that macrophages are polarized into the M2 phenotype in the development of many solid tumors (Komohara et al., 2016; Movahedi and Van Ginderachter, 2016). Therefore, targeting TAMs is a potential therapeutic strategy for solid tumors. The transformation of M2 to M1-macrophages is a potential new antitumor immunotherapy, and its mechanism is related to the upregulation of macrophage phagocytosis. Current strategies for macrophage therapy are mainly through two approaches: inhibition of recruitment and/or clearance, and reversal of differentiation. Blocking macrophages recruitment has been extensively studied in preclinical models, and is being evaluated for feasibility of clinical application. Several monoclonal antibodies that have been approved for clinical use in the treatment of tumors have been shown to work therapeutically, primarily by increasing the phagocytic activity of macrophages. Targeted regulation of TAMs plays a key role in the activity of antitumor drugs (Germano et al., 2013).
Transform or Inhibit the Polarization of M2-Macrophages
Inhibition of cytokines or chemokines, such as CCL2 and colony stimulating factor (CSF-1), that promote the polarization of macrophages into M2 phenotype, is a promising immunotherapy (Kim et al., 2013; Richards et al., 2013). Tyrosinase inhibitors for TC and immunotherapy drugs under development are listed in Table 1. A recent study showed that PLX4720 (The main active molecule is 7-azaindole, which is a potent and selective inhibitor of B-Raf V600E) combined with anti-PD-L1/PD-1 antibody significantly reduced ATC tumor volume, increased the density and cytotoxicity of CD8+ T cells and NK cells, increased M1-TAMs, prolonged survival, improved TME, and enhanced anti-tumor immune effect (Gunda et al., 2018). In addition, Rituximab is a chimeric monoclonal antibody that specifically binds to the transmembrane antigen CD20 and inhibit the growth of non-Hodgkin’s lymphoma cells by promoting macrophage phagocytosis (Chao et al., 2010). Trastuzumab blocks the attachment of human EGF to Her2 by attaching itself to Her2 and mediate macrophage killing of Her-2 overexpressing in breast cancer cells (Shi et al., 2015). Similarly, bleomycin mainly interferes with DNA synthesis, but low dose bleomycin can reverse the M2 to M1-macrophages, and the proliferation, migration and invasion of TPC-1 cells are significantly reduced, suggesting that bleomycin can inhibit the progression of PTC by modulating macrophages polarization (Liu et al., 2018b). Similarly, selective elimination of M2-TAMs inhibits PTC growth, and CSF-1 signaling may serve as a potential therapeutic target for inhibiting BRAFV600E mutation-induced PTC (Ryder et al., 2013). More interestingly, A bisphosphonate (zoledronic acid) binds to microcalcification in tumor tissue and is subsequently phagocytized by TAM to induce apoptosis, and also promotes polarization of M2 towards M1-macrophages (Hattori et al., 2015). A mouse model of combined anti-macrophage zoledronic acid and tumor cytotoxic docetaxel showed that the combined strategy significantly inhibited tumor growth and pulmonary metastasis (Sun et al., 2015). Blocking and targeting the CCL-2/CCR2 and CSF-1/CSF-1R pathways is a promising approach in ATC. This approach can not only inhibit the recruitment of tumor M2-macrophages, but also re-polarize them into the M1 phenotype (Naoum et al., 2018).
TABLE.1 | Tyrosine kinase inhibitors and new immunotherapeutics in development for thyroid cancer.
[image: T.1]Blocking the Secretion of Cytokines/Chemokines or Their Receptors in the TME
Blocking common TAM-related chemokines such as CCL2 and CXCL8 and their associated receptors may also be a potential therapeutic strategy. Since ELR- can counteract the effect of ELR+, targeting ELR + CXC chemokines can also inhibit tumorigenesis (Mukaida et al., 2014). Stassi et al. found that IL-4 and IL-10 promoted the progression of TC cells and resistance to chemotherapy through upregulation of anti-apoptotic proteins. Therefore, IL-4 and IL-10 may be new therapeutic targets for TC (Stassi et al., 2003). In addition, TC cells have some functional receptors that receive signals of chemokines for proliferation, immunosuppression, angiogenesis and other activities to maintain the growth and metastatic potential of tumor cells (Mantovani et al., 2010; Allavena et al., 2011). In a BRAFV600E mutant PTC mouse model, IL-12 treatment significantly reduced tumor size and weight and improved OS (Parhar et al., 2016). Another study identified IL-12 as a pro-inflammatory cytokine with anti-tumor activity, demonstrating inhibition of ATC growth (Lu, 2017). Possible molecular mechanisms are associated with NF-κB activation and NF-κ B-dependent MMP-3 upregulation. Therefore, molecular therapies targeting CCL20 and CCR6 may provide promising intervention strategies for TC (Cunha et al., 2012; Zeng et al., 2014). In a animal model experiment, the change of secretory CXCL8 in the treatment of MTC can be used as a biomarker for the clinical efficacy of sunitinib (Broutin et al., 2011). In addition to MTC and ATC, the prognosis of PTC is also closely related to TME. Researchers are looking for an immunotherapy to modify TME to enhance the outcome of surgery and RAI (Na and Choi, 2018). Balkwill et al. demonstrated that CXCR7, when downregulated in PTC, inhibits cell growth and invasion, leads to S-phase arrest, and promotes apoptosis, suggesting that CXCR7 may be a promising target for therapeutic intervention of PTC (Balkwill, 2012).
The plasticity of macrophages highlights the potential of macrophage reprogramming as a therapeutic strategy to inhibit tumor progression, enabling these cells to adapt their functions to meet the needs of tumor resistance. In order to better understand the activation status of TAMs in TME, further studies on specific markers are needed to distinguish the different functions of antitumor or pro-tumor TAMs.
CONCLUSION AND PERSPECTIVES
In recent decades, there has been no significant improvement in the survival of patients with progressive or recurrent TCs, despite systematic and multidisciplinary treatments. Therefore, for the postoperative management of TC patients, in addition to histological classification, other pathological parameters such as mutational status, activation of molecular signaling pathways, tumor cell differentiation, and associated immunophenotype need to be considered. TME plays an important role in TC development, metastasis, stemness, and TAMs account for the largest proportion of cells in TME. Although it is currently believed that high infiltration of M2-TAMs supports the TME and promotes the growth of TC, it has also been suggested that mixed immune cell infiltration may be associated with a good prognosis in differentiated TC. The study of TAMs in TC is a novel field and more research is needed to unravel the complex and dynamic crosstalk between TC cells and their microenvironment. Although current research has evidence to support that targeting TAMs can significantly improve the efficacy of conventional therapies and immunotherapy, there is still a long way to go to understand the role and mechanisms of TAMs in TC progression and the use of TAM-based immunotherapy.
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Acute leukemia (AL) is characterized by excessive proliferation and impaired differentiation of leukemic cells. AL includes acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL). Previous studies have demonstrated that about 10% of AML and 22% of ALL are mixed lineage leukemia gene rearrangements (MLLr) leukemia. The prognosis of MLLr leukemia is poor and new therapeutics are urgently needed. Differentiation therapy with all-trans-retinoic acid (ATRA) has prolonged the 5-years disease-free survival rate in acute promyelocytic leukemia (APL), a subtype of AML. However, the differentiation therapy has not been effective in other acute leukemia. Here, we aim to explore the cell differentiation effect of the potent HDACs inhibitor, I1, and the possible mechanism on the MLLr-AML and MLLr-ALL cells (MOLM-13, THP-1, MV4-11 and SEM). It is shown that I1 can significantly inhibit the proliferation and the colony-forming ability of MOLM-13, THP-1, MV4-11 and SEM cells by promoting cell differentiation coupled with cell cycle block at G0/G1 phase. We show that the anti-proliferative effect of I1 attributed to cell differentiation is most likely associated with the HDAC inhibition activity, as assessed by the acetylation of histone H3 and H4, which may dictates the activation of hematopoietic cell lineage pathway in both MOLM-13 and THP-1 cell lines. Moreover, the activity of HDAC inhibition of I1 is stronger than that of SAHA in MOLM-13 and THP-1 cells. Our findings suggest that I1, as a chromatin-remodeling agent, could be a potent epigenetic drug to overcome differentiation block in MLLr-AL patients and would be promising for the treatment of AL.
Keywords: acute leukemia, mixed lineage leukemia rearranged, differentiation therapy, HDAC inhibitor, epigenetic modification
INTRODUCTION
Acute leukemia (AL) includes acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL). AML is a hematological malignancy characterized by increased self-renewal of leukemia stem/progenitor cells that are blocked in myeloid differentiation (Yu et al., 2016). ALL represents 25% of all the cancers diagnosed among children younger than 15 years and 0.1% of all the adult cancers (Allen and Ahmed, 2016). Most cases of ALL arise from the immature hematopoietic stem/progenitor cells with self-renewal and differentiation capacity (George et al., 2001). Hence, the blockade of cellular differentiation represents a hallmark of both AML and ALL.
Mixed lineage leukemia (MLL) gene rearrangements (MLLr) were found in about 10% of all the AML cases (Schoch et al., 2003) and in 22% of all the ALL cases (Gole and Wiesmüller, 2015). Despite great improvements in the treatment for ALL, MLLr-ALL have a particularly poor outcome with low survival rate compared with those of other forms of ALL (Wuchter et al., 2000). Similarly, very few MLLr- AML have either a good or an intermediate outcome (Szczepański et al., 2010). Therefore, there is an urgent need for development of new therapeutics for the MLLr-AL. Acute promyelocytic leukemia (APL) is the M3 subtype of AML, which is one of the most aggressive types and accounts for 10–15% of AML (Prange et al., 2017). Fortunately, the differentiation inducer ATRA is effective in the treatment of APL (Wang and Chen, 2008). However, the differentiation therapy with ATRA has not been effective in the treatment of the other subtypes of AML and ALL.
Histone deacetylases (HDACs) are enzymes that remove acetyl groups from histones and other proteins and thus regulate chromatin accessibility and expression of target genes (Manzotti et al., 2019). It is well documented that inhibition of HDACs promotes growth arrest and cell differentiation or apoptosis through altering the acetylation status of histone and non-histone proteins (Rosato et al., 2003; Manal et al., 2016). So far, there are four FDA-approved anticancer drugs targeting HDAC, i.e., SAHA (Suberoylanilide hydroxamic acid), FK-228, PXD-101 and LBH-589 (O'Connor et al., 2006; West and Johnstone, 2014). SAHA is a well-studied and most famous HDAC inhibitor (HDACi), which is used for the treatment of cutaneous T cell lymphoma.
In our previous study, I1 (4-(4-(1H-indol-3-yl)butanamido)-N-hydroxybenzamide, C19H20N3O3) is a HDACs inhibitor, which has considerable HDAC inhibitory potency with the percentage inhibitory rate of 53.81% compared with SAHA (59.91%) at the concentration of 1 μM (Chen et al., 2021). In the present study, we evaluate whether I1 has inhibitory activity by inducing cell differentiation on MLLr-AML and MLLr-ALL cell lines (MOLM-13, THP-1, MV4-11 and SEM). The possible mechanism of action of I1 is also explored.
MATERIALS AND METHODS
Chemicals
I1 was prepared by our lab. Figure 1A shows the chemical structure of I1 with a molecular weight of 338 and SAHA. I1 or SAHA was dissolved in dimethyl sulfoxide (DMSO) to prepare a 10 mM stock solution and stored at −20°C. The stock solutions were diluted to the desired concentrations with RPMI-1640 medium. The same concentration of DMSO as that of the I1 solution was used as control. The final concentration of DMSO (not exceed 0.1%) in the cell culture had few toxic effect on the cells. Fluorescein Isothiocyanate (FITC)/Annexin V Apoptosis Detection Kit and Propidium iodide (PI)/RNase staining solution were obtained from BD Biosciences (San Jose, CA, United States). Cell Counting Kit-8 (CCK-8) was purchased from Solarbio (Beijing, China). FITC anti- CD11b (cat #301403, RRID:AB_314167), PE anti- CD13 (cat #301704, RRID:AB_314180), FITC anti- CD14 (cat #301804, RRID: AB_314186) and PE anti- CD15 (cat #301906, RRID: AB_314198) were obtained from Biolegend Inc. (San Diego, CA, United States). PE anti-human HLA-DR (FAB4869P) were obtained from R&D systems (Minneapolis, MN, United States). Anti -human HLA-DP (sc-33719) was obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, United States). MethoCult H4100 (cat #04100) and H4435 (cat #04435) were obtained from STEMCELL Technologies (Vancouver, BC, Canada). Antibodies against GAPDH (Cat #5174), Histone H3 (Cat #4499), Histone H4 (Cat #2935), Acetyl-Histone H3 (Ac-H3, Cat #8173), Acetyl-Histone H4 (Ac-H4, Cat #2594), HLA-DRA (Cat #97971T), CD13 (Cat #32720S) and CIITA (Cat #3793S) were obtained from Cell Signaling Technology (Beverly, MA, United States). Antibody against CD59 (BF0017) was purchased from Affinity Biosciences (Affinity Biosciences, OH, United States). The 2×SYBR Green qPCR Mix (cat #AH0104-B), SPARKscript II RT Plus kit (cat #AG0304-B), Spark ECL Plus A (cat #ED0015-C), Spark ECL Plus B (cat #ED0016-C) and RIPA buffer (SparkJade EA0002) were purchased from SPARKJADE (Shandong, China).
[image: Figure 1]FIGURE 1 | I1 inhibited the proliferation of MOLM-13, THP-1, MV4-11 and SEM cells. (A) The chemical structure of I1 and SAHA. (B) CCK-8 assay on cells treated with different concentrations of I1 or SAHA (0–10 μM) for 72 h. Data presented as mean ± SD. The CCK-8 assay was carried out for three times in triplicate.
Cell Lines and Cell Culture
MOLM-13 (M5 subtype of AML expressing MLL-AF9 fusion gene, DSMZ No.: ACC 554), THP-1 (M5 subtype of AML expressing MLL-AF9 fusion gene, DSMZ No.: ACC 16), MV4-11 (AML expressing MLL-AF4 fusion gene, DSMZ No.: ACC 102), and SEM (ALL carrying MLL-AF4 fusion gene, DSMZ No.: ACC 546) cell lines were used. These cell lines were grown in RPMI-1640 medium at 37°C with 5% CO2, and the medium contained fetal bovine serum (10%) and streptomycin/penicillin (1%).
Cell Proliferation Assay
The CCK-8 assay was used to detect the proliferation of MOLM-13, THP-1, MV4-11 and SEM cells. Briefly, cells were cultured in 96-well plates at approximately 5,000 cells/well for 24 h and were treated with I1 or SAHA (0–10 μM). After 72 h, 5 μM CCK-8 was added to each well and placed in a 37°C incubator for 4 h. An Opsys microplate reader (Dynex Technologies, Chantilly, Virginia, United States) was used to measure the light absorbance at 450 nm. The results are expressed as percentage of cell proliferation normalized to DMSO-treated control cells.
Colony Formation Assay
MOLM-13, THP-1, MV4-11 and SEM cells were incubated with I1 (0–2 μM) in a sterile 24-well flat-bottomed culture plate containing 2.6% methylcellulose medium and 10% FBS for 15 days. A CX43 microscope (Olympus, Shinjuku, Tokyo, Japan) and an Olympus EP50 camera (Olympus, Shinjuku, Tokyo, Japan) were used to count the number of colonies. A colony consisting of approximately 50 cells was counted.
Cell Cycle Analysis
MOLM-13, MV4-11, THP-1 and SEM cells were incubated with indicated concentration of I1 for 24, 48 or 72 h. After collecting the cells, they were fixed with 70% pre-chilled ethanol and stored at −20°C for at least 24 h. Then cells were washed with PBS, then stained with 50 mg/ml PI and 100 mg/ml RNase A in the dark at room temperature for 30 min. Finally, the Beckman-Coulter DXFLEX flow cytometer (Miami, Florida, United States) was used to detect the percentage of cells in G0/G1, S, and G2/M phases, and the data was analyzed and fitted using ModFit software.
Cell Apoptosis Analysis
MOLM-13, THP-1, MV4-11 and SEM cells were treated with I1 (0–2 μM) or indicated concentration of SAHA for 72 h. Cells were collected and resuspended in 1× binding buffer then incubated with FITC/Annexin V and PI double labeling in the dark at room temperature for 30 min. Finally, the apoptotic rate was detected by a Beckman-Coulter DXFLEX flow cytometer.
Analysis of Cell Morphology
MOLM-13, THP-1, MV4-11 and SEM cells were cultured with indicated concentration of I1 for 72 h, and then the cells were collected. Slides were made by cytospin and then air-dried. The cells were stained with Wright-Giemsa, and their morphological characteristics were observed with an optical microscope.
Cell Surface Antigens Measurement
The MOLM-13, THP-1, MV4-11 and SEM cells were treated with indicated concentration of I1 for 72 h, and the cells were collected and incubated with different antibodies and placed in the dark at room temperature for 30 min, then the expression of differentiation markers was determined by a Beckman-Coulter DXFLEX flow cytometer. Finally, the mean fluorescence intensity (MFI) of antigens of each experiment groups were compared with that of control using the SPSS software.
mRNA-Sequencing Analysis
mRNA-Sequencing (mRNA-seq) was performed for THP-1 and MOLM-13 cell lines. After 48 h of incubation with indicated concentration of I1, the cells were collected for RNA extraction. Sequencing libraries were prepared and then sequenced. The mRNAs expression levels were determined using FPKM (fragments per kilobase of exon per million fragments mapped). Differential expression analysis was performed using DESeq R packages. The threshold for differential expressions of genes (DEGs) is set as a corrected p value of 0.05 and absolute value of log2 FC (fold change) ≥ 0.58. The method of geometric test was used to enrich the DEGs from the Gene Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases for both cell lines. The clusterProfiler package of R software was used to the enrichment analysis of DEGs. The pathways with a FDR value of <0.05 were considered significantly enriched.
Verification of Expression of Differential Genes by Real-Time PCR
Trizol reagent was used to extract total RNA from MOLM-13 and THP-1 cells treated with indicated concentration of I1 for 24, 48, or 72 h. Reverse transcription of the first cDNA strand was performed using the Primerscript RT kit. The following primers are used to amplify cDNA: forward GAPDH 5′-TGG​GTG​TGA​ACC​ATG​AGA​AGT-3′, reverse GAPDH 5′-TGA​GTC​CTT​CCA​CGA​TAC​CAA-3′; forward CD59 5′-CAG​TGC​TAC​AAC​TGT​CCT​AAC​C-3′, reverse CD59 5′-TGA​GAC​ACG​CAT​CAA​AAT​CAG​AT-3′; forward CD13 5′-GAA​GGA​CAG​CCA​GTA​TGA​GAT​G-3′, reverse CD13 5′-GGA​TAA​GCG​TGA​TGT​TGA​ACT​C-3′; forward HLA-DRA 5′-AGT​CCC​TGT​GCT​AGG​ATT​TTT​CA-3′, reverse HLA-DRA 5′-ACA​TAA​ACT​CGC​CTG​ATT​GGT​C-3′; forward CIITA 5′-CCT​GGA​GCT​TCT​TAA​CAG​CGA-3′, reverse CIITA 5′-TGT​GTC​GGG​TTC​TGA​GTA​GAG-3′.
Western Blotting Analysis
After treatment of MOLM-13 and THP-1 cells with indicated concentration of I1 for 72 h, the cells were collected and lysed with RIPA buffer containing protease inhibitors. The protein lysate was separated by sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and then transferred to PVDF membrane. After blocking the PVDF membrane with 10% skimmed milk, the membrane was incubated with specific primary antibodies at 4°C overnight, and incubated with goat anti-rabbit or goat anti-mouse immunoglobulin G (lgG) antibody for 1 h at room temperature. Finally, the enhanced chemiluminescence (ECL) reagent detection system was used to visualize the protein expression.
Statistical Analysis
All experiments were repeated for three times. All data were expressed as mean ± standard deviation (SD). One-way ANOVA was used for the comparison of experiment groups with the control using the SPSS software. p < 0.05 was considered statistically significant.
RESULTS
I1 Possesses Significant Anti-proliferation Activity Against AML and ALL Cells With MLL Gene Rearrangements
The effect of I1 on cell proliferation compared with SAHA was determined by CCK-8 assay. As shown in Figure 1B, I1 significantly reduced the proliferation of MOLM-13, THP-1, MV4-11 and SEM cells with the IC50 value of 1.04, 0.75, 0.58, and 0.87 μM, respectively, that was comparable with that of SAHA 0.26, 0.63, 0.44, and 0.28 μM, respectively. These results indicate that I1 can effectively inhibit the proliferation of AML and ALL cells with MLL gene rearrangements. Moreover, I1 has a similar potency of anti-proliferation as SAHA on these cells.
I1 Markedly Inhibits Colony Formation of AML and ALL Cells With MLL Gene Rearrangements
The effect of I1 on the colony forming ability of MOLM-13, THP-1, MV4-11 and SEM cells was explored. As shown in Figures 2A,B, I1 at 0.25–2 µM remarkably inhibited colony formation capacity of MOLM-13, THP-1, MV4-11 and SEM cells in a concentration-dependent manner. In addition, it was found that these cells rarely formed colonies when they were treated with I1 at a concentration of 2 μM. This result indicates that I1 could significantly inhibit the colony-formation capacity of AML and ALL cells with MLL gene rearrangements at a low concentration.
[image: Figure 2]FIGURE 2 | I1 suppressed the colony formation of MOLM-13, THP-1, MV4-11 and SEM cells. (A) Cells were treated with I1 at the concentrations of 0.25–2 μM for 15 days then the cell morphology was observed under light microscopy. (B) Graph bars exhibited the statistical analysis of the number of colonies (*p < 0.05, **p < 0.01). The colony formation assay was performed three times.
I1 Induces Cell Cycle Arrest at G0/G1 in AML and ALL Cells With MLL Gene Rearrangements
The effect of I1 on the cell cycle progression of MOLM-13, THP-1, MV4-11 and SEM cells was evaluated. As shown in Figures 3A,B, the percentage of cells in G0/G1 phase increased in these cells with increasing treatment time. This result suggests that I1 inhibits cell proliferation through inducing a G0/G1 cell cycle exit in MLLr -AL cells.
[image: Figure 3]FIGURE 3 | I1 induces cell-cycle exit of MOLM-13, THP-1, MV4-11 and SEM cells. (A) MOLM-13, THP-1, MV4-11 and SEM cells were treated with I1 at the concentrations of 1, 0.7, 0.5 or 0.7 μM, respectively for 24, 48 or 72 h, then stained with PI, and detected using flow cytometry. (B) Graph bars show the percentage of cells at G0/G1 phase. (*p < 0.05, **p < 0.01). The cell cycle analysis was performed three times.
I1 Induces Minimal Signs of Apoptosis in AML and ALL Cells With MLL Gene Rearrangements
In order to determine whether the anti-proliferative effect of I1 on MOLM-13, THP-1, MV4-11 and SEM cells is related to the induction of apoptosis, these cells were treated with indicated concentrations of I1 or SAHA for 72 h. As shown in Figures 4A,B, no significant apoptosis was observed when MOLM-13, THP-1, MV4-11, and SEM cells were incubated with I1 at a concentration of no higher than 2, 1.4, 1 or 1.4 μM, respectively. In contrast, SAHA induced obvious apoptosis in all cell lines at a specific concentration, which may suggest that the mechanism for the anti-proliferation activity of I1 and SAHA is different, particularly in THP-1 and MV4-11 cells. This is consistent with the finding that SAHA induced apoptosis of acute myeloid leukemia cell line HL-60 coupled with at G0/G cell cycle arrest (Wang et al., 2007). This data indicates that the cell cycle arrest was not associated with cell apoptosis in MOLM-13, THP-1, MV4-11 and SEM cells treated with I1 at 1, 0.7, 0.5, 0.7 μM, respectively. These concentrations of I1 is used in the following experiment to explore its effect on cell differentiation. Since SAHA inhibited the proliferation of AML cell line by inducing apoptosis but not cell differentiation, we did not use it as positive control in the following experiments including morphology, the expression of differentiation markers and mRNA-seq.
[image: Figure 4]FIGURE 4 | I1 does not induce apoptosis in MOLM-13, THP-1, MV4-11 and SEM cells. (A) Cells were treated with I1 or SAHA for 72 h and cell apoptotic rate was determined quantitatively using a flow cytometric apoptosis assay. (B) Graph bars show the statistical analysis of apoptosis ratio. MOLM-13 cell was treated with 0.5, 1, 2 μM I1 or 1 μM SAHA. MV4-11 cell was treated with 0.25, 0.5, 1 μM I1 or 0.5 μM SAHA. THP-1 and SEM cells were treated with 0.35, 0.7, 1.4 μM I1 or 1.4 μM SAHA for 72 h (**p < 0.01). The analysis of cell apoptotic rate was performed three times.
I1 Promotes Cell Differentiation in AML and ALL Cells With MLL Gene Rearrangements
Since I1 did not induce apoptosis of MOLM-13, THP-1, MV4-11 and SEM cells at indicated concentrations, the morphological change and cell surface antigen were analyzed to evaluate the differentiation of these cells treated with I1. The cell phenotype was analyzed by evaluating a set of six differentiation biomarkers (CD11b (a monocyte/granulocyte marker), CD13 (a macrophage/monocyte marker), CD14 (a monocyte/macrophage monocyte/macrophage), CD15 (a monocyte/macrophage marker), CD59 (an erythrocyte marker), HLA-DP and HLA-DR (major histocompatibility complex (MHC) class II genes, immune regulation antigens)). It was found that all the cells showed increased cell size and decreased nuclear/cytoplasmic ratio, indicating that I1 induced cell differentiation with morphological changes (Figure 5A). Moreover, I1 increased the expression of CD59 while decreased the expression of CD13 in MOLM-13 cells. Similarly, I1 increased the expression of CD11b, CD13, CD15, and HLA-DR in THP-1 cells. In addition, the expression of CD11b and CD13 was up-regulated in the MV4-11 cells incubated with I1. Similarly, the expression of CD14 and HLA-DP increased in the SEM cells incubated with I1 (Figures 5B,C). These results indicate that I1 induces differentiation of AML and ALL cells with MLL gene rearrangements.
[image: Figure 5]FIGURE 5 | I1 induces differentiation of MOLM-13, THP-1, MV4-11 and SEM cells. (A) The morphology of Wright-Giemsa stained cells examined by oil immersion lens (×1,000). (B) The expression of different antigens of cells measured by flow cytometry. (C) Graph bars show the mean fluorescence intensity (MFI) of antigens. MOLM-13, THP-1, MV4-11 and SEM cells were incubated with 1, 0.7, 0.5 or 0.7 μM I1, repectively for 72 h (*p < 0.05, **p < 0.01). The figures are representative of three independent experiments.
I1 Induces Cell Differentiation Through Activating Hematopoietic Cell Lineage Signaling Pathway in MOLM-13 and THP-1 Cells
We performed global gene expression analyses using mRNA-seq to explore the molecular mechanism of I1-mediated cell differentiation in MOLM-13 and THP-1 cells. It was found that 352 genes were up-regulated and 329 genes were down-regulated in MOLM-13 cells. Similarly, the expression of 175 genes increased and the expression of 212 genes decreased in THP-1 cells, indicating that I1 has different effects on the expression of genes. The volcano maps of these genes in MOLM-13 and THP-1 are shown in Figure 6A. This result suggested that the effect of I1 on the mRNA expression of all genes is not universal in these cells. As shown in Figure 6B, CD59, HLA-DQB1, HLA-DMA, CR1 and IL7R were significantly up-regulated, while ANPEP (CD13), CD9, FCER2 (CD23) and TNF were markedly down-regulated in MOLM-13 cells incubated with I1. Similarly, HLA-DRA, HLA-DQB1, HLA-DRB5, and CIITA were significantly up-regulated whereas CD36, KITLG and TNF were markedly down-regulated in THP-1 cells treated with I1. Furthermore, the KEGG analysis showed that these differentially expressed genes (CD59, HLA-DQB1, HLA-DMA, CR1, IL7R, CD13, CD9, CD23 and TNF) were enriched in hematopoietic cell lineage signaling pathway in MOLM-13 cells, and HLA-DRA, HLA-DQB1, HLA-DRB5, CD36, KITLG and TNF genes were also enriched in hematopoietic cell lineage signaling pathway in THP-1 cells (Figure 6C).
[image: Figure 6]FIGURE 6 | I1 promotes cell differentiation via activating hematopoietic cell lineage pathway in MOLM-13 and THP-1 Cells. (A) Volcano plots of MOLM-13 and THP-1 cells. (B) The heatmap of differentially expressed genes (DEGs). The bars from blue to red denotes the expression levels of DEGs from low to high. (100 genes with p < 0.05 and |log 2 FC| > 0.58 based on their p value in both cell lines). (C) KEGG pathway analyses on all DEGs. MOLM-13 and THP-1 cells were incubated with 1, or 0.7 μM I1, respectively for 48 h. The figures are representative of three independent experiments.
In addition, some representative differentially expressed genes screened by mRNA-seq were confirmed by RT-PCR and Western blotting in MOLM-13 and THP-1 cells. As shown in Figures 7A–C, I1 treatment significantly changed the expression of CD59 and CD13 mRNA and protein in MOLM-13 cells. In THP-1 cells, the transcription and protein levels of HLA-DRA and CIITA were significantly up-regulated. These results are consistent with the expression identified by mRNA-seq.
[image: Figure 7]FIGURE 7 | The RT-PCR and Western blotting analysis of cell differentiation related genes in MOLM-13 and THP-1 cell lines. (A) The effects of I1 on the mRNA expression of CD59, CD13, HLA-DRA and CIITA evaluated by RT-PCR. MOLM-13 and THP-1 cells were incubated with 1, or 0.7 μM I1 repectively, for 24, 48, or 72 h (B) H3, Ac-H3, H4, Ac-H4, CD59, CD13, HLA-DRA and CIITA protein levels measured by Western blotting analysis. (C) Graph bars show the protein expression visualized and quantified by AI600 imager. MOLM-13 were incubated with 0.25, 0.5, 1 μM I1, or 0.5 μM SAHA for 72 h. THP-1 cells were incubated with 0.175, 0.35, 0.7 μM I1, or 0.7 μM SAHA for 72 h(*p < 0.05, **p < 0.01).
Since I1 is a HDAC inhibitor, we explored the effect of I1 on the activity of HDAC inhibition by determining the level of acetylated histone protein H3 and H4 via Western blotting analysis. As shown in Figures 7B,C, the acetylated histone H3 and H4 increased in a concentration-dependent manner in MOLM-13 and THP-1 cells treated with I1. Moreover, at the concentration of 1 and 0.7 μM, at which I1 did not induce cell apoptosis but promoted cell differentiation of MOLM-13 and THP-1 cells, respectively, the level of acetylated H3 and H4 is higher in THP-1 cells than that in MOLM-13 cells. In contrast, the same concentration of SAHA did not increase in the acetylated histone H4 in MOLM-13 cells and did not alter the level of acetylated histone protein H3 and H4 in THP-1 cells. This data suggested that the activity of HDAC inhibition of I1 is stronger than that of SAHA in MOLM-13 and THP-1 cells at comparative treatment concentration.
DISCUSSION
It is well documented that about 10%–20% of patients with acute leukemia carry chromosomal rearrangements involving the MLL gene (Pui et al., 2002; Xu et al., 2020). MLLr-AML mainly occurs in young-to-middle-aged adults whereas MLLr-ALL manifests predominantly in infants younger than 1- year-old. Despite great improvements in the treatment of AML and ALL, literature data suggest that most patients with MLLr-AL have poor clinical outcome (Balgobind et al., 2009; Szczepański et al., 2010). Therefore, there is a pressing need for the development of alternative or complementary therapies against MLLr-AML and MLLr-ALL. Many efforts have been made to develop inhibitors for MLL-MEN1 and MLL-LEDGF interactions, the SET domain of MLL and AF4-MLL, DOT1L and BET proteins (BRD4) (Marschalek, 2015). However, further clinical evaluation is required for these new drugs. Moreover, the impact of these new drugs on both MLL and DOT1L must be very carefully assessed in order to avoid side-effects.
Epigenetic modification regulates gene expression in the absence of alterations in DNA sequences but through nucleosome structural modification (Vidal et al., 2014). Histone modification, a key mechanism of epigenetic regulation, control gene expression by changing the configuration of chromatin and modifying the access of transcription factors to gene promoters (Li et al., 2021). The histone modifications include methylation, acetylation, phosphorylation, ubiquitination, ADP-ribosylation, and sumoylation. Among these, histone acetylation and methylation are most commonly assessed (Manal et al., 2016). Histone deacetylases (HDACs) are chromatin-remodeling enzymes whose enzymatic activity controls the acetylation of histone or non-histone proteins through its influence on chromatin conformation (Johnstone, 2002). Furthermore, histone acetylation affects the transcription and gene replication to activate gene expression. Thus, HDACs play a key epigenetic function as they remove acetyl group from histone or non-histone proteins to regulate gene expression. Therefore, HDACi have been shown to own the activity to induce differentiation or apoptosis and to inhibit cell proliferation in solid or hematopoietic cancers via the acetylation of histone or non-histone proteins both in vitro and in vivo (Göttlicher et al., 2001; Nebbioso et al., 2005). HDACis are generally divided into five groups based on the chemical structure, including hydroxamic acids, cyclic peptides, aminobenzamides, carboxylic acids, and hybrid molecules.
Compared with SAHA (Suberoylanilide hydroxamic acid), I1 is an indole-3-butyric acid bearing HDAC inhibitor with phenyl group in the linker. Similarly, hydroxamic acid group was utilized as the zinc binding group of I1 (Figure 1A). Our previous study demonstrated that I1 exhibited considerable HDAC inhibitory activity compared with SAHA in a study which investigated the enzyme inhibitory potency using HeLa nuclear extract containing a mixture of HDAC isoforms (Chen et al., 2021). This study at the first study showed that I1 had the differentiation-inducing activity in MLLr-AML and MLLr-AL cells. We showed that I1 significantly inhibited the cell proliferation and colony forming ability of MOLM-13, THP-1, MV4-11 and SEM cells by inducing cell differentiation, which is confirmed by the morphological changes and alteration on the expression of the cell surface antigens CD11b, CD13, CD14, CD15, CD59, HLA-DP or HLA-DR. Furthermore, cell differentiation was accompanied by G0/G1 cell cycle exit. Mechanistically, it was revealed that the hematopoietic cell lineage signaling pathway was engaged in the MOLM-13 and THP-1 cells treated with I1. Moreover, it is revealed that I1 showed marked HDAC inhibitory activity through the acetylation of histone H3 and H4 in MOLM-13 and THP-1 cells. In addition, the effect of I1 on the HDAC inhibition activity in THP-1 cells is higher than that in MOLM-13 cells, which is consistent with the IC50 values of I1 towards MOLM-13 and THP-1 cells. Taken together, we found that I1 induces cell differentiation and inhibits cell proliferation in MLLr-AML and MLLr-ALL cells.
Genes including CD59, CD13, HLA-DQB1, HLA-DMA, CR1, IL7R, CD9, CD23 and TNF were significantly enriched in hematopoietic cell lineage signaling pathway in MOLM-13 cells. HLA-DRA, HLA-DQB1, HLA-DRB5, CD36, KITLG and TNF were enriched in the signaling pathway in THP-1 cells. It is known that hematopoietic cell lineage signaling pathway, a differentiation-related pathway, denotes the development and differentiation of the hematopoietic cells into various cell types of hematopoietic lineages such as erythrocytes, neutrophils, basophils, eosinophils, macrophages, and myeloid derived dendritic cells (Tenen, 2003; Zhang et al., 2017). Our present study showed that I1 treatment induced cell differentiation with morphological changes, increasing the expression of CD59 and HLA-DR and decreasing the expression of CD13 in MOLM-13 cells. Similarly, I1 up-regulated the expressions of HLA-DR, CD11b, CD13, CD15 in THP-1 cells. I1 treatment also significantly increased the mRNA and protein level of CIITA (a HLA trans-activator) and HLA-DRA in THP-1 cells. This data was in consistent with the finding that up-regulation of CIITA expression enhances the expression of HLA class II antigens (Lazzaro et al., 2001). Therefore, I1-mediated differentiation of MOLM-13 and THP-1 cells might be associated with the hematopoietic cell lineage pathway.
As mentioned above, I1 exhibited significant HDAC inhibitory activity assessed by the acetylation of histone H3 and H4 in MOLM-13 and THP-1 cells. Moreover, growing evidence suggests that HDACi such as valproic acid (VPA) and trichostatin A (TSA), and chromatin-remodeling agents, induced myeloid precursors committed to cell differentiation (Milhem et al., 2004; Bug et al., 2005; De Felice et al., 2005). It reveals that cell fate involved in lineage commitment might be dictated by targeting enzymes with chromatin-remodeling activity such as HDACs (Zardo et al., 2008). Therefore, I1 treatment induces cell differentiation likely originate from the HDAC inhibition activity, as assessed by the acetylation of histone H3 and H4, which may trigger the hematopoietic cell lineage pathway.
In conclusion, our findings show that the HDAC inhibitor I1, as a chromatin-remodeling agent, has a marked anti-proliferative effect on MLLr-AML and MLLr-ALL cells by inducing cell differentiation. Importantly, I1 presented the properties of HDAC inhibition and activated the hematopoietic cell lineage signaling pathway. Moreover, the HDAC inhibition effect of I1 is higher than that of SAHA. I1 could overcome the cell differentiation block of MLLr-AL cells, indicating that I1 could be a potential epigenetic drug worth of further investigation including in vivo studies and anti-proliferation activity on primary myeloid leukemia cells and development to surmount differentiation block and be effective in MLLr-AL. Moreover, the induction of cell differentiation would be promising for the treatment of AL.
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CNST is Characteristic of Leukemia Stem Cells and is Associated With Poor Prognosis in AML
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Consortin (CNST) is a protein located on the trans-Golgi network that can target transmembrane proteins to the plasma membrane. Although CNST was discovered more than 10 years ago, there are still not enough studies on its function. During our search for possible new acute myeloid leukemia (AML) markers, we found that CNST was overexpressed in almost all patients with AML. By analyzing profiling data from public databases, we found that CNST expression inversely correlated with overall survival among AML patients. There was a great variation in CNST expression among different subtypes of AML, and the expression was the highest in the t(8,21) subtype, which was probably due to the direct regulation of CNST transcription by RUNX1-RUNX1T1. In addition, we analyzed the expression of CNST in different cells of the hematopoietic system. We found that CNST was associated with the low differentiation degrees of hematopoietic cells and had the highest expression level in leukemia stem cells (LSCs). Finally, we analyzed the CNST-related gene network and found that the genes negatively correlated with CNST are involved in various immune-related pathways, which indicates that CNST is likely related to immune evasion, LSC niche retention, and assembly of stress granules. In conclusion, our study suggests that CNST has the potential to be a diagnostic and prognostic biomarker for AML.
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INTRODUCTION
Acute myeloid leukemia (AML) is a malignant disease that occurs in the hematopoietic system. It is characterized by abnormal proliferation and differentiation of hematopoietic stem cells (HSCs) (Khwaja et al., 2016). The proliferation of immature myeloid cells leads to the accumulation of immature progenitor cells, which impairs normal hematopoiesis and causes severe infection, anemia, and hemorrhage (Newell and Cook, 2021). Standard intensive chemotherapy with combination of anthracyclines and cytarabine for AML has been used for more than 40 years (Dombret and Gardin, 2016). Recent progresses in molecular biology, have gradually offered a deeper understanding of the pathophysiology of AML. Consequently, many different treatment options have been derived, which enables us to provide more individualized treatment plans for different patients (Carter et al., 2020). However, AML is still considered a disease that is complicated and difficult to treat, suggesting that more effective and targeted treatments are still needed.
Consortin (CNST) is a receptor located on the trans-Golgi network (TGN) and cytoplasmic transport vesicles (del Castillo et al., 2010), which is a binding partner of connexins for the plasma membrane targeting and recycling of connexins. CNST directly interacts with the TGN clathrin linkers GGA1 and GGA2, and knockdown of CNST results in a decrease in the number of connexin plaques at the plasma membrane (del Castillo et al., 2010).
CNST is thought to be involved in pathways related to inherited non-syndromic hearing impairment (DFNB1) (del Castillo et al., 2010); in mice, CNST may affect bone volume and microarchitecture (Mohan et al., 2013); the expression level of CNST increased during the depolarization of rat myocardial fibroblasts after the addition of TGF-β1 (Salvarani et al., 2017). Currently, there is limited research on CNST and the diseases it may affect.
In this study, we investigated the expression of CNST in the blood system and AML, and its impact on the prognosis of AML by analyzing data from public databases. Moreover, the possible function of CNST in AML was analyzed.
MATERIALS AND METHODS
Public Database
CNST expression data for 33 tumors were obtained from Gene Expression Profiling Interactive Analysis (GEPIA) (Tang et al., 2017). Gene expression data were obtained from the Beat AML (Tyner et al., 2018) http://www.vizome.org/additional_figures_BeatAML.html, and the Gene Expression Omnibus (GEO) repository [https://www.ncbi.nlm.nih.gov/gds.GSE13159 (Haferlach et al., 2010), GSE114868 (Huang et al., 2019), GSE15061 (Mills et al., 2009), GSE63270 (Jung et al., 2015), GSE75384 (Corces et al., 2016), GSE42519 (Rapin et al., 2014), GSE24006 (Gentles et al., 2010), GSE116256 (van Galen et al., 2019), GSE10358 (Tomasson et al., 2008), GSE14468 (Wouters et al., 2009), GSE30285 (Li et al., 2012), GSE11504 (Jensen et al., 2010), GSE69408 (Nilsson et al., 2016),GSE61804 (Metzelder et al., 2015), GSE75461 (Tregnago et al., 2016), GSE65427 (Li Y. et al., 2016), GSE14924 (Le Dieu et al., 2009),GSE127200 (Paczulla et al., 2019), GSE83533 (Li S. et al., 2016), GSE66525 (Hackl et al., 2015), GSE117090 (Radpour et al., 2019), GSE153264 (Stengel et al., 2021), GSE146173 (Bamopoulos et al., 2020)]. The Cancer Genome Atlas (TCGA) project on AML (Cancer Genome Atlas Research et al., 2013) transcriptomic cohorts were obtained from [https://portal.gdc.cancer.gov] (https://portal.gdc.cancer.gov/).
Transcriptomic Data Analysis
We used directly the already normalized transcriptome data. For unprocessed count data, we used the CPM method in edgeR to replace the count value with the CPM value. Differentially expressed genes between different groups were found using the limma (version 3.48.3) (Ritchie et al., 2015) package, and pathway enrichment analysis was performed through enrichGO in the clusterProfiler (Yu et al., 2012). Gene Set Enrichment Analysis (GSEA) (Mootha et al., 2003; Subramanian et al., 2005) was performed with GSEA software (Broad Institute).
Analysis of Single-Cell RNA-Seq
For the downstream analysis of single-cell RNA-seq, we selected cells with at least 1000 UMIS (gene count, indicating the number of captured transcripts) mapped to at least 200 unique genes. We also excluded cells with more than 20% of gene counts reflecting mitochondrial genes or ribosomal RNA. We normalized gene counts to a total of 10,000 for each cell. The type definitions for different cells used in the cell annotations were provided in the data.
Single-cell transcriptome sequencing data were visualized using a combination of principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE), The top 50 principal components were selected for downstream analysis. Specifically, PCA was performed using prcomp, which was followed by t-SNE visualization using the Rtsne package. The maximum number of iterations was 2000, and the random seed was the seed (1,000).
High variable genes for clustering: HSC/hematopoietic progenitor cells (HPC): SPINK2, ZFAS1, NRIP1, GAS5, JUN, MEIS1, HLF, EGR1, CRHBP, NPR3; LSC: NPTX2, H1F0, EMP1, MEIS1, CALCRL, TPSD1, TPT1, CRHBP, CLNK, TSC22D1; leukemic progenitor cell (LPC): CDK6, HSP90AB1, SPINK2, EEF1B2, PCNP, TAPT1-AS1, HINT1, LRRC75A-AS1, DSE, PEBP1.
Data Visualizations
Gene expression data plots in different tumors were built with the Gene Expression Profiling Interactive Analysis (GEPIA) web tool. The chromatin immunoprecipitation followed by sequencing (ChIP-seq) data were visualized using the WashU Epigenome Browser (Li et al., 2019), and the rest of the data were visualized using ggplot2 (version 3.3.5) (Ginestet, 2011) in the R statistical language.
Cell Culture
KG-1a, THP-1, HL-60, HEL, and KO-52 cells were cultured in RPMI-1640 (M&C Gene Technology) containing 10% FBS (LONSA SCIENCE SRL), maintained at 37°C with 5% CO2. Kasumi-1 cells were cultured in RPMI-1640 containing 20% FBS.
Cell Preparation
CD34+ cells were enriched using the CD34 Positive Isolation Kit (Thermo). CD34-enriched AML cells were then incubated with CD34-FITC (FITC-65111; Proteintech) and CD38-PE (PE-65183; Proteintech) monoclonal antibodies and sorted on a flow cytometer (BD FACSAria Fusion).
RNA extraction, reverse transcription, and quantitative real time polymerase chain reaction (qRT-PCR).
Total RNA was extracted with RNAiso Plus (Takara). Reverse transcription was performed using the M5 Sprint qPCR RT kit (Mei5 Biotechnology). Afterward, RT-PCR was performed using THUNDERBIRD SYBR qPCR Mix (TOYOBO) on a LineGene 4840 Real-time PCR system (Bioer). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous control. GAPDH gene Forward primer: TGG​CAC​CGT​CAA​GGC​TGA​GAA; Reverse primer: TGG​TGA​AGA​CGC​CAG​TGG​ACT​C. CNST gene Forward primer: GCC​ACT​TCG​GGA​TGC​TTC​TGA​G; Reverse primer: GCC​ACT​TCG​GGA​TGC​TTC​TGA​G.
Western Blot
Cells were lysed in sodium dodecyl sulfate (SDS) lysis buffer (1% SDS, 5% glycerol, 1 mM EDTA, 25 mM Tris, and 150 mM NaCl) supplemented with protease inhibitors and sonicated to shear DNA. Protein samples were separated by SDS-PAGE, transferred to the PVDF membrane (Millipore). Antibodies: CNST (26322-1-AP; Proteintech), GAPDH (60004-1-Ig; Proteintech).
Statistical Analysis
All statistical analyses were performed using R4.1.1 and third-party R packages based on R. The Shapiro–Wilk test was used to determine whether the variables were normally distributed. Student’s t-test or Mann–Whitney U test was used to examine whether there was a difference between the two groups of data, and analysis of variance (ANOVA) or Kruskal–Wallis test was used to evaluate the relationship between a categorical variable and a continuous variable, as appropriate. For ANOVA test, multiple comparisons were performed using Tukey test. For Kruskal–Wallis test, multiple comparisons were performed using Kruskal–Wallis H test. The correlation between genes was estimated using the Pearson correlation coefficient. The prognostic effect of CNST expression was analyzed through Kaplan–Meier analysis using the log-rank test. The p value < 0.05 (two-tailed) was defined as statistically significant in all statistical analyses.
RESULTS
CNST is Overexpressed in AML and Correlates With Poor Prognosis
We analyzed CNST expression in 33 types of tumors by using the GEPIA tool. We found that CNST expression was abnormally higher in AML compared with paired normal tissues (Figure 1A). We then compared CNST expression data from AML patients and healthy human bone marrow cells in four large-scale datasets and found that CNST showed significantly higher expression in AML patients (Mann–Whitney test, Beat AML, p < 0.001; GSE13159, p < 0.001; GSE114868, p < 0.001; GSE15061, p < 0.001; Figures 1B–E). To investigate whether the higher expression of CNST in AML affects the prognosis of AML patients, we used the TCGA database to analyze the relationship between CNST expression and the survival time of AML patients. The expression of CNST was found to have an adverse effect on the survival time of AML patients (p = 0.029; Figure 1F). Furthermore, the GSE83533 and GSE66525 datasets showed that CNST expression was significantly higher in relapsed AML patients (Mann–Whitney test, GSE83533, p = 0.002; GSE66525, p = 0.033) (Figures 1G,H).
[image: Figure 1]FIGURE 1 | CNST expression is elevated in acute myeloid leukemia (AML) and correlates with poor prognosis. (A) The expression of CNST in 33 types of tumors compared with normal subjects in Gene Expression Profiling Interactive Analysis (GEPIA) database. Comparison of CNST expression in AML and normal bone marrow in Beat AML (B), GSE13159 (C), GSE114868 (D), and GSE15061 (E). (F) Kaplan–Meier analysis of overall survival (OS) in AML using TCGA database [CNSThigh (n = 67) vs. CNSTlow (n = 67)] (cut-off point: median CNST expression level). Comparison of CNST expression levels at relapse and initial diagnosis in GSE83533 (G) and GSE66525 (H). *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: ACC, Adrenocortical carcinoma; BLCA, Bladder Urothelial Carcinoma; BRCA, Breast invasive carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangio carcinoma; COAD, Colon adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and Neck squamous cell carcinoma; KICH, Kidney Chromophobe; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LAML, Acute Myeloid Leukemia; LGG, Brain Lower Grade Glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell carcinoma; MESO, Mesothelioma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; PRAD, Prostate adenocarcinoma; READ, Rectum adenocarcinoma; SARC, Sarcoma; SKCM, Skin Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT, Testicular Germ Cell Tumors; THCA, Thyroid carcinoma; THYM, Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma; UCS, Uterine Carcinosarcoma; UVM, Uveal Melanoma.
CNST Expression Correlates With Specific Subtypes of AML
To verify the ability of CNST as a diagnostic marker, we further examined whether CNST expression is associated with the demographic, molecular and biological characteristics of AML, including those based on age, morphology, cytogenetics, and genomic lesions. We analyzed five independent large clinical datasets and focused on bone marrow samples. In GSE10358 and GSE14468 datasets, the expression of CNST in young patients (aged < 60 years) was higher than that in the elderly group, but this trend was not found in GSE30285, TCGA, and Beat AML. To further explore whether CNST expression is related to age, we used the data of GSE11504 and GSE69408 to analyze the expression of CNST in bone marrow cells and HSCs from different ages of people. We found that there was little change in CNST expression in bone marrow cells and HSCs of different ages. CNST expression showed a significant variation according to the French–American–British classification, which subclassified AML into different categories based on the cytology as well as enzymatic profile (Hasserjian, 2021), in all of the analyzed datasets. M0, M1, M4, and M7 subtypes showed higher CNST expression. Moreover, all cohorts showed a significant variation in CNST expression between AML forms with different karyotypes. The expression levels of CNST in AML patients with the t (8; 21) karyotype were significantly higher than those in AML patients with other karyotypes (Kruskal–Wallis test, p < 0.001; Figure 2A). In addition, we also analyzed the effect of NPM1 and FLT3 mutations on CNST expression and found that NPM1 and FLT3 mutations did not show any effect on CNST expression.
[image: Figure 2]FIGURE 2 | CNST may be directly transcribed by RUNX1–RUNX1T1. (A) Expression analysis of CNST in AML with different abnormal karyotypes in TCGA. (B) t-SNE plots show CNST expression of single cells from AML patients with RUNX1–RUNX1T1 (AML707B) versus other AML patients. (C) The detection rate of CNST expression in different AML patients by single-cell sequencing, among which AML707B is a patient with RUNX1–RUNX1T1 mutation. (D) Volcano plot of differentially expressed genes (DEGs) between AML patients with RUNX1-RUNX1T1 and other AML patients; (E) Western blot analysis of CNST in Kasumi-1 compared with KO-52 cells. (F) CNST mRNA expression analysis of Kasumi-1 and KO-52 cells was performed by qRT-PCR. (G) Changes in CNST expression at different times after adding dTAG-47. (H) The WashU genome browser shows the ChIP-seq data for RUNX1 and RUNX1–RUNX1T1 in different AML cell lines near the transcription start site of CNST. *p < 0.05, **p < 0.01, ***p < 0.001.
CNST May Be a Direct Downstream Transcript of RUNX1–RUNX1T1
Patients with t (8; 21) karyotype have been shown to have mutations in the RUNX1–RUNX1T1 fusion protein (Erickson et al., 1992). Therefore, we analyzed the CNST expression levels of AML with different fusion proteins in GSE61804 and GSE75461 cohorts. The results showed that AML with the RUNX1–RUNX1T1 fusion protein had a higher expression of CNST than other cases. However, this difference was not shown for those AMLs with RUNX1 mutations in GSE146173. We also analyzed data at the single-cell level with GSE116256 and revealed that patients with RUNX1–RUNX1T1 had the highest CNST expression levels (Figures 2B,C). We identified differentially expressed genes between AML patients with RUNX1–RUNX1T1 and other AML patients in TCGA data, and found that CNST was highly expressed in AML patients with RUNX1–RUNX1T1 (Figure 2D). We compared the expression levels of CNST in the leukemia cell lines Kasumi-1 and KO-52, where the Kasumi-1 cell line expresses RUNX1–RUNX1T1 and the KO-52 does not, and the results showed that the expression of CNST was higher in Kasumi-1 (Student’s t-test, p < 0.001; Figures 2E,F). The data from GSE153281 showed that CNST expression decreased only 2 h after adding dTAG-47 to degrade RUNX1–RUNX1T1 (Kruskal–Wallis test, p < 0.001; Figure 2G). According to ChIP-seq data for RUNX1, RUNX1–RUNX1T1 binds more strongly to the transcriptional start site of CNST than does normal RUNX1 (Figure 2H), suggesting that RUNX1–RUNX1T1 is likely to directly regulate CNST expression.
CNST is Associated With a Low Degree of Differentiation of Myeloid Cells and is Highly Expressed in LSCs
CNST was also highly expressed in the M0–M2 subtypes of AML and decreased with the degree of differentiation, which may suggest that CNST expression may be related to the degree of differentiation of AML (Kruskal–Wallis test, p < 0.001; Figure 3A). For this reason, we first examined the expression of CNST in AML cell lines from different patients. The results showed that the expression of CNST was the highest in the least differentiated KG-1a cell line (ANOVA test, p < 0.001; Figures 3B,C). We then analyzed the expression of CNST in different cells of the hematopoietic system of AML patients and healthy individuals from the GSE75384 cohort (Kruskal–Wallis test, p < 0.001; Figure 3D). In the hematopoietic system, the expression of CNST decreased with the differentiation of myeloid cells. CNST expression was extremely low in monocytes and nucleated red blood cells and was higher in less differentiated HSCs and multipotent progenitors (MPPs). Exceptionally, CNST expression was also high in megakaryocytes, which was consistent with the higher expression of CNST in the M7 subtype of AML. However, in lymphocyte lineages, the expression of CNST did not significantly decrease in differentiated B cells, T cells, and NK cells. To verify this expression trend of CNST, we analyzed the GSE42519 and GSE63270 cohorts, and the conclusion was equivalent to that of the GSE75384 cohort. Specifically, CNST was most highly expressed in HSCs, while it showed lower expression in differentiated myeloid cells such as granulocytes and monocytes. In all AML cells, especially in LSCs, CNST expression levels were higher than those in normal myeloid cells (Kruskal–Wallis test, p < 0.001; Figure 3D). CNST was overexpressed in LSCs compared with HSCs. Elevated CNST levels were also detected in leukemic cells compared with hematopoietic progenitor cells (Mann–Whitney test; Figures 3E,F). Similarly, the expression of CNST in leukemic progenitor cells (LPCs) was also higher than that in HPCs. We then used the GSE116256 dataset to analyze the expression of CNST at the single-cell level, and the results showed that the expression of CNST was higher in LSCs and adjacent cells (Figure 3G). We also analyzed the correlation between the expression of CNST and that of 17 genes used to evaluate LSC (17-gene LSC score, LSC17) (Ng et al., 2016) in the TCGA dataset. CD33, a common AML marker gene, and ACTB were used together as control genes for the analysis of CNST. It was demonstrated that the expression of CNST was positively correlated with that of the 17 genes of LSC, such as CD34, but CD33 and ACTB as control genes did not show this correlation. (Figures 3H–J). We compared CNST expression in sorted CD34+CD38−, CD34+CD38+, and CD34− KG-1a cells and found that CNST expression was significantly higher in HSC-like (CD34+CD38−) KG-1a cells (ANOVA test, p < 0.001; Figures 3K, L). Taken together, these data indicate that in the hematopoietic system, CNST is a marker of immature hematopoietic cells. Compared with healthy blood cells of similar degree of differentiation, the expression of CNST is elevated in AML cells.
[image: Figure 3]FIGURE 3 | CNST expression correlates with poor differentiation of the hematopoietic system. (A) The expression of CNST in different subtypes of AML patients in TCGA. (B,C) CNST protein and mRNA expression levels in different AML cell lines were examined by western blot and qRT-PCR. (D) The expression of CNST in different cells of the normal hematopoietic system and AML in GSE75384. Comparison of CNST expression levels in AML and normal bone marrow hematopoietic stem-progenitor cells in GSE63270 (E) and GSE24006 (F). (G) t-SNE plots show single cells from AML556 relative expression levels of CNST in GSE116256. (H) Heatmap of the correlation between CNST expression and LSC17 gene expression. (I) Pearson’s correlation between CNST and AML patients’ LSC17 score; (J) Pearson’s correlation between CD33 and AML patients’ LSC17 score; (K,L) CNST protein and mRNA expression levels in sorted KG-1a cells were examined by western blot and qRT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: HSC, hematopoietic stem cell; MPP, multipotent progenitor cell; LMPP, lymphoid-primed multipotent progenitor cell; CMP, common myeloid progenitor cell; GMP, granulocyte macrophage progenitor cell; MEP, megakaryocyte erythroid progenitor cell; CLP, common lymphoid progenitor cell; Ery, erythroblast cell; Mono, monocyte cell; NKcell, natural killer cell; pHSC, primary human leukemia cell; LSC, leukemia stem cell.
CNST-Related Gene Networks in AML
To investigate the biological function of CNST in AML, we separately analyzed RNA-sequencing data from AML patients’ bone marrow and the sorted LSCs. We first analyzed five different AML datasets (TCGA, Beat AML, GSE6891, GSE13159, GSE114868). Differentially expressed genes (DEGs) between CNSThigh and CNSTlow groups were found in these datasets. Gene Ontology (GO) enrichment analyses were performed on these DEGs, and pathways enriched in at least three datasets were selected. These included 325 pathways that positively correlated with CNST expression and 619 pathways that negatively correlated with CNST expression (Figures 4A,B). The DEGs that are positively related to CNST are involved in the establishment of protein localization to membrane, protein transport along the microtubule, and protein import. This is in agreement with the previously reported CNST function, and stem cell population maintenance is consistent with our conclusions in the previous section of the article. Interestingly, as shown in our study, CNST is also involved in pathways such as stress granule (SG) assembly, P-body, and macroautophagy. DEGs negatively related to CNST are involved in myeloid cell differentiation, aging, and a large number of immune-related pathways, including neutrophil activation, antigen processing and presentation, response to interferon-gamma, T cell activation, toll-like receptor signaling pathway, and the production of various interleukins. To confirm the role of CNST in immunity, we analyzed the GSE127200 dataset, which groups AML cells based on the presence or absence of NKG2D ligands (NKG2DLs) on the surface. NKG2DL-negative AML cells often exhibit the ability to escape immune response. Our results showed that CNST expression was significantly elevated in the NKG2DL-negative group (Mann–Whitney test, p < 0.001, Figure 4D). The TCGA data also showed that PD-L1 expression was higher in CNSThigh AML (Mann–Whitney test, p = 0.002, Figure 4E). Since CNST is mainly expressed in LSCs, we used GSE117090 to perform GO analysis on LSCs with different CNST expression levels. Our results revealed that a variety of adhesion-related pathways were enriched in LSCs with high CNST expression. These pathways included regulation of cell–substrate adhesion, regulation of cell–matrix adhesion, integrin-mediated signaling pathway, and focal adhesion assembly (Figure 4F). The adhesion of LSCs to the microenvironment is thought to be involved in LSC niche retention, which is considered an important mechanism of AML drug resistance. We found that multiple integrins, such as ITGA6, ITGA9, and ITGB1, were highly expressed in LSCs of the CNSThigh group (Mann–Whitney test, ITGA6, p < 0.001; ITGA9, p < 0.001; ITGB1, p < 0.001; Figure 4G).
[image: Figure 4]FIGURE 4 | Molecular signatures associated with CNST in AML. (A) Heatmap of DEGs between CNSThigh and CNSTlow AML patients. (cut-off point: quartile CNST expression level). (B) The left panel shows the enriched pathways of highly expressed genes in the CNSThigh group in different datasets; Venn plots show pathways enriched in different datasets, where the left plot is enriched for genes positively correlated with CNST, and the right plot is the opposite. (C) GO analysis of gene sets positively and negatively correlated with CNST expression. (D) AML cells were grouped according to whether they expressed NKG2D ligands (NKG2DLs) or not, and the expression levels of CNST were compared between different groups. (E) Expression of PD-L1 in AML in the CNSThigh and CNSTlow groups. (F) GSEA of LSCs showed that the CNST-high expression groups were enriched in integrin-regulated cell adhesion. (G) Expression of ITGA6, ITGA9, and ITGB1 in LSCs in the CNSThigh and CNSTlow groups. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
CNST is a protein located on the TGN that mediates the targeting of transmembrane proteins to the plasma membrane. At present, there is limited information about CNST, and the function of CNST is still poorly understood. Here, we investigated the expression patterns of CNST in AML and normal hematopoietic system and analyzed the possible role of CNST in AML.
CNST was significantly elevated in AML compared with normal bone marrow and was associated with a poorer prognosis. In multiple different independent patient cohorts, CNST expression of AML patients with various subtypes showed higher expression than normal population, which led us to believe that compared with other AML makers such as CD33 (Nguyen et al., 2006) and CD123 (Muñoz et al., 2001), the increase of expression level of CNST in AML is more common. AML is a heterogeneous disease, and the general increase of CNST in AML patients may represent the commonness between different AML patients to some extent, which also suggests the potential ability of CNST to become a biomarker of AML. The expression of CNST showed a significant variation among AML forms with different aberrations and was the highest in AML with the RUNX1–RUNX1T1 fusion protein. This is likely due to the direct transcription of CNST by RUNX1–RUNX1T1. We also found that the CNST expression level of inv (16)/CBFB–MYH11 AML was abnormally elevated in some datasets; however, unlike RUNX1–RUNX1T1, this finding did not show a uniform trend in all of the datasets. Abnormally elevated CNST in AML expressing CBFB–MYH11 fusion protein suggests that CNST expression is likely regulated by a transcriptional regulatory network shared by core-binding factor acute myeloid leukemia (CBF-AML) (Faber et al., 2016). However, the elevated expression of CNST in RUNX1–RUNX1T1 AML was not sufficient to explain the general elevation of CNST in all AML patients. Moreover, the high CNST expression represents a poor prognosis, which contradicts the usually favorable prognosis of CBF-AML (Kantarjian et al., 2021).
To explore the phenomenon that CNST expression is generally elevated in AML, we analyzed other subgroups of AML. We found that the expression of CNST was higher in AML patients with M0–M2 subtypes that were poorly differentiated. This suggests that CNST may be associated with the low degree of differentiation of hematopoietic cells, which was confirmed by the expression pattern of CNST in the normal hematopoietic system. Thus, a question arises as to whether CNST is associated with poor differentiation levels in other tissues. However, the results indicated that CNST did not show this trend in other tissues; so, we considered CNST to be a hematopoietic system-specific marker of poor differentiation. The elevated CNST expression in LSCs also partially explains the higher CNST expression in relapsed AML patients (Long et al., 2022). Next, we considered whether CNST is differentially expressed between distinct LSC subpopulations that differ in their self-renewal and proliferative capabilities (Sachs et al., 2020); the results showed that there was no difference in CNST expression among the different subpopulations. In addition, we also found that CNST was highly expressed in megakaryocytes and its corresponding M7 subtype AML, which indicates that CNST may have a function in megakaryocytes.
We next considered whether the elevated expression of CNST was due to the activation of its reported function, namely sorting and cell surface targeting of transmembrane proteins through interactions with GGA adaptor proteins (del Castillo et al., 2010).
However, GGA1 and GGA2, which are reported to interact directly with CNST, and Cx32, Cx43, Cx45, and other transmembrane proteins targeted to the cytoplasmic membrane by CNST did not show a similar expression trend to CNST in the hematopoietic system and AML. Some of them even showed a negative correlation with CNST, suggesting that the high expression of CNST in HSCs and AML is likely not due to more frequent Golgi-mediated vesicular trafficking but rather due to the activation of other pathways involved in CNST. This is consistent with reports in the literature that, in addition to GGA, CNST may also recruit other proteins to play its role (del Castillo et al., 2010) [1]. Our study shows that in addition to Golgi vesicle transport, the CNST-related transcriptional network also includes multiple pathways such as microtubule-dependent transport, cytoskeleton-dependent intracellular transport, intracellular localization of protein complexes, and autophagy, suggesting that CNST is likely involved in various other intracellular transport pathways.
For the possible role of CNST in AML, according to our analysis of the signaling network involved in CNST in AML, we propose the following three possibilities: first, CNST affects the drug resistance of AML by participating in stress granule assembly. SGs are membraneless ribonucleoprotein-based cellular compartments in the cytoplasm that are formed when translation initiation is impaired (Protter and Parker, 2016). SGs are involved in posttranscriptional regulation and translational control. SGs have been found in a variety of tumors and are thought to improve the tolerance of tumor cells to stress stimuli and chemotherapeutic agents (Grabocka and Bar-Sagi, 2016; Li et al., 2021). SGs may be related to the formation of the P-body because a certain proportion of RNA-binding proteins (RBPs) and mRNAs shared by SGs and PBs have been found to shuttle between the two when the SG assembly is induced (Kedersha et al., 2005; Moon et al., 2019). A large number of genes related to PBs and SGs exist in the gene pathways related to CNST, including EIF-2A, TIA-1, DCP1, FAST, and RAP55 (Buchan and Parker, 2009). Intrinsically disordered regions (IDRs) exist in the structure of CNST. IDRs play a central role in phase separation, which underlies the assembly of SGs and PBs(Hofmann et al., 2021). IDRs can confer the ability of CNST to bind to other proteins or RNAs(Mittag and Parker, 2018). Therefore, we speculate that CNST may be involved in the intermolecular interactions in SGs or PBs as “scaffolds.” Then, CNST may promote immune evasion in AML. Our analysis of the network that CNST may be involved in AML shows that in the CNSThigh AML patients, various immune-related pathway genes showed low expression, suggesting that CNST may be involved in immune evasion (Teague and Kline, 2013), which is believed to be involved in the relapse of AML and to affect the prognosis of AML (Taghiloo and Asgarian-Omran, 2021). Two mechanisms involving AML immune evasion have been identified, one of which is mainly mediated by CD14+ monocyte-like AML through the LILRB4/SHP-2/NF-κB/uPAR/ARG1 signaling pathway (Deng et al., 2018; van Galen et al., 2019), which is inconsistent with the low expression of CNST in monocytes. At the same time, we performed a correlation analysis of these proteins with CNST in AML; the results showed that CNST was not closely related to these proteins. Therefore, we believe that CNST is more likely to be involved in immune evasion mediated by another mechanism, that is, immune evasion by LSCs, and we validated the relationship between CNST and markers of immune evasion in the data analysis (Zhang et al., 2009; Paczulla et al., 2019).
Finally, CNST participates in LSC niche retention. HSC niche is a concept first proposed by Schofield (Schofield, 1978), which defines the bone marrow microenvironment structures required to maintain a stable HSC pool. Within the niche, there are key bidirectional signals that ensure normal HSC populations and maintain a quiescent long-term HSC pool (Schepers et al., 2015). LSCs can occupy HSC niche and utilize mechanisms that maintain HSCs, thereby resulting in enhanced self-renewal and proliferation, enforced quiescence, and resistance to chemotherapeutic agents (Yamashita et al., 2020). LSC niche retention requires a variety of adhesion molecules to interact with the bone marrow microenvironment (Grenier et al., 2021), and the co-expression of CNST with these adhesion molecules in LSCs leads us to speculate that CNST mediates the membrane localization of these adhesion molecules.
Taken together, our results suggest that CNST, a marker of poor differentiation of blood cells, may play multiple biological roles in AML. CNST may influence the prognosis of AML by participating in SG assembly, immune evasion, or LSC niche retention. The specific high expression of CNST in AML also indicates that targeting CNST and its related pathways is a potential therapeutic option. However, as it is a key protein in vesicle trafficking in cells, direct targeting of CNST may lead to serious side effects. Therefore, further in-depth study of the role of CNST in cells is needed to formulate more targeted treatment options.
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The incidence of lung cancer is high and about 75% of the patients with lung cancer are found in the middle and advanced stage, which has a limited treatment strategy. Non-small cell lung cancer (NSCLC) accounts for about 85% of all lung cancers. In this article, we delineate the treatment process of a middle-aged male patient with advanced-stage lung cancer to explain the significance of individualized chemotherapy combined with immunotherapy and surgery. This patient has extensive bone metastasis with PS scores of 2. After nine cycles of preoperative neoadjuvant chemotherapy, surgery, and two cycles of postoperative adjuvant chemotherapy, the patient achieved complete response (CR) and his PS score was 0. Although there is a standard chemotherapy regimen for lung adenocarcinoma, the treatment effect varies because of individual differences. Comprehensive analysis of the characteristics of patients through a variety of means to develop a precise individualized chemotherapy plan will be a major direction of lung cancer treatment in the future. Additionally, surgical treatment for advanced lung cancer patients after chemotherapy can effectively reduce the primary lesion and prolong the survival time of patients.
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Introduction

Lung cancer is a major health problem worldwide. About 2.1 million people are diagnosed with lung cancer and 1.8 million people die of lung cancer every year (1). Lung cancer is the leading cause of cancer death in the world. So far, there is still no effective method to screen for lung cancer, but studies have shown that annual low-dose chest CT (LDCT) can reduce lung cancer mortality by 20% and overall mortality by 6.7% compared with chest X-ray (CXR) (2). The US Preventive Services Task Force suggests that adults, aged 50 to 80, who have been smoking for 20 years, are still smoking, or have given up smoking for more than 15 years should be screened for lung cancer by LDCT (3). Lung cancer includes non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). Adenocarcinoma is the most common pathological type in NSCLC (4), and squamous cell carcinoma ranks second (5). In recent years, the incidence of squamous-cell carcinoma has decreased significantly, which might be related to the lower smoking rate in high-income countries and changes in the composition of cigarettes (6).

Once lung cancer is suspected, diagnosis and staging must be made, because the treatment of lung cancer depends on its subtype and stage. The 5-year survival rates of NSCLC patients with stage I, stage II to stage III, and stage IV were 80%, 13-60%, and 0-10% respectively (7). Surgical resection is the standard treatment in stages I, II, and some IIIA (8). Adjuvant chemotherapy can improve the survival rate of stage II, IIA, or IB patients by 5% - 10%, but it also has side effects (9). For early NSCLC patients who are not suitable for surgery, stereotactic ablation radiotherapy (SABR) can be considered (10). Platinum-based chemotherapy (such as cisplatin and carboplatin) 2-drug regimen is standard for patients with stage IV NSCLC. Although chemotherapy is still indispensable in the treatment of lung cancer, targeted therapy for specific gene mutations has made progress in the past few years (11). The first-generation targeted drugs (gefitinib and erlotinib) and second-generation targeted drugs (afatinib and dacomitinib) for EGFR mutations can significantly improve progression-free survival time (PFS) and overall survival (OS) compared with double platinum chemotherapy (12–17). Crizotinib, a drug targeting ALK mutations, shows better survival than chemotherapy as the first-and second-line therapy in a phase III trial (18–20). In addition, targeted therapy against ROS1, BRAF, NTRK, MET, RET, KRAS, HER2, and other genes has achieved good results in clinical trials.

Compared with the second-line chemotherapy for NSCLC, patients with anti-PD-1 and anti-PD-L1 antibodies always maintain a higher survival rate, which has become an important treatment for primary NSCLC (21–24). In NSCLC, two recognized active immune checkpoints are the CTLA-4 and PD-1 axes. CTLA-4 is usually expressed on CD4 and CD8 positive T lymphocytes and inhibits T cell activation. PD-1 is expressed in T cells, B cells, and NK cells and regulates central and peripheral immune tolerance. The expression of PD-L1 in tumor cells leads to immune escape (25). In the study of non-squamous NSCLC, such as the phase 3 KEYNOTE-189 trial (26–28), PD-1 or PD-L1 antibody combined with platinum chemotherapy is better than chemotherapy alone. Now, patients whose PD-L1 expression is 50% or more can use pembrolizumab or atezolizumab monotherapy, chemotherapy plus immunotherapy, or dual-drug immunotherapy with or without chemotherapy (8). For patients with PD-L1 expression of less than 50%, chemotherapy combined with PD-1 or PD-L1 inhibitors is the standard treatment (8). However, rare toxic effects associated with immunotherapy can happen at any point. It has been reported that immune checkpoint inhibitors (ICIs) can be used for two years (22). If properly treated, immune-related side effects are usually transient, but in some cases, they can be fatal. However, there is a problem with drug resistance in both targeted therapy and immunotherapy. Dealing with the problem of drug resistance is critical for lung cancer treatment.

In recent years, the diagnosis and treatment of lung cancer have made some progress, but the effect is still not satisfactory. Individualized treatment of lung cancer has gradually become a newer trend. In this article, we present a case of a middle-aged male patient with advanced lung adenocarcinoma who underwent a descending surgery after 9 cycles of individualized chemotherapy combined with targeted immunotherapy and continued adjuvant chemotherapy until the condition reached complete response (CR). Here we will elaborate on the choice of treatment and the significance of surgery for patients with advanced lung cancer, to emphasize the importance of individualized therapy.



Case Presentation

The patient, a 69-year-old male, coughed intermittently with white mucous sputum after catching a cold for more than five months, developed left chest pain for more than two months, and felt wheezing and these symptoms aggravated after activity. Chest CT in the out-patient clinic suggested a tumor in the right lower hilum and multiple military nodules in both lungs and pleura. These findings indicated that central lung cancer should be considered. Pathological consultation revealed adenocarcinoma of the lung. Genetic examination showed EGFR exon20 insertion mutation. Carboplatin plus pemetrexed treatment was not effective, so he was transferred to our hospital. There is nothing special about past history, personal history, and family history. The patient was hoarse, suffocated, and in a wheelchair. PS scores: 2 points. On admission, tumor markers: CA125:93.8U/ml (normal value: 0-24U/ml) and CEA:1.74ng/ml (normal value: 0-5U/ml). Chest CT suggested that the space-occupying lesion in the lower lobe of the right lung was consistent with the manifestation of lung cancer (Figure 1). PET/CT: soft tissue mass was seen near the right hilum, FDG uptake increased unevenly, SUVmax9.2; left atlas, right 9th rib, left 10th rib, right humerus and sacrum showed multiple abnormal increased FDG uptake, SUVmax11.6. It was suggested that the hypermetabolic mass adjacent to the right hilum should be considered as the residual metabolic activity of the tumor after the treatment. Brain MRI: no abnormality. Pathological stage: T4N3M1c, stage IVB. Immunohistochemistry of drug sensitivity showed: BRCA-1 (-), ERCC-1 (+), TS (-), MSH-2 (+++), MSH-6 (+++),VEGF(-),PD-L1 (TPS=0). Combined with the examination results, we decided to carry out the first and second cycles of chemotherapy combined with targeted immunotherapy. The specific regimens were as follows: bevacizumab 500mg + pemetrexed 900mg + carboplatin 500mg + durvalumab 1000mg.However, the effect was not good, and the myelosuppression was obvious, so the adjusted regimen was bevacizumab 600mg + pemetrexed 900mg + nedaplatin 100mg + durvalumab 1000mg. After the third cycle of chemotherapy combined with targeted immunotherapy, the patients had few adverse reactions, so we continued to carry on the 4th-9th cycles. After nine cycles of chemotherapy, the re-examination of chest CT (Figure 2) and PET/CT showed that the metabolic activity of most of the films in the lower lobe of the right lung increased, SUVmax6.6, significantly reduced from the previous range, and the activity decreased (Figure 3). However, there was no change compared with the recent, and the tumor markers did not decrease, so we judged that drug resistance occurred. The relevant examination indexes were in accordance with the surgical indications, so a right lower lobe lobectomy was performed. Examination of postoperative freezing specimens showed: invasive lung adenocarcinoma in the lower lobe of the right lung, with two foci, one moderately differentiated (acinar type 70%, papillary type 20%, solid type 10%), and the other poorly differentiated (solid type 90%, acinar type 10%). The tumor surrounded the bronchial wall and there was a tumor thrombus inside blood vessels. Immunohistochemical results showed: CK7 (+), CK20 (+), TTF-1 (+), NapsinA (weak +), CK5 (-), P40 (-), ALK (D5F3) (-), Ki-67 (hot spot index 15%), P53 (wild type), MLH1 (+), MSH2 (+), MSH6 (+), PMS2 (+), PD-1 (UMAB199) (TILS:20%), NTRK (-). The cutting edge was negative, that is, R0 resection. The patients recovered well after the surgery (Figure 4) and received two cycles of postoperative adjuvant chemotherapy combined with targeted immunotherapy. The specific regimens were as follows: bevacizumab 600mg + pemetrexed 900mg + nedaplatin 100mg + durvalumab 1000mg. The tumor marker CA125:6.6 U/ml, CEA:2.0ng/ml, was significantly lower than that before treatment (Figure 5). Chest CT (Figure 6) suggested that the right pleural effusion decreased significantly after surgery. After two weeks of postoperative treatment, patients with mass elimination, negative lymph nodes, negative bone metastasis, normal tumor markers, PS score: 0, and no indication of progression, had reached CR, so we suspended chemotherapy, used immune maintenance therapy alone, requiring the patient to return regularly. It took one year from the beginning of the treatment to the time that the patient reached CR.




Figure 1 | Chest CT for the first time in our hospital showed a space-occupying mass in the lower lobe of the right lung.






Figure 2 | Chest CT after nine cycles of treatment, the space-occupying mass in the lower lobe of the right lung was significantly reduced.






Figure 3 | (A) After nine cycles of treatment, the PET/CT of the hand and chest showed the space-occupying mass in the lower lobe of the right lung was significantly reduced. (B) The PET/CT of hand and chest after nine cycles of treatment. The space-occupying mass in the lower lobe of the right lung was significantly reduced.






Figure 4 | Chest CT one month after surgery.






Figure 5 | Major abnormal tumor markers.






Figure 6 | Chest CT after lung surgery and after two cycles of postoperative treatment. The right pleural effusion decreased significantly.





Discussion and Literature Review

Non-small cell lung cancer accounts for about 85% of lung cancer (29). With the understanding of gene mutation in NSCLC, the emergence of new drugs (30), and the use of immune checkpoint inhibitors, the treatment of NSCLC has improved. For most patients, chemotherapy is still an important part of systemic treatment, but for about 50% of advanced NSCLC patients (31), molecular targeted therapy or immunotherapy instead of chemotherapy is the standard first-line treatment.

According to the immunohistochemical results of the patients, it is suggested that carboplatin, nedaplatin, and pemetrexed can be used and immunotherapy is effective. Therefore, the external hospital regime: carboplatin combined with pemetrexed is selected first, but because of obvious myelosuppression, nedaplatin is used instead, and the effect is remarkable. Although immunohistochemistry indicates the effectiveness of the drug, it is still necessary to flexibly adjust the treatment regimen according to the patient’s condition, to maximize the effect of chemotherapeutic drugs and minimize the adverse reactions, which reflects the necessity of individualized chemotherapy. The nine cycles of chemotherapy before surgery can be carried out smoothly because we provide patients with adequate support treatment and the patient’s systemic condition and immunity are maintained at a good level. Because drug resistance develops after nine cycles of chemotherapy, and the tumor mass becomes small which is in line with surgical indication, surgery is considered. After the operation, the patient has no progress in metastatic focus. In our view, surgery not only removes the primary lesion, but also reduces the possibility of metastasis and recurrence. Postoperative pathology shows tumor heterogeneity and positive vascular thrombus, which provides a reference for further consolidation of chemotherapy.

Cancer patients with specific gene mutations can benefit from targeted therapy. 69% of patients with advanced NSCLC may have potential operable molecular targets (32). Targeted therapy is effective for adenocarcinoma, most of these patients are young and have never smoked (33).. Platinum dual therapy with or without bevacizumab is the most common choice for advanced NSCLC patients who cannot be treated with targeted therapy, which is also the standard first-line treatment. The understanding of tumor immune patterns, including immune escape, makes a breakthrough in the treatment and lays a foundation for the development of treatment in the future. In this case, although VEGF (-), but for non-squamous non-small cell lung cancer, the vascular targeting drug bevacizumab can be used. Attention needs to by being paid to side effects such as hypertension, hemoptysis, albuminuria, and others. As early as 2015, the BEYOND study (34) for the Chinese population confirms that bevacizumab combined chemotherapy can notably prolong PFS, and median total survival time (mOS) compared with chemotherapy alone. Meanwhile, the bevacizumab combined treatment group significantly improved the objective remission rate (ORR) and disease control rate (DCR). In 2018, the State Drug Administration (NMPA) approves the first-line treatment of platinum-containing dual-drug chemotherapy combined with bevacizumab for advanced NSCLC. According to the 2021 Chinese Society of Clinical Oncology (CSCO) guidelines for the diagnosis and treatment of non-small cell lung cancer (35), platinum-containing dual-drug chemotherapy or platinum-containing dual-drug chemotherapy plus bevacizumab (lung squamous cell carcinoma) should be included as first-line treatment for patients with EGFR mutant NSCLC in stage IV, and bevacizumab should be given the first choice for patients with stage IV NSCLC without driving gene and NSCLC. Although this patient has an EGFR mutation, it is specific to exon 20 insertion mutation (EGFR20ins). According to NCCN’s latest guidelines on NSCLC (36): for EGFR20ins NSCLC patients, first-line treatment is chemotherapy combined with immunotherapy; when the disease progresses, targeted drugs, Amivantamab or Mobocertinib, are recommended. Because the effect of neoadjuvant therapy is better, we do not recommend patients take targeted drugs.

Immune checkpoint inhibitors (ICIs) are relatively new immunotherapy-based drugs. Different from traditional chemotherapy drugs, ICIs play a role in enhancing the natural tumor-killing response of the human body. Nivolumab and Pembrolizumab (PD-1 inhibitors), Atezolizumab and Durvalumab (PD-L1 inhibitors) have been approved by FDA in subsequent line therapy for advanced NSCLC patients without the sensitive mutation. They have been shown to improve the survival rate of advanced NSCLC. Although ICIs are not used in the guidelines for first-line treatment of advanced lung cancer patients with low expression of PD-L1, several new reports suggest that chemotherapy combined with immunotherapy as first-line treatment can effectively improve survival, regardless of PD-L1 expression level such as IMpower131、IMpower150. In one report (37), in the PD-L1 < 1% subgroup, the immune plus chemotherapy (I+C) regimen was more effective than chemotherapy in both OS and PFS. In the subgroup with PD-L1 ≥ 50%, the OS and PFS of the I+C regimen were also longer than those of chemotherapy. Therefore, for advanced NSCLC with different PD-L1 expressions, it is recommended to choose PD-1/PD-L1 inhibitors combined with chemotherapy in the first line and pay close attention to adverse events. Therefore, this patient chose chemotherapy combined with PD-L1 as the first choice. During the period of treatment, the tumor decreased significantly, and there were no immune-mediated adverse events in this patient. However, many factors must be considered in the treatment plan, such as therapeutic toxicity.

There is growing evidence that surgical resection is beneficial to survival in selective advanced patients. The surgery prolongs the survival time of some selected patients with stage IV NSCLC (38–40).. A national analysis (41) of long-term prognosis after surgery showed that the 5-year OS of patients with cT1-2, N0-1, M1 or cT3, N0, M1 was superior to non-operative treatment. These data supported surgical resection of specific advanced NSCLC patients. In a study (42) of a case with comprehensive treatment, the surgical prognoses of patients with stage IV NSCLC were analyzed, and the 1 -, 2-and 3-year OS rates were 75.9%, 59.1%, and 42.2% respectively. It is concluded that lung surgery may be a good choice for patients with IV stage NSCLC during comprehensive treatment. Surgical resection of malignant lesions can reduce the tumor load and restore the immune function of patients (43). Even in the case of pleural effusion (pleural dissemination or effusion is a contraindication for surgical treatment of NSCLC), the 5-years of OS after the surgery can reach 33.1%, and the patient recovers well after the surgery, and the primary tumor can be controlled (44). Many data suggest that radical surgery may be an option for symptom relief and further systematic treatment.

Lung cancer has strong temporal and spatial heterogeneity, which will affect its diagnosis and treatment. Understanding the heterogeneity of tumors may lead to new treatments, thus prolonging the survival time of patients with lung cancer in the future. It is the existence of tumor heterogeneity that makes individual differences in treatment methods. After a comprehensive evaluation of this patient, we worked out an accurate and individualized treatment plan; different treatment methods were given to different reactions due to individual differences in the process of treatment. The difference in pathological type and location of the patients determined the type of operation, which reflected the importance of individualized treatment. In short, the future treatment of lung cancer is inseparable from individualization.



Conclusion

The incidence and mortality of lung cancer are still high. Therefore, improving the therapeutic effect of lung cancer patients is an urgent task. In-depth study and understanding of tumor heterogeneity, continuing to find new treatment methods and individualized treatment for patients, will further improve the treatment outcome of lung cancer.
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To identify an apoptosis-related gene (ARG) prediction model for oral squamous cell carcinoma (OSCC), we analyzed and validated the data from TCGA and GEO, respectively. Kaplan–Meier survival analysis and ROC curves showed a good prognostic ability of the model both in the internal training set and in the external testing set. Furthermore, we built a nomogram using these ARGs to forecast the survival probability of OSCC patients. Moreover, we evaluated the rate of immune cells infiltrating in the tumor samples and found obvious, different patterns between the high and low risk groups. GO and KEGG analyses demonstrated multiple molecular biological processes and signaling pathways connecting with this prognostic model in OSCC. The expression of these risk genes in clinical specimens was higher in the non-survival patients than in the well-survival patients by immunohistochemical staining analysis. In conclusion, we established a signature made up of six risk apoptosis-related genes to predict the survival rate of OSCC. These genes could also be targets for the treatment of OSCC.
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Introduction

In 2020, almost 377,713 new cases and 177,757 deaths of OSCC occurred all around the world (1). Traditionally, risk factors for OSCC include tobacco smoking, chewing betel nut, alcohol, excessive sunlight exposure, HPV infection, and poor oral hygiene (2).The primary treatment for oral squamous cell cancer (OSCC) patients is surgical resection plus chemotherapy and radiotherapy. Despite of the advancements in all these treatments nowadays, the 5-year survival rate remains poor (3). For decades, attempts to improve the prognosis have failed because of the complicated heterogeneity of tumors. Several patients are still over- or undertreated due to the unsatisfactory forecasting efficiency of conventional prognostic indicators and the uniformity of therapy guidelines (4). Currently, no molecular subtype that can guide individual targeted therapy has been recognized. Therefore, researchers are eager to identify the specific carcinogenesis and prognostic genes of OSCC.

Apoptosis or programmed cell death (PCD) is an evolutionarily conserved process to promote the development of organisms and keep the balance of tissue homeostasis (5). This progress is described as the cell suicide process. Overactivation or inactivation of apoptosis leads to diseases, such as Parkinson’s disease and tumorigenesis (6, 7). Escaping from apoptosis was considered as one of the 10 hallmarks of cancer. A great number of studies have indicated the key role of apoptosis in tumorigenesis and chemotherapy resistance (8). Researchers tried to restore each defect of the apoptosis signaling pathway and wiped out the cancer cells. They are focused on targeting the anti-apoptotic Bcl-2 family member (9), p53 (10), c-FLIP, and caspase families (11) (12). For example, myeloid cell leukemia-1 (MCL1), one of the anti-apoptotic proteins, has been identified as a prospective therapeutic target. Previous studies showed the potential value of apoptosis-related genes or proteins such as Bcl-2 and Survivin in the diagnosis and treatment of OSCC (13).

Our research hopes to identify the key prognostic genes and establish the core network of OSCC by using comprehensive bioinformatics analysis based on apoptosis-related genes.



Materials and Methods


The Collection of Apoptosis-Related Genes

We extracted the apoptosis-related gene sets from the Gene Set Enrichment Analysis (GSEA) dataset (http://www.gsea-msigdb.org/gsea/index.jsp), Reactome dataset (https://reactome.org/), and KEGG dataset (https://www.kegg.jp/kegg/). A total of 438 apoptosis-related genes (ARGs) were picked out and used for analysis.



Data Acquisition

We got the RNA sequences and clinical information of 213 OSCC patients and 16 healthy human from TCGA database. Another dataset including 97 OSCC patients with complete follow-up data (GSE41613) was extracted from the GEO database. The data from TCGA were recognized as an internal training dataset, and the data from GEO were used as an external testing dataset.



Identification of the Prognostic ARGs and Construction of the Prognostic Model

In TCGA dataset, we conducted univariate Cox analysis and Kaplan–Meier (K-M) survival analysis to seek ARGs associated with overall survival (OS) of OSCC. When ARGs met the criteria of p-value <0.05 in the two tests referred above, they were recognized as prognosis-related ARGs. These ARGs were selected for least absolute shrinkage and selection operator (LASSO). Next, we used multiple Cox analyses to select the independent ARGs. The risk score could be calculated by the following formula: Risk score=Expression level of gene1 × β1 + Expression level of gene2 × β2 + Expression level of gene3 × β3 + ⋯. 

β represents the coefficient. Therefore, we can acquire the risk score of OSCC patients easily. Based on the median risk score, all the patients were assigned into low-risk and high-risk groups. Then, K-M analysis was conducted to value the difference in survival rate between these two groups. In the study, the receiver operating characteristic (ROC) curve was applied. The value of the corresponding area under the ROC curve (AUC) could be used to test the sensitivity of this model and compare the forecasting accuracy with traditional clinical factors (14). In addition, we conducted univariate and multivariate analyses to assess the independent ability for predicting prognosis. Moreover, the external testing dataset from GEO was used to check the prognostic capability of the model.



Construction of Nomogram

Furthermore, we created a nomogram to predict the OS of the OSCC patients on the basis of the independent prognostic ARGs. A calibration curve was applied to assess the efficiency of the nomogram. Finally, we verified the prognostic nomogram in the external testing dataset in the same way.



Tumor-Infiltrating Immune Cell Analysis

To assess the infiltration pattern of immune cells in two risk groups, we applied the CIBERSORT analysis (15). In order to know more about the relationship between the immune microenvironment and apoptosis, we conducted the correlation analysis of nine types of immune cell and risk score.



Functional Enrichment Analysis

We conducted Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses for these six ARGs. These analyses discovered a series of molecular biological process and multiple signaling pathways via the R package clusterProfiler 4.0 (16). Moreover, an interaction network was built to display the correlation of six ARGs.



Unsupervised Clustering Analysis

Unsupervised clustering analysis was used to distinguish patient subgroups with different apoptosis modification patterns based on the expression of the six ARGs. With the “Consensus Cluster Plus” R package, patients were assigned by k-means, with k from 2 to 9. On the grounds of the dispersion of the resulting consensus clustering matrix, a cumulative distribution function (CDF) curve, and the likelihood ratio, we obtained the optimal number of clusters. Moreover, we compared the different prognoses among the apoptosis clusters with K-M analysis.



The Pan-Cancer Analysis

We acquired the expression data of the six genes in pan-cancer through GEPIA2. Then, we got the Cox proportional hazard ratio by R survival package to explore the relationship of the six genes and OS of pan-cancer.



Immunohistochemical Staining and Evaluation

Immunohistochemical (IHC) staining of MCL1, GPI, and ARHGAP10 was performed using rabbit polyclonal anti-MCL1, anti-GPI, anti-ARHGAP10 antibodies (the concentration was 1:2,000, Cat. 16225-1-AP, 15171-1-AO, 55139-1-AP, respectively, Proteintech, Wuhan, China). All sections were scanned on an Aperio AT2 scanner (Leica Biosystems, Wetzlar, Germany) with a ×20 objective lens. We used Aperio ImageScope software to obtain the digital images of sample sections. Five random fields of the same size were selected in each slide. The H-score was carried out using the Aperio ImageScope software (17). All the samples were acquired from the first oral cancer radical surgery of the patients who had not received radiotherapy or chemotherapy yet. The patients who were diagnosed with oral squamous cell carcinoma for the first time were free of other cancers.



Statistical Analysis

We conducted all statistical analyses and graphs through R software. Cox proportional hazard regression analysis was used for univariate and multivariate analyses. Overall survival times were calculated by the Kaplan–Meier analysis. The H-scores of different groups were compared with paired T test, and significant difference was considered when p < 0.05.




Result


Selection of Crucial Genes and Identification of ARGs Associated With OSCC Survival

We collected 438 ARGs from the GSEA gene set and the Reactome and KEGG databases. Based on the criteria set as p < 0.05, and hazard ratio >1, 18 ARGs were selected which are shown in the forest plot (Figure 1A). These hub genes were incorporated in LASSO analysis. Detailed information of the LASSO model optimal parameter and LASSO coefficient profiles is displayed in Figures 1B, C. Then, we used the multivariate Cox regression analysis to filter these candidates and constructed a prognostic signature. Finally, six ARGs (CTH, DNAJC3, IER3, MCL1, GPI, ARHGAP10) were identified to establish an apoptosis-related signature. Among these genes, MCL1, GPI, and ARHGAP10 are associated with a higher risk than others because of the higher hazard ratios (Figure 1D).




Figure 1 | Construction of the ARG model in the internal training dataset. (A) Forest plot showed that 18 risk genes were identified as prognostic ARGs through univariate Cox regression analysis (HR >1, p < 0.05). (B, C) LASSO analysis further picked up 14 ARGs. (D) The multiple Cox regression screened six independent predictors (CTH, DNAJC3, IER3, MCL1, GPI, ARHGAP10) of OSCC.





Prognosis Model Construction and Risk Score Analysis

We used the six prognostic genes selected above as independent factors to construct the prediction model. The expression value of six genes could define the risk score accurately: Risk score = (0.4874×expression value of CTH) + (0.5198×expression value of DNAJC3) + (0.2777× expression value of IER3) + (0.7352×expression value of MCL1) + (1.0540×expression value of ARHGAP10) + (0.8561×expression value of GPI). The median risk score allocated patients into low-risk and high-risk groups (Figure 2A). The results showed that the low-risk group has a longer survival time than the high-risk one (Figure 2B). A heat map reveals the different expression profile of six ARGs (Figure 2C). The patients in the low- and high-risk groups were gathered from different directions (Figure 2D). In addition, K-M analysis also supported that the low-risk group had a higher probability to survive (Figure 2E).




Figure 2 | Prognosis analysis of the internal training dataset. (A) The median risk score allocated OSCC patients in TCGA into two groups. From left to right, the risk scores were ascending and each dot represents an individual. (B) Patients with different survival times and statuses were arranged with the increasing risk score from left to right; clearly, the dead patients have higher risk score. (C) The heatmap showed expression profile of the six risk genes. The expression level from high to low was manifested with the colors from red to blue. (D) The high- and low-risk groups were gathered in two directions through the PCA analysis. (E) Kaplan–Meier analysis showed different prognosis between the two groups.



The ROC curves of the model showed a relatively good property, and the corresponding AUCs for 1-, 3-, and 5-year survival were 0.733, 0.720, and 0.760, which are displayed in Figure 3A. Univariate analysis results illustrated that the risk score (p < 0.001) significantly correlated with survival time as well as clinical stage (p = 0.001), N stage (p = 0.001), and T stage (p < 0.001) (Figure 3C). Then, the multivariable analysis also showed that the risk score was the best independent predictor (p < 0.001) as shown in Figure 3D. Moreover, the AUC of the risk score was the highest compared to other factors such as age, gender, clinical stage, and T and N stage, which demonstrated the superior forecasting performance of our gene model (Figure 3B).




Figure 3 | The ARG prognostic signature shows good predictive performance in the internal training dataset. (A) The ROC curves of the ARG model for the 1-, 3-, and 5-year survival rates, and the corresponding AUC was 0.733, 0.720, and 0.760. (B) The AUC value of the risk score (0.744) showed superior predictive performance than age (0.577), gender (0.505), grade (0.538), stage (0.594), T stage (0.630), and N stage (0.569). (C) The risk score was a significant dangerous factor to influence the OS with HR = 1.787 (95% CI = 1.420–2.249, p <0.001). Other clinical factors such as stage with HR = 1.771 (95% CI = 1.258–2.439, p = 0.001), T stage with HR = 1.582 (95% CI = 1.215–2.059, p < 0.001), and N stage with HR = 1.590 (95% CI = 1.203–2.101, p = 0.001) were significant as well. (D) The risk score had excellent independent prediction ability with HR = 1.804 (95% CI = 1.400–2.326, p < 0.001) in multivariate Cox regression analysis.





External Validation of the ARG Model

As supplements of Figure 2, we did the external validation of the ARG signature. The patients were divided into two groups in the external testing dataset with the same method as the internal database (Figure 4A). Figure 4B shows a scattergram of risk score, survival time, and status for the external testing dataset. The six ARGs presented a similar expression profile in the heatmap (Figure 4C). The K-M analysis presented noticeably different survival times between the two groups (Figure 4D). The ROC curve and corresponding AUCs in the external testing dataset were showed in (Figure 4E).




Figure 4 | External testing of the ARG model. (A) Patient with different risks were separated into two groups via the same median risk score in the internal database. (B) Patients in the external dataset with different survival times and statuses were arranged by the increasing risk score from left to right. (C) The heatmap of the six risk ARGs in the external database showed the same expression pattern. (D) Kaplan–Meier analysis showed different prognoses between the two groups as well. (E) The ROC curves of the models for survival rate in the external testing dataset.





Nomogram to Predict Survival Probability of OSCC

We developed a nomogram to estimate the survival time of OSCC quantificationally. As shown in Figure 5A, six ARGs were appointed with specific points according to its contribution to survival. The calibration curves to predict the survival rate were closer to diagonal, which showed an excellent effect in both the internal and external datasets (Figures 5B, C).




Figure 5 | Nomogram to predict the survival probability. (A) The six ARGs formed the prognostic nomogram that can be used to calculate 3- and 5-year survival rates. The expression values of each gene were assigned to a unique point. The total points of six genes from one patient correspond to the specific survival rate of 3 or 5 years. (B) The calibration plots showed that the predicted OS of nomogram is close to the observed OS rate in the internal dataset. (C) The calibration plots showed the same accuracy of nomogram in the external dataset.





Immune Cell Infiltration Between Low-Risk and High-Risk Groups

We analyzed the component of 22 immune cells in tumor samples. Whether in the internal database or in the external database, great differences of immune cell infiltration were detected in the two groups divided by the median risk score (Figures 6A, B). The immune cells patiently played an appropriate role in some way through the six ARGs.




Figure 6 | Tumor immune cell infiltration analysis. (A) Ratio of 22 kinds of immune cells infiltrated in OSCC tumor samples from TCGA. (B) Ratio of 22 kinds of immune cells infiltrated in OSCC tumor samples from GEO. (C) The ratio of immune cells in the high-risk group is different from the low group in TCGA. (D) The ratio of immune cells in the high-risk group is different from the low group in GEO.



In TCGA internal database, the infiltration amount of NK cells resting, mast cells activated, dendritic cells activated, and eosinophils in the high-risk group were much more abundant. However, T-cells regulating (Tregs), T-cells CD8, mast cells resting, and NK cells activated in the high-risk group were much less obvious (Figure 6C). In the GEO external validating database, the infiltration of eosinophils and Tregs also showed the same tendency between the two groups (Figure 6D). Then, the correlation analysis further shed light on the relevance of risk score and nine immune cells (Figure 7). Plasma cells, macrophages M0, mast cells activated, eosinophils, and NK cells resting had positive correlations with the risk score. In contrast, T cells CD8, Tregs, mast cells resting, and NK cells activated correlated with the risk score in a negative way. Based on the formula of risk score, we knew that the correlation of genes and immune cells is consistent with the correlation of risk score and immune cells. Therefore, the higher the expression of risk genes, the higher the ratios of plasma cells, macrophages M0, mast cells activated, eosinophils, and NK cells infiltrated in the tumor.




Figure 7 | Correlation analysis of immune cell infiltration and risk scores. (A) PCA analysis showed a distinct immune cell infiltration pattern in two groups. (B–J) Correlation analysis of risk scores and nine types of the immune cells.





Functional Enrichment Analysis and Correlation Network of the Six Prognostic ARGs

Significant enrichments were found in cellular response to unfolded proteins, endoplasmic reticulum unfolded protein response, cellular response to topologically incorrect proteins, response to unfolded proteins, and so on (p < 0.05, FDR < 0.05) (Figure 8A). Moreover, KEGG analysis demonstrated that these ARGs were prominently enriched in nucleotide and sugar metabolism, response to unfolded proteins, glycolysis/gluconeogenesis, starch and sucrose metabolism, and bacterial invasion of epithelial cells (Figure 8B).




Figure 8 | Functional enrichment analysis and the construction of network. (A) GO analysis of the six prognostic ARGs. (B) KEGG analysis of the six prognostic ARGs. (C) Correlation network of the six prognostic ARGs. Red means a positive interaction, and blue indicates a negative interaction.



An interaction network of the potential correlation between the six ARGs was established. The network contained nine edges and six nodes (CTH, DNAJC3, IER3, MCL1, ARHGAP10, GPI), as shown in Figure 8C. The correlation between MCL1, GPI, IER3, and ARHGAP10 was negative, while the remaining correlations were positive.



Unsupervised Clustering Analysis

Unsupervised clustering analysis was used to divide patient subgroups with different apoptosis modification patterns based on the expression of six ARGs. The clustering heatmap and changes in area under the proportion of the ambiguous cluster curve are shown in Figures 9A, B. One hundred sixty-two cases in TCGA-OSCC and GSE41613 OSCC cohorts were assigned to apoptosis cluster A, while 147 cases were included in cluster B. The survival analysis showed a significant survival difference between two apoptosis clusters (log-rank p value <0.001) (Figure 9C).




Figure 9 | Unsupervised clustering analysis. (A) The clustering heatmap relevant to the consensus matrix for k = 2 acquired by consensus clustering. (B) Corresponding changes in area under proportion of ambiguous cluster curve with k from 2 to 9. (C) K-M analysis demonstrated an obvious survival difference in two apoptosis clusters.





Pan-Cancer Analysis

In order to have a more comprehensive understanding of these six risk genes with various types of cancer, we conducted some work of pan-cancer analysis. The expression of genes in pan-cancer is shown in a heatmap of (Supplementary Figure 1). The expression level of genes is specific to cancer species. We also get the hazard ratio of each gene in different cancers (Supplementary Figure 2).



Immunohistochemical Validation

We collected the pathological samples from the non-survival and survival patients. MCL1, GPI, and ARHGAP10 were strongly positive in the samples from non-survival patients and negative in the survival groups (Figure 10A). The semiquantitative comparison of the H-score between two groups also showed that these three genes were expressed more highly in non-survival patients (Figure 10B). Therefore, our experiment also validated that MCL1, GPI, and ARHGAP10 were risk genes which can predict the prognosis of OSCC.




Figure 10 | The experiment validation of the apoptosis-related prognostic gene model. (A) The protein expressions of three apoptosis-related prognostic genes were dramatically different in dead and alive patients who had oral cancer 3 years ago. (B) Corresponding H-score of protein expression of three apoptosis-related prognostic genes.  **** means p < 0.0001.






Discussion

In the present study, we acquired information and gene sets from 213 OSCC patients for analysis, and p values <0.05 were singled out for further analyses. We constructed a model made up of six biomarkers to estimate the survival time of OSCC patients. In accordance with the risk score, OSCC patients were successfully allocated into low- and high-risk groups with distinct prognosis. Moreover, the ARG model was an independent forecasting factor with better efficiency compared to previous traditional clinical factors. Moreover, we used the six genes to build a novel nomogram that can provide superior estimation of OS. However, the underlying mechanisms of these results still need to be further investigated.

In recent years, numerous studies have confirmed the relationship between apoptosis and cancer (1, 7, 11). Apoptotic signal pathways can be changed at transcriptional, translational, and posttranslational levels in cancer cells. Several proteins, such as the BCL-2 family, have been shown to function in the process of apoptosis and cancer (18, 19). Myeloid cell leukemia-1 (MCL1), which is well known for its anti-apoptotic role in the Bcl-2 family, is a distinct cell regulatory protein. MCL1 is required for cell survival, differentiation, and maintenance (20). Recent studies have also revealed that MCL1 is a therapeutic prospective target in cancers (21, 22). Knocking down MCL1 could induce the apoptosis of OSCC cells through increasing the sensitivity to drugs. Moreover, MCL1 antagonist Sabutoclax could increase cancer cell death in OSCC as well (23).

Glucose-6-phosphate isomerase (GPI) is one of the members in the glucose phosphate isomerase protein family. GPI plays a crucial part in the process of glycolysis and gluconeogenesis (24, 25). Earlier studies showed that GPI could be used as a prognostic biomarker in cancer because of its important work in the cell cycle (26, 27). In our study, GPI was a risk gene because a higher expression was associated with poor prognosis. However, the role of GPI in OSCC needs to be explored in detail.

ARHGAP10 is a member of the RhoGAP protein group, which can convert the active form to inactive form (28). Downregulating the expression of ARHGAP10 could lead to a more advanced stage and a higher Ki-67 index in breast cancer (29). Luo pointed out that ARHGAP10 may serve as a tumor inhibitor through suppressing adhesion, migration, and invasion of the ovarian cancer cells (30). Teng also found the same phenomenon in lung cancer (31). These results seem opposite to our analysis and IHC validation in OSCC. However, in prostate cancer, Hua Gong claimed that a high expression of ARHGAP10 correlates with poor prognosis, which supports our result (32). The mechanisms underlying the paradox that the same molecule plays a different role in different cancers need to be further studied.

The immune microenvironment has great impact on the tumorigenesis of OSCC (33). TIL plays a key part in cancer genesis, especially in immune evasion (34, 35). In our research, the correlation analysis sheds light on the connection of risk score and immune cells. It is meaningful to explore the mutual effect of tumor cells and immune cells. Studies about CAR T cells targeting solid tumors (36), B cell-based immunotherapy for lung cancer (37), dendritic cell-based vaccination, and so on, provided a new insight to develop more effective therapy regimens (38). Other research focused on the TILs and OSCC also revealed similar results (39), although how the TILs interact with these six prognostic ARGs specifically still requires deeper research.

Some limitations still need to be considered in our study. The construction and validation of prognostic signature were based on the previous published database. If we could use the data from a real-life clinical cohort, maybe we can acquire more reliable and meaningful discoveries. The six prognostic ARGs and nomogram should be tested in subsequent studies and clinical trials.

In conclusion, we identified six risk biomarkers, namely, MCL1, GPI, ARHGAP10, CTH, DNAJC3, and IER3, associated with prognosis of OSCC through a comprehensive bioinformatics analysis based on TCGA database and apoptosis-related gene sets. The gene signature and nomogram might provide a precise prognostic prediction of OSCC, which will help clinicians to formulate individual treatment strategies for their patients. These genes identified could also be therapeutic targets for OSCC.
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Objective

Uveal melanoma (UM) is the most frequent primary eye cancer in adults with a 50% mortality rate. Characterizing the fundamental signaling pathways that drive UM is of importance for the development of targeted therapy. This study aims to probe the impact of sclerostin (SOST) on malignant progression of UM and regulation of Wnt/β-catenin signaling.



Methods

Epithelial-type (n=20) and spindle-type (n=16) UM tissues were collected for immunohistochemical staining of SOST, Wnt-1, and β-catenin expressions. SOST was silenced in three UM cell lines (primary spindle-type OCM-1 cells, metastatic epithelial Mum-2B cells, and metastatic spindle-type Mum-2C cells) through transfecting specific siRNA. RT-qPCR and Western blot were presented for examining the levels of SOST, and markers in Wnt/β-catenin signaling. Flow cytometry, MTT, EdU, transwell, and tube formation assays were conducted, respectively. By implanting BALB/c nude murine models in situ, the function of SOST on tumor growth was investigated, followed by immunofluorescence double staining of SOST and LRP5/6.



Results

Low SOST expression as well as high Wnt-1 and β-catenin expressions were found in epithelial-type (high malignancy) than spindle-type (low malignancy) UM tissues. Silencing SOST activated the markers in Wnt/β-catenin signaling as well as accelerated cell cycle progression, migration, invasion, angiogenesis, and reduced apoptosis in UM cells. In situ tumor formation in murine eyes showed that SOST knockdown promoted tumor growth. Moreover, SOST interacted with LRP5/LRP6.



Conclusion

SOST silencing may facilitate the malignant progression of UM cells through activating Wnt/β-catenin signaling. Mechanistically, SOST may exert this function by interacting with LRP5/LRP6 membrane receptors.





Keywords: uveal melanoma, sclerostin, Wnt/β-catenin signaling, LRP5/LRP6, progression



Introduction

Uveal melanoma (UM) represents the most frequent primary intraocular tumor in adults as well as the second most frequent form of melanoma (1). It originates from the pigmented uveal tract, composed of choroid (~85%), ciliary body (5-8%), and iris (3-5%) (2, 3).  In accordance with the WHO classification of histological types in 1980, UM is categorized as spindle cell type with low malignancy, epithelioid cell type with high malignancy, mixed cell type, and other types (4). Current therapeutic strategies include surgery, radiotherapy, and chemotherapy as well as targeted therapy, and the local control rate of UM has reached as high as 96.4% following active treatment (5). Nevertheless, approximately 50% of cases will develop metastasis within 15 years following the initial diagnosis (6, 7). Regrettably, there is still no effective treatment against metastasis (8). UM possesses an extremely high predilection to liver metastasis, and exceeding 90% of metastatic patients have hepatic lesions (9). At present, the prognosis of tumor invasion and metastasis cannot be accurately and objectively predicted in clinical practice, and there are not many corresponding effective treatment methods, which are the main factors affecting the curative effect and patient survival rate of UM (10). Therefore, it is necessary to conduct in-depth research on the mechanism of tumorigenesis and tumor metastasis, and to clarify the molecular biological characteristics of this disease.

Wnt/β-catenin signaling exerts a crucial role in tumor progression (11), and blockage of this signaling may suppress growth, migration, and invasion of UM cells (12–14). Sclerostin (SOST) secreted by osteocytes is a negative regulator of bone formation, and is an antagonist of the DAN/Cerberus protein family of BMP (15). Evidence suggests that SOST acts as a potential antagonist of Wnt/β-catenin pathway and inactivated SOST leads to the hyper-activation of this signaling (16). Several studies have reported that SOST-mediated Wnt/β-catenin pathway participates in retinoblastoma progression (17) and osteosarcoma (18). Evidence suggests that SOST can antagonize Wnt signaling in human cells via binding to the extracellular domain of LRP5/6 Wnt co-receptors as well as destroying Wnt-triggered Frizzled-LRP complexes (19). Nevertheless, the roles of SOST-triggered Wnt/β-catenin pathway in UM development as well as its clinical implication remain unclear. Hence, our study was conducted for probing the impact of SOST on malignant progression of UM and regulation of Wnt/β-catenin signaling.



Materials and Methods


Patients and Specimens

Twenty epithelial-type UM tissue specimens and 16 spindle-type UM tissue specimens were retrieved from UM patients who underwent enucleation in Tianjin Medical University Eye Hospital from October 2015 to April 2018. All patients were confirmed by pathological examination after operation, who were classified according to the 1980 WHO classification of histological types. The age range was 24-67 years. The inclusion criteria were as follows (1): the pathological diagnosis was primary UM; (2) the submitted tissue sections were relatively complete; (3) the patient had no other types of cancer; and (4) the patient had not received radio- or chemotherapy. This study was approved by the Ethics Committee of Tianjin Medical University Eye Hospital (2017KY(L)-53). All patients provided written informed consent.



Immunohistochemistry

The patients’ eye tumor specimens were fixed in neutral formalin and embedded in paraffin, followed by sectioning, deparaffinization, antigen retrieval, blocking, antibody incubation, DAB (diaminobenzidine) staining, hematoxylin staining, back blue, and dehydration coverslips. Primary antibodies were anti-rabbit (Proteintech, China), and secondary antibodies were goat anti-rabbit IgG (H+L) (Jackson Immuno Research Inc., US). As previously described, the staining scoring was calculated according to the following formula: H-score = staining intensity * number of positive cells/total number of cells (20). Three random fields were chosen, and the staining intensity was manually evaluated: 0 point for no yellow precipitate, 1 point for light yellow precipitate, 2 points for brownish-yellow precipitate, and 3 points for dark brown-yellow precipitate; positive cell counts were manually counted using Image J software.



Cell Culture

Human retinal epithelial cell line (APRE-19), human umbilical vein endothelial cells (HUVEC) as well as three human UM cell lines were acquired from the Chinese Academy of Sciences (Shanghai, China), including primary spindle-type OCM-1 cells, metastatic epithelial Mum-2B cells, and metastatic spindle-type Mum-2C cells. All cells were cultured in an incubator (Thermo Fisher Scientific, US) with 37°C, 5% CO2. Subculture was carried out when the cells adhered and reached about 80% confluence. After discarding the medium, they were washed with Dulbecco’s Phosphate-Buffered Saline (DPBS; Gibco, US), and digested with 1 mL of 0.25% trypsin-EDTA (Gibco, US). Thereafter, Dulbecco’s modified eagle medium (DMEM) containing 100 U/mL penicillin, 100 μg/mL streptomycin, and 10% fetal bovine serum (FBS; Gibco, US) was used to terminate the digestion. The cells were centrifuged at 1000 rpm and resuspended in DMEM for future experiments.



Western Blot

UM cells were lysed by RIPA cell lysate, and protein concentrations were measured utilizing BCA Protein Assay Kit (Thermo Scientific, US). There were 20 μg proteins separated by 10% SDS-PAGE electrophoresis as well as transferred onto polyvinylidene fluoride membrane. The membrane was sealed with 5% nonfat dry milk and then incubated with primary antibodies against SOST (1:1000; 21933-1-AP; Proteintech, China), Wnt-1 (1:1000; 27935-1-AP), β-catenin (1:5000; 51067-2-AP), cyclin-D1 (1:2000; 26939-1-AP), MMP2 (1:500; 10373-2-AP), and MMP9 (1:500; 10375-2-AP) as well as β-Tubulin (1:1000; 10094-1-AP) at 4°C overnight. The next day, the membrane was incubated with goat anti-rabbit secondary antibody (Cell Signaling Technology, US) for 1 h at room temperature. Exposure was performed using Amersham ECL prime chemiluminescent fluid (GE Healthcare, US) in a dark room. The gray value was determined with ImageJ software.



Cell Transfection

The design and synthesis of the sequences of siRNA targeting human SOST (gene ID: 50964) and negative control siRNA (si-NC) were achieved by Shanghai Sangon Bioengineering Co., Ltd., (China). The sequence of SOST siRNA (si-SOST) was 5′-GGCGTTCAAGATGATGCCACGGAA-3′. OCM-1, Mum-2B, and Mum-2C cell lines were randomly divided into three groups: blank group (no transfection), si-NC group (transfection with si-NC plasmid), and si-SOST group (transfection with si-SOST plasmid). The full length SOST cDNA was synthesized and sub-cloned into the pcDNA3.1 vector to construct pcDNA3.1-SOST overexpression (OE-SOST) plasmid. OCM-1, Mum-2B, and Mum-2C cell lines were randomly divided into two groups: empty vector group and OE-SOST group. These cells were trypsinized at 0.25% as well as centrifuged at 1000 rpm lasting 5 min. Then, they were resuspended in medium and counted using an automated cell counter (Invitrogen, US), and 4×105 cells/well were seeded onto a six-well culture plate. When the cell confluency reached 50-80%, the complete medium was replaced with serum- and penicillin-free medium. Four hours later, using Lipofectamine 2000 (Invitrogen, US), plasmids encoding target sequences or siRNAs were transfected into the UM cell line. Twenty-four hours after transfections, the complete medium was exchanged for subculture. During this period, cellular morphology was investigated under a microscope (Olympus, Tokyo, Japan).



Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNAs of UM cells were extracted utilizing Trizol kit (Invitrogen, US). The extracted RNAs were utilized for reverse transcription. Cellular cDNA synthesis was conducted according to the instructions of the reverse transcription kit (Transgen, Beijing, China). The PCR amplification reaction was carried out according to the instructions of RT-qPCR kit (Transgen, Beijing, China). Table 1 lists the primer sequences that were synthesized by Shanghai Sangon Bioengineering Co., Ltd. (China). The reaction condition contained pre-denaturation at 94°C lasting 4 min, denaturation at 94°C lasting 30 sec, annealing at 56°C lasting 30 sec, and extending at 72°C lasting 30 sec, in total 45 cycles. The reaction system contained 10 μl Premix Ex Taq or SYBR Green Mix, 1 μl forward primer, 1 μl reverse primer, 1 μl cDNA template, and ddH2O supplemented to 20 μl. Glyceraldehyde phosphate dehydrogenase (GAPDH) acted as an internal reference gene, and the Ct values ​​(threshold of amplification curves) were examined with the control group set to 1. The iQ5 Real-Time PCR Amplifier was purchased from the Bio-Rad company (US). Relative expression values ​​were calculated by the 2-ΔΔCt method.


Table 1 | The primer sequence utilized for RT-qPCR.





Cell Cycle Detection by Flow Cytometry

UM cells were collected and digested with trypsin, followed by centrifugation at 1000 rpm for 5 min. After rinsing the cells with sterile PBS, 1 ml of pre-cooled 70% ethanol was utilized to resuspend the cells as well as fixed overnight at 4°C. They were then rinsed with PBS to remove the ethanol solution, followed by incubation with 500 μl of PI staining solution at room temperature lasting 15 min in the dark. The cell cycle was detected by flow cytometry.



Apoptosis Detection via Flow Cytometry

UM cells were trypsinized, followed by centrifugation at 1000 rpm lasting 5 min. After rinsing the cells utilizing pre-cooled sterile PBS at 4°C, the cellular concentrations were adjusted to 5×104/mL. Then, 10 μl of Annexin V-FITC and 10 μl of PI were added to 200 μl of the cell suspension and incubated for 10 min at room temperature in the dark, followed by the addition of 500 μl PBS. Apoptotic levels were examined by flow cytometry (BD, US) as well as analyzed with FlowJo flow cytometry software.



Methyl Thiazolyl Tetrazolium (MTT)

Following adjustment of the cellular concentration to 1×104/mL, the cells were seeded in 96-well plates, with six duplicate wells for each group. The edge wells were filled with 0.01 mol/L sterile PBS. After 24 h at constant temperature, the medium in the wells was aspirated and discarded, and 90 μL sterile PBS supplemented with 10 μL 0.5% MTT (Sigma-Aldrich, US) were added. After 4 h, the culture was terminated. Thereafter, 100 μl of dimethyl sulfoxide (DMSO; Sigma-Aldrich, US) was added to each well. The plate was shaken well for 10 min, and the absorbance (optical density, OD) value at 490 nm wavelength of each well was measured with a microplate reader (Promega, US).



EdU Staining

UM cells were seeded in 24-well plates (1 mL/well) containing 1 cm × 1 cm sterile glass slides. The plates were pre-incubated for 24 h at 37°C in a 5% CO2 incubator. After transfection, 20 μM EdU working solution pre-warmed at 37°C was added to a 24-well plate. The cells continued to incubate for 2 h. After removing the culture medium, the cells were fixed with 1 ml of 4% paraformaldehyde for 15 min at room temperature. After washing, the cells were incubated with 1 ml of 0.3% TritonX-100 in PBS per well lasting 10 min at room temperature, followed by 0.5 ml Click addictive reaction lasting 30 min in the dark. DAPI (1000×) was diluted 1:1000 in PBS. After removing the washing solution, they were incubated with 200 μl of 1× DAPI solution at room temperature lasting 5 min in the dark. Finally, fluorescence detection was performed.



Transwell Assays

For invasion assay, Matrigel was diluted 8:1 with serum-free DMEM. Then 100 μL diluted Matrigel was added to the upper chamber of the transwell, and the whole process was performed on ice to prevent it from solidifying. The residual liquid was aspirated from the culture plate. UM cells were trypsinized, resuspended, and concentration adjusted. The upper chamber of a 24-well plate transwell covered with Matrigel was evenly seeded 1×105 cells/well as well as maintained by adding serum-free DMEM. Meanwhile, 600 μl of complete medium with 10% FBS was added to the lower chamber. Following 24 h, the chamber was removed, rinsed twice with PBS, and then gently wiped with a cotton swab to remove unpenetrated cells on the upper layer of the chamber membrane. The cells were fixed with 4% paraformaldehyde for 30 min in a 24-well plate, stained with crystal violet staining solution lasting 15 min. The cells invaded through Matrigel were observed under an inverted microscope. Three areas were randomly selected to count the number of invasive cells through Matrigel. The experimental procedure for the migration assay was the same as for the invasion assay, except that Matrigel was not added.



Tube Formation Assay

UM cells transfected with si-NC or si-SOST were co-cultured with HUVEC, and the tube formation ability was detected. Briefly, Matrigel was removed from -20°C and placed in a 4°C refrigerator overnight. The next day, 50 μl Matrigel was added to pre-cooled 96-well plates, and maintained in a 37°C incubator for 45 min. The co-cultured HUVEC was routinely digested, resuspended in cell medium containing 10% FBS. Thereafter, they were seeded into 96-well plates (1×104 cells/well) as well as incubated at 37°C. The tube formation was investigated under an inverted microscope.



Animal Experiment

The primer of SOST was designed by querying the CDS sequence on the NCBI website as well as the Thermo fisher website, with a primer sequence of 5’- AAAAGCAGGCGTTCAAGAATGATGCTTGGATCCAAGCATCATTCTTGAACGCCTGC-3’. The primer was synthesized by Shanghai Sangon Bioengineering Co., Ltd. (China). With pENTRTM H1/TO as vector, shRNA SOST (sh-SOST) or negative control (sh-NC) plasmids were constructed by enzyme digestion, ligation, transformation, and other operations, and then the plasmid identification was carried out. There were 293 T cells used to package the target plasmid, and when the density of OCM-1 cells reached 40%-50%, a stable transfection cell line was constructed after screening.

Six-week-old BALB/c nude female mice (14 ± 2 g) were purchased from Vital River Company (Beijing, China). All experiments gained the approval of the Laboratory Animal Care and Use Committee of Tianjin Medical University Eye Hospital (TJYY2020122054). All animals were separated into four groups (3 mice/group), containing a control group, model group, model + sh-NC group, and model + sh-SOST group. Normal OCM-1 cells or OCM-1 cells stably transfected with sh-NC or sh-SOST were trypsinized, centrifuged as well as suspended in Hanks’ balanced salt at 1×107/mL. The abdominal skin of the mice was disinfected with iodophor, and the mice were anesthetized by intraperitoneal injection of 0.5% pentobarbital sodium. The right eye of the mice was instilled with proparacaine for ocular surface anesthesia, and the left eye was coated with ophthalmic gel to prevent keratitis. Under the operating microscope, a 30G needle was pointed at the oblique angle to create a tunnel via the sclera, and to penetrate the choroid without retina. There were 34G blunt needles attached to 10 μL Hamilton syringes inserted into the subretinal space with the bevel toward the inner eye. The mice in the model group, model + sh-NC group, and model + sh-SOST group were separately injected by 5 μL (5×104 cells) of the cell suspension of normal OCM-1 cells or OCM-1 cells stably transfected by sh-NC or sh-SOST. For the control group, the mice did not receive any treatment. After the injection, a white bump was found in the fundus of the mouse, indicating that the injection was successful. Tobramycin ophthalmic ointment was then applied to the eye to reduce the risk of infection. After successful injection, the state of the mice was observed and weighed every other week, and the time of tumor formation in the eyes of the mice was recorded. After six weeks, all mice were euthanized, and their eyeballs were enucleated. The length (L) as well as width (W) of the murine eyeballs were measured utilizing a vernier caliper. The tumor volume (V) was measured in accordance with the following formula: V = π×L×W2×1/6.



TUNEL Staining

A TUNEL kit was purchased from the Roche Company (Switzerland). The tissue slides were soaked in xylene for 10 min to dewax. For hydration, the sections were soak in graded ethanol (100%, 95%, 85%, 70%, 50%) for 30 sec, respectively. After washing twice with 1×PBS for 5 min each, 20 μg/ml proteinase K was dropwise added. After 15 min at 37°C, the sections were washed 3 times with 1×PBS. The labeling solution was mixed with buffer evenly at a volume ratio of 1:9. Thereafter, 100 μL TUNEL reaction solution was dropwise added. The reaction area with a cover glass was covered, and reacted at 37°C in a humid, dark environment for 60 min. After washing three times with 1×PBS, 50 μL of DAPI buffer (0.1 mg/mL; Sigma, US) was added to each well, and incubated in the dark at room temperature for 5 min. After washing 3 times with 1×PBS, images were photographed under a fluorescence microscope.



Immunofluorescence

Paraffin sections of murine in situ UM tumors in eyeball were deparaffinized, antigen retrieved, blocked with 5% BSA, incubated with primary and secondary antibodies, and finally stained with DAPI (Sigma, US) and mounted with resin. Primary antibodies included SOST, LRP5, and LRP6 antibodies (Affinipure, Jackson, US), and fluorescent-labeled secondary antibodies included Alex Fluor 488 and Alex Fluor 610 goat anti-rabbit antibodies (Affinipure, Jackson, US). The sections were then observed under a fluorescence microscope and three fields of view were randomly selected to be photographed. The nuclei stained with DAPI were blue under the excitation of ultraviolet, and the positive expression was fluorescein-labeled green or red.



Statistical Analysis

All statistical analysis was carried out utilizing GraphPad Prism software (version 8.0.1, GraphPad Software, US). Student’s t-test was implemented for comparisons between two groups, and one-way analysis of variance (ANOVA) was implemented for comparisons between multiple groups. Pearson correlation test was used for correlation analysis. P<0.05 was considered statistically significant.




Results


Down-Regulated SOST and Up-Regulated Wnt-1 and β-Catenin in Epithelial Type Than Spindle Type UM Tissues

Our study analyzed the expressions of SOST and Wnt-1 as well as β-catenin in 20 cases of epithelial type UM tissues with a high degree of malignancy and 16 cases of spindle type UM with a low degree of malignancy via immunohistochemistry. The results showed that SOST expression was lower as well as Wnt1 and β-catenin expressions were higher in epithelial type in comparison to spindle type UM tissues (Figures 1A, B). This indicated that low SOST expression as well as activation of Wnt/β-catenin signaling were linked to malignant progression of UM. We also calculated the correlation between SOST and Wnt1 and β-catenin in UM. Our results showed that SOST was negatively correlated to Wnt1 (p=0.0003 and r=-0.9869) and β-catenin (p<0.0001 and r=-0.9953). The STRING online database also confirmed their protein-protein interactions (Figure 1C).




Figure 1 | Abnormal expressions of SOST and Wnt-1 as well as β-catenin in spindle type than epithelial type UM tissues. (A) Representative immunohistochemistry images for SOST and Wnt-1 as well as β-catenin in human spindle type and epithelial type UM tissues. Magnification, ×100. Scale bar, 10 μm. (B) Immunohistochemistry staining scoring of SOST and Wnt-1 as well as β-catenin levels in human spindle type (n=16) and epithelial type (n=20) UM specimens. (C) The protein-protein interactions of SOST, Wnt-1, β-catenin, LRP5, and LRP6. ****p<0.0001.





SOST Knockdown Activates Wnt/β-Catenin Signaling in UM Cells

SOST expression was further examined in human retinal epithelial cell line (APRE-19) and three human UM cell lines containing primary spindle-type OCM-1 cells, metastatic epithelial Mum-2B cells, and metastatic spindle-type Mum-2C cells. As shown in Figures 2A, B, SOST expression was lower in three human UM cell lines in comparison to APRE-19 cells. Compared with OCM-1 cells, lower SOST expression was found in Mum-2B and Mum-2C cells. Meanwhile, SOST expression was lower in Mum-2C cells than Mum-2B cells. This indicated the down-regulation of SOST in metastatic cells. To silence the expression of SOST, siRNA against SOST was transfected into OCM-1, Mum-2B, and Mum-2C cells. In Figure 2C, 48 h after transfection, the expression of SOST mRNA was successfully decreased in three human UM cell lines. Further analysis showed that the expressions of WNT1, CTNNB1, CCND1, MMP2, and MMP9 mRNAs were decreased in si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells than controls (Figures 2D–H). As expected, SOST protein was reduced following si-SOST transfection than control in three human UM cell lines (Figures 2I, J). Additionally, Wnt-1, β-catenin, Cyclin-D1, MMP2, and MMP9 proteins presented higher levels when SOST expression was knocked out (Figures 2K–O). Collectively, silenced SOST could activate the Wnt/β-catenin pathway in UM cells.




Figure 2 | SOST knockdown activates Wnt/β-catenin signaling in UM cells. (A, B) Western blot of SOST expression in APRE-19 cells as well as three human UM cell lines OCM-1, Mum-2B, and Mum-2C. (C–H) RT-qPCR of the expressions of WNT1, CTNNB1, CCND1, MMP2, and MMP9 mRNAs in si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells and controls. (I-O) Western blot of SOST, Wnt-1, β-catenin, Cyclin-D1, and MMP2 as well as MMP9 levels in si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells and controls. Ns, no significance; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.





Low SOST Expression Accelerates Cell Cycle Progression As Well As Reduces Apoptosis in UM Cells

Flow cytometry showed that after si-SOST transfection, the proportion of G1 phase was lower as well as the proportions of S phase and G2 phase were higher in three cell lines OCM-1, Mum-2B, and Mum-2C compared with that of the si-NC group, indicating that silencing SOST expression was capable of increasing the proportion of UM cells in interphase (Figures 3A–F). Additionally, the apoptotic levels of si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells were decreased in comparison to that of the si-NC group (Figures 3G–L). Altogether, SOST knockdown enabled us to accelerate cell cycle progression as well as decrease apoptosis in UM cells.




Figure 3 | Low SOST expression accelerates cell cycle progression and reduces apoptosis in UM cells. (A–F) Cell cycle distribution of normal, si-NC-, or si-SOST-transfected OCM-1 and Mum-2B as well as Mum-2C cells. (G–L) Apoptotic levels of normal, si-NC-, or si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells. *p<0.05; ****p<0.0001.





SOST Knockdown Strengthens Proliferative Capacities of UM Cells

Through CCK-8 as well as EdU staining assays, this research evaluated the effects of SOST on proliferation of UM cells. As depicted in Figures 4A–C, the cell viability of si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells was elevated in comparison to that of the si-NC group. To overexpress SOST, UM cells were transfected with OE-SOST plasmid. RT-qPCR confirmed that SOST expression was significantly up-regulated in UM cells (Figure 4D). Lower cell viability was found in SOST-overexpressed OCM-1, Mum-2B, and Mum-2C cells (Figure 4E). Moreover, proliferation levels of three human UM cell lines were enhanced by si-SOST transfection (Figures 4F, G) as well as weakened by SOST overexpression (Figures 4H, I). Thus, reduced expression of SOST enabled us to strengthen proliferative capacities of UM cells.




Figure 4 | SOST knockdown strengthens proliferative capacities of UM cells. (A–C) CCK-8 for the cell viability of normal, si-NC-, or si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells. (D) RT-qPCR for the expression of SOST in empty vector- or OE-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells. (E) CCK-8 for the cell viability of empty vector- or OE-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells. (F, G) EdU staining for the proliferation of normal, si-NC-, or si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells. (H, I) EdU staining for the proliferation of empty vector- or OE-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells. Magnification, ×200. Scale bar, 10 μm. **p<0.01; ***p<0.001; ****p<0.0001.





Silencing SOST Facilitates Migration, Invasion, and Angiogenesis of UM Cells

Transwell experiment results showed that compared with the si-NC group, the number of OCM-1, Mum-2B, and Mum-2C cells that penetrated the upper chamber of transwell in the si-SOST group was elevated in the si-SOST group (Figures 5A, B). This indicated the increase in migration capacities of UM cells. In Figures 5C, D, the number of three human UM cell lines invaded through Matrigel was increased in the si-SOST group in comparison to the si-NC group, indicating the enhancement in invasion capacities of UM cells. Following co-culture with si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells, the tube formation number of HUVEC was increased (Figures 5E, F). Altogether, SOST knockdown could enhance migration and invasion as well as angiogenesis of UM cells.




Figure 5 | Silencing SOST facilitates migration and invasion as well as angiogenesis of UM cells. (A, B) Transwell experiments for the migration of normal, si-NC-, or si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells. Magnification, ×40. Scale bar, 10 μm. (C, D) Transwell experiments for the invasion of normal, si-NC-, or si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells. Magnification, ×40. Scale bar, 10 μm. (E, F) Tube formation experiment of HUVEC co-cultured with normal, si-NC-, or si-SOST-transfected OCM-1, Mum-2B, and Mum-2C cells. Magnification, ×40. Scale bar, 200 μm. **p<0.01; ***p<0.001; ****p<0.0001.





SOST Suppression Strengthens Tumor Growth in Murine Models

To further verify the impact of SOST on UM, we constructed a stable SOST knockdown expression OCM-1 cells as well as ocular orthotopic tumor models in nude mice. Following six weeks, we removed the eyeballs and measured the tumor volume. In comparison to the control group, the tumor volume of the model group was increased. Meanwhile, higher tumor volume was found in the model + sh-SOST group than the model + sh-NC group (Figures 6A, B), indicating that SOST suppression accelerated tumor growth. TUNEL staining also demonstrated that proliferative capacity of tumor cells in the model + sh-SOST group was heightened in comparison to that of the model + sh-NC group (Figure 6C).




Figure 6 | SOST suppression strengthens tumor growth in murine models. (A) Representative images of tumors in eyeballs from control mice or those injected with normal, sh-NC-, or sh-SOST-transfected OCM-1 cells after six weeks. (B) Measurement of tumor volume of each group. *p<0.01; ***p<0.001. (C) TUNEL staining of tumor sections from mice injected with normal, sh-NC-, or sh-SOST-transfected OCM-1 cells after six weeks. Magnification, ×40. Scale bar, 200 μm.





SOST Suppression Activates Wnt/β-Catenin Signaling in Ocular Orthotopic Tumor Models

Immunohistochemistry demonstrated that SOST expression was lower in tumor cells of the model + sh-SOST group in comparison to that of the model + sh-NC group (Figure 7). Additionally, Wnt-1, β-catenin, cyclin-D1, MMP2, and MMP9 as well as Ki-67 levels were higher in tumor cells of the model + sh-SOST group than that of the model + sh-NC group, demonstrating that SOST suppression was capable of activating Wnt/β-catenin signaling in ocular orthotopic tumor models.




Figure 7 | SOST suppression activates Wnt/β-catenin pathway in ocular orthotopic tumor models. Immunohistochemistry staining for SOST, Wnt-1, β-catenin, cyclin-D1, MMP2, and MMP9 as well as Ki-67 in tumor sections from mice injected with normal, sh-NC-, or sh-SOST-transfected OCM-1 cells after six weeks. Magnification, ×40. Scale bar, 200 μm.





Interaction Between SOST and LRP5/6 in UM Cells

Further analysis showed that LRP5 and LRP6 membrane receptors presented lower expressions in tumor cells of the model + sh-SOST group than that of the model + sh-NC group, demonstrating that SOST suppression could decrease the expressions of LRP5 and LRP6 (Figures 8A, B). Also, SOST co-localized with LRP5/6 in UM cells, indicating that SOST was interacted with LRP5/6.




Figure 8 | Interaction between SOST and LRP5/6 in UM cells. (A, B) Immunofluorescence double staining of SOST and LRP5/6 in tumor sections from mice injected with normal, sh-NC-, or sh-SOST-transfected OCM-1 cells after six weeks. Magnification, ×40. Scale bar, 200 μm.






Discussion

UM is an aggressive malignancy that originates from ocular melanocytes, which is an incurable melanoma and the mortality rate is as high as 50% (21, 22). The experimental results from this study demonstrated that SOST silencing could heighten the proliferation, migration, and invasion as well as angiogenesis of human UM cells via activating Wnt/β-catenin signaling via binding to membrane receptors LRP5/LRP6.

Low SOST expression as well as high Wnt-1 and β-catenin expressions were found in epithelial-type (high malignancy; n=20) in comparison to spindle-type (low malignancy; n=16) UM tissues. Silencing SOST activated Wnt/β-catenin signaling in three human UM cell lines. Moreover, its knockdown accelerated cell cycle reduced apoptosis as well as facilitated migration, invasion, and angiogenesis of UM cells. SOST is primarily expressed in osteocytes, as a negative regulator of bone formation (23, 24). SOST deficiency facilitates bone formation via Wnt/β-catenin signaling pathway as well as compensates particle-triggered osteolysis (25). Accumulated evidence has demonstrated that SOST mediates cancer progression. Hudson et al. found that SOST participates in the early onset of bone metastasis of prostate cancer, which can inhibit the invasion of prostate cancer cells as well as subsequent bone metastasis (26). SOST deficiency triggers proliferative and invasive capacities and decreases apoptotic levels of human retinoblastoma cells (17) and osteosarcoma cells (18) via activation of Wnt/β-catenin signaling. Hesse et al. reported that suppressing SOST is capable of alleviating breast cancer-triggered bone metastasis and muscle weakness (27). In postmenopausal Romanian women with osteoporosis, there is a close association between LRP5 and SOST polymorphisms (28). Evidence suggests that LRP5/6 co-deletion in bone markedly reduces the skeletal gain from SOST antibody treatment (29). Herein, our immunofluorescence double staining demonstrated the interactions between SOST and LRP5/6 in UM cells, proving that SOST directly bound to LRP5/6 membrane receptors, thereby inhibiting Wnt/β-catenin signaling during UM progression.

To confirm the above demonstration, this study also used the human UM cell line OCM-1 to construct a stable SOST knockdown expression cell line. Thereafter, we established an animal model of ocular orthotopic tumor implantation in BALB/c nude mice to verify the effects of SOST inhibition on UM tumor formation. The results showed that when SOST expressions were knocked down in human UM cells, the tumor volume of ocular tumors of nude mice was larger. Additionally, the expressions of Wnt-1, β-catenin, Cyclin-D1, and MMP2 as well as MMP9 were all increased when the expression of SOST was suppressed in UM cells. As demonstrated by Kim et al. SOST is capable of inactivating Wnt signaling in Xenopus embryos (30). Furthermore, Zhou et al. further proved that the expression of cyclin-D1 is linked with the progression of UM, and high Let-7b expression may weaken the expression of cyclin-D1 and heighten cell cycle arrest to increase the radiosensitivity of UM cells (31). Hou et al. demonstrated that MMP2 is a downstream effector affecting UM metastasis, and miR-34a negatively modulates LGR4, reducing the expression of MMP2 to inhibit UM cell migration and invasion (32). Chang et al. verified that epigallocatechin gallate may downregulate the activity of secreted MMP-2 via suppression of ERK1/2 phosphorylation, and thus reduces the migration of UM cells (33). Cheng et al. demonstrated that HMGA1 can accelerate the progression of UM via positively modulating the activity of PI3K/Akt/MMP9 signaling in xenograft murine models (34). The above evidence demonstrated that SOST suppression may heighten UM progression through activating Wnt/β-catenin signaling via binding to membrane receptors LRP5/LRP6.



Conclusion

Taken together, this research proposed that SOST suppression may activate the Wnt/β-catenin pathway, thereby accelerating UM malignant progression. We also have reasons to believe that the SOST-triggered Wnt/β-catenin pathway might represent a promising therapeutic as well as adjunctive regimen against UM. Despite this, future clinical trials are needed for determining the safety as well as effects of this therapy. Due to the small number of subjects, it is difficult to generalize the results. To gain a deeper understanding of the biological behaviors of UM cells as well as better assess the prognosis of patients, clinical trials and clinical studies on a larger population based on the SOST-triggered Wnt/β-catenin pathway are also needed.
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Helicobacter pylori (H. pylori) infection is the strongest causative factor of gastric cancer. Growing evidence suggests that the complex crosstalk of H. pylori and the tumor microenvironment (TME) exerts a profound influence on gastric cancer progression. Hence, there is emerging interest to in-depth comprehension of the mechanisms of interplay between H. pylori and the TME. This review discusses the regulatory mechanisms underlying the crosstalk between H. pylori infection and immune and stromal cells, including tumor-associated macrophages (TAMs), neutrophils, dendritic cells, myeloid-derived suppressor cells (MDSCs), natural killer (NK) cells, B and T cells, cancer associated fibroblasts (CAFs), and mesenchymal stem cells (MSCs), within the TME. Such knowledge will deepen the understanding about the roles of H. pylori in the immune evasion mechanism in gastric cancer and contribute to the development of more effective treatment regimens against H. pylori-induced gastric cancer.
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Introduction

Gastric cancer is a global health issue, with over 1 million newly diagnosed cases globally each year (1). Despite the descended morbidity and mortality of this malignancy during the last five years, it is still the third major cause of cancer-related deaths (2). The prognosis of advanced gastric cancer is undesirable with a five-year survival rate of less than 30%. Platinum-fluoropyrimidine combination chemotherapy represents the first-line therapeutic option against advanced patients (1). However, patients usually have a low complete response rate to chemotherapy, with substantial toxicity. Gastric cancer is diagnosed histologically following endoscopic biopsy as well as staged utilizing computed tomography, endoscopic ultrasound, positron emission tomography, and laparoscopy. Currently, histopathological classification schemes designate gastric cancer as intestinal or diffuse in accordance with the morphology, differentiation, and cohesion of glandular cells. Intestinal gastric cancer is preceded through alterations in the gastric mucosa as the Correa cascade that evolves via inflammatory response, metaplasia, dysplasia, or adenocarcinoma. Diffuse gastric cancer lacks cell adhesion and exhibits a diffuse aggressive growth feature. Recently, comprehensive evaluation of the Cancer Genome Atlas (TCGA) has categorized this malignancy as 4 molecular subtypes: genome stable (GS), microsatellite instability (MSI), EBV infection, as well as chromosomal instability (CIN) (3). Moreover, the Asian Cancer Research Group (ACRG) project offers a new molecular classification, including MSI subtype, microsatellite stable with epithelial to mesenchymal transition (MSS/EMT), MSS/TP53 mutant (MSS/TP53+), and MSS/TP53 wild-type (MSS/TP53-) subtypes (4). In terms of histopathological or molecular classifications, gastric cancer is not an isolated mass of cancerous epithelial cells. In contrast, these tumors present a complex morphology in which tumor cells are surrounded by the tumor microenvironment (TME) (5). The TME contains extracellular matrix (ECM), stromal cells, immune cells, and secreted factors, which present high correlations to gastric cancer progression and therapeutic responses (6). The innate immune cell populations (macrophage, neutrophil, dendritic cell, innate lymphoid cell, myeloid-derived suppressor cell, natural killer cell) as well as adaptive immune cell populations (T cell and B cell) trigger gastric cancer progression within the TME (7). Innate and adaptive immune responses exert critical functions in tumor immune surveillance as well as suppression of tumor progression. Tumor cells inhibit the immune system, and thus evade immune disruption and facilitate tumor growth, and metastases. Tumor immune surveillance is capable of recognizing and eliminating tumor cells. Tumor immune escape permits tumor cells to proliferation and metastases following escaping immune surveillance and thus results in unfavorable clinical outcomes. Numerus factors participate in the process of tumor immune escape, especially Helicobacter pylori (H. pylori) infection.

H. pylori is a gram-negative microaerobic spiral rod-shaped bacteria that colonizes the surface of human stomach mucosa (2). It is a highly invasive microorganism and is one of the reasons for the highest incidence of chronic infections in the world, though more than 80% of infected patients are still asymptomatic (2). At present, several virulence-related genes in the genome of H. pylori have been confirmed, mainly cytotoxin-associated gene A (cagA), vacuum toxin gene A (vacA), induced by contact epithelium (iceA), blood group antigen-binding Adhesin gene (babA), etc. (2). Over 50% of individuals are infected with H. pylori across the globe. Nearly all cases of gastric cancer are linked with H. pylori infection (8). H. pylori eradication is capable of preventing gastric cancer progression and quadruple therapy (bismuth quadruple and concomitant) is the recommended first-line therapeutic option (8). However, antibiotic resistance with a growing prevalence is the main reason for the therapeutic failure of H. pylori. Growing evidence suggests the crucial roles of H. pylori infection in immune evasion mechanisms during gastric cancer progression (8). The persistence of H. pylori infection results in an immunosuppressive microenvironment as well as allows gastric carcinoma cells to evade immune surveillance (8). In this review, we summarize a comprehensive outline of research advances of the molecular mechanisms concerning the crosstalk of H. pylori with components within the TME of gastric cancer, suggesting the crucial roles of H. pylori infection in tumor immune escape.



The Crosstalk of H. pylori With Innate Immune Cells Within the Tumor Microenvironment


Tumor-Associated Macrophages

Within the TME, macrophages, known as TAMs, are the most abundant immune cells. TAMs are categorized as two subtypes: M1 and M2 (9). M1 macrophages (also called as classical macrophages) can be primarily stimulated by IFN-γ, TNF-α, and LPS; M2 macrophages can be induced by IL-4 (9). The polarization and recruitment of macrophages produce pro-inflammatory and pro-cancerogenic cytokines and thus sustain the initiation and progression of gastric carcinoma (9). H. pylori-induced chronic inflammation exerts a crucial regulatory role in gastric carcinogenesis and TAMs involved in this process. The polarization and recruitment of macrophages supply pro-inflammatory and pro-tumorigenic cytokines and thus support the development and progression of gastric cancer (9). The degree of H. pylori infection is linked with macrophage polarization by interplay of reactive oxygen species (ROS) with hypoxia inducible factor 1 subunit α (HIF-1α) (10). HIF-1α can directly or indirectly trigger tumor development via modulating immune surveillance escape through inducing immunosuppressive factors and downstream targets. Inhibition of macrophage polarization can ameliorate H. pylori-induced gastric injury (11). Exosomes are small extracellular vesicles, which are critical mediators of cell-cell communication. H. pylori infection triggers the up-regulation of mesenchymal-epithelial transition factor (MET) in exosomes and activates tumor-associated macrophages through IL-1β, thereby promoting gastric cancer progression (12). H. pylori triggers nitric oxide (NO) release in macrophages that leads to methylation of runx3 in gastric epithelial cells (13). Runx3 methylation is linked with differentiation, nodal metastases, and unfavorable clinical outcomes of gastric cancer. Experimental evidence shows that suppression of runx3 triggers gastric carcinoma progression as well as metastases. H. pylori also promotes the release of TNF-α from macrophages and thus up-regulates the expression of C-X-C motif chemokine receptor 4 (CXCR4) in gastric cancer cells (14). CXCR4 is a seven-span transmembrane G-protein coupled receptor, which is the main receptor of CXCL12. CXCL12 is released from stromal cells within the TME and thus binds to CXCR4 on the surface of tumor cells, eventually promoting tumor metastases and unfavorable survival outcomes. Notch signaling can facilitate the activation and bactericidal activities of macrophages, and one of its ligands Jagged1 enhances macrophage-mediated response to H. pylori (15). CXCL12/CXCR4 signaling-mediated macrophage polarization can trigger gastric cancer metastases (16). MiR-22 inhibits gastric cancer cell growth through triggering a deficiency in endogenous S-adenosylmethionine, which can sustain NLRP3 expression and attenuate H. pylori-induced gastric cancer initiation (17). H. pylori infection weakens miR-22 expression and thus up-regulates NLRP3 inflammasome activation and release of oncogenic mature IL-1β, thereby triggering uncontrolled proliferation of epithelial cells and the occurrence of gastric cancer (8).



Neutrophils

Neutrophils are the most abundant circulating leukocytes in cancer patients, which present two forms: circulating neutrophils that circulate freely and are recruited into tumors as well as peripheral neutrophils that bind to the capillary endothelium (18). Persisting and increasing neutrophil infiltrations are linked with gastric cancer progression (18). Hepatoma-derived growth factor (HDGF) displays high expression in gastric carcinoma tissues, which is linked with lymph node metastases and undesirable clinical outcomes. Additionally, the differentiation of mesenchymal stem cells into myofibroblast-like cells induced by HDGF triggers the progression of H. pylori-induced gastric cancer. Recent research has proposed that HDGF expression is up-regulated both in tumors and peripheral blood of H. pylori-infected patients, which mediates H. pylori-triggered neutrophil recruitment or activation of inflammatory TNF-α/COX-2 pathway, and thus promotes gastric carcinogenesis (19).



Dendritic Cells

Dendritic cells are professional antigen-presenting cell populations, which can induce antigen-specific adaptive immune response that is of importance for immune surveillance and tolerance (20). Impaired function of dendritic cells results in the ineffective innate and adaptive immune responses against H. pylori for gastric cancer populations (20). H. pylori suppresses the maturation of dendritic cells through IL-10-independent activation of the signal transducer and activator of transcription 3 (STAT3) signaling, potentially favoring chronic infection, and promoting gastric carcinogenesis (21). H. pylori-induced immune evasion is mediated by dendritic cell-induced Th17/Treg balance towards Treg-biased responses and inhibition of Th17 immunity (22). MiR-375 expression is frequently decreased in gastric carcinoma as well as weakens cell proliferation through targeting JAK2 oncogene. H. pylori infection downregulates its expression in gastric cancer cells and promotes the release of cytokines IL-6, IL-10, and VEGF via the JAK2-STAT3 signaling, and thus induces the maturation of dendritic cells and the reduction in the number of CD4+ and CD8+ T cells (23).



Myeloid-Derived Suppressor Cells

MDSCs are a heterogeneous subset of immature myeloid cell populations with immunosuppressive function. MDSCs have been considered as a main obstacle of immunotherapy (24). Numerous scientists are exploring the inhibitory products against MDSCs and exploiting novel therapies that may enhance the efficacy of immunotherapies. Although immunotherapies mainly focus on the manipulation of T cells, targeting MDSCs provides another insight for anti-cancer therapy. The differentiation and function of MDSCs may be mediated by H. pylori infection. CXCL8 is a crucial inflammatory chemokine induced by H. pylori infection. This chemokine is up-regulated in gastric cancer and is linked with an undesirable survival outcome and tumor metastases (24). CXCL8 can promote the recruitment of MDSCs to tumors via binding CXCR1/2. MDSCs restrain the antitumor immune response primarily through weakening T cell function. Kruppel-like factor 4 (KLF4) is an underlying tumor suppressor in gastric carcinoma. H. pylori infection results in KLF4 inactivation in gastric carcinoma with a Tet Methylcytosine Dioxygenase 1 (TET1)-independent DNA methylation mechanism (25). H. pylori infection up-regulates CXCL8 expression through down-regulating KLF4 expression in gastric cancer cells and thus facilitates the recruitment of MDSCs, thereby shaping an immunosuppressive microenvironment (26). Hence, effective inhibition and blockade of CXCL8 and disruption of the immunosuppressive microenvironment are of importance for improving the effects of immunotherapy in gastric cancer. H. pylori-induced programmed death ligand-1 (PD-L1) expression within the gastric epithelium is mediated through the Hedgehog (Hh) pathway that is a contributor of H. pylori-induced atrophic gastritis progressing to gastric cancer. MDSCs require the activation of the Hh pathway-mediated transcription factor GLI1 and thus promotes neoplastic transformation (27). The myeloid differentiation factor Schlafen4 (Slfn4) represents a subpopulation of MDSCs in the gastric with H. pylori-induced spasmolytic polypeptide-expressing metaplasia (SPEM). MiR-130b is required for the T-cell suppressor phenotype displayed by the SLFN4-positive cells, which promotes H. pylori-induced gastric carcinogenesis (28). Depletion of MDSCs can sensitize gastric cancer cells to anti-programmed death-1 (PD-1)/PD-L1 agents (29).



Natural Killer Cells

NK cells, large granular innate lymphoid cells, are a main contributor to immunosurveillance as well as control of tumor progression through mediating apoptosis of gastric cancer cells (30). NK cells mainly mediate cytotoxic resistance through two mechanisms: cancer cells escape NK cell-induced response through co-suppressive signals, resulting in anergic or irresponsiveness states of the immune subpopulation, and cancer cells escape NK cell effector activities following recognition of target cells (such as ineffective perforin binding) (30). High NK-cell infiltration is an indicator of more favorable clinical outcomes of gastric carcinoma subjects, constituting the first line of defense against cancers. H. pylori infection alters NK cell function within the TME. NK cells in the peripheral blood of gastric cancer patients possess a serious suppression capacity in producing IFN-γ following H. pylori infection (30). IFN-γ is an important cytokine secreted from NK and NK T cells or activated T cells within the TME. Innate and adaptive antitumor immune responses can trigger the secretion of IFN-γ. Oppositely, IFN-γ induces feedback suppression, thereby compromising antitumor immune responses. Moreover, IFN-γ upregulates the expression of immune suppressive factors within the TME. Especially, IFN-γ can activate the PD-1 pathway via directly upregulating PD-L1/2 in cancer, immune as well as stromal cell populations, and thus interacts with PD-1 on T cells, thereby downregulating the cytotoxic responses. NK cells can kill susceptible target tumor cells with a perforin-dependent mechanism. Perforin is a pore-forming protein expressed only in killer cells, allowing cytotoxic proteases (31). H. pylori down-regulates perforin production in gastric cancer cells-co-cultured CD56+ NK cells, indicating the decrease in killing efficiency of NK cells (32).




The Crosstalk of H. pylori With Adaptive Immune Cells Within the Tumor Microenvironment

B and T cells are central mediators of adaptive immunity (33). H. pylori infection deregulates T and B cells to mediate immune escape of gastric epithelial cells (34). Immune score has been exploited for estimating the adaptive immune compositions within the TME. In accordance with immune score, tumors are categorized into four subtypes: hot, altered-excluded, altered-immunosuppressed, as well as cold (35). Hot tumors present the features of enhanced infiltrations of PD-1- or CTLA4-expressing cytotoxic T lymphocytes as well as tumor cells expressing costimulatory molecules that are capable of maintaining T-cell functions (36). Intriguingly, hot tumors present the features of the presence of local inflammatory responses as well as high responses to immunotherapy. T-cell exclusion inside the tumors, triggered by the presence of abnormal vasculature and fibrotic nets, represents a major characteristic of altered-excluded immune tumors. Altered-immunosuppressed tumors present the intermediate infiltrations of exhausted T cells and the increased density of soluble inhibitory factors and immune-suppressive cell populations. Cold tumors present the characteristics of the absence of T-cell infiltrations because the cells or mechanisms underlying T-cell priming or activation are lacking. H. pylori-induced adrenomedullin facilitates IFN-γ-producing T-cell responses within the gastric microenvironment (37). The production of suppressive cytokine IL-10 in H. pylori-infected gastric cancer patients is elevated and thus results in a decreased cytotoxic anti-tumor T-cell response in the gastric mucosa, thereby contributing to gastric carcinogenesis (38). H. pylori VacA targets myeloid cells in the gastric mucosa and thus creates a tolerogenic environment that promotes regulatory T-cell (Treg) differentiation and suppresses effector T-cell priming and functionality (39).

Figure 1 summarizes the crosstalk of H. pylori with innate immune cells within the TME, including TAMs, neutrophils, dendritic cells, MDSCs, and NK cells.




Figure 1 | The crosstalk of H. pylori with innate immune cells within the tumor microenvironment (TME). Innate immune cells mainly contain tumor-associated macrophages (TAMs), neutrophils, dendritic cells, myeloid-derived suppressor cells (MDSCs), and natural killer (NK) cells.





The Crosstalk of H. pylori With Cancer Associated Fibroblasts Within the Tumor Microenvironment

CAFs are a major stromal component that display massive infiltrations within the TME (40). CAFs are mainly distributed around blood vessels or in the fibrous interstitium around tumors, secreting cytokines, ECM components, and related enzyme molecules (41). ECM provides physical support for cells in the TME and plays an important role in cell adhesion and infiltration. ECM deposition can produce dense fibrous interstitium that envelops tumors, which makes tumor tissues more brittle and firmer than normal tissues, thereby forming a physical barrier that hinders immune cell infiltration, and inhibiting anti-tumor drugs from targeting the TME (40). Moreover, the matrix metalloproteinases secreted by CAFs can reshape ECM, release chemokines, growth factors, and pro-angiogenesis factors, and promote the malignant transformation of tumors. With the rapid growth of tumors and vascular alienation, insufficient blood supply often occurs in the tumors and long-term hypoxia (42). Meanwhile, cell metabolism will increase the accumulation of lactose and hydrogen ions to form the acidic TME. The activation of a cascade of signals caused by vascular defects and metabolic disorders promotes the formation of immunosuppressive TME (43). CAF mainly affects TME through four perspectives: tumor cell proliferation and metastases, angiogenesis, ECM remodeling, and immune inhibition. H. pylori can activate gastric fibroblasts into cells possessing CAFs. H. pylori infection increases vascular adhesion molecule 1 (VCAM1) expression in CAFs within the TME through activating the JAK/STAT1 pathway, and CAF-derived VCAM1 interacts with integrin αvβ1/5 in gastric cancer cells to trigger cancer invasion (40). H. pylori infection induces the cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) pathway and enhances PGE2 production, leading to the hypermethylation of miR-149 in CAFs as well as the increase in IL-6 secretion. Epigenetic silencing of miR-149 in CAFs mediates the interplay of CAFs with gastric cancer cells within the TME (44).



The Crosstalk of H. pylori With Mesenchymal Stem Cells Within the Tumor Microenvironment

Epithelial–mesenchymal transition (EMT) process may confer mesenchymal phenotype and characteristics to epithelial cells (45, 46), with the abnormality of epithelial polarization and cell-to-cell junction as well as acquiring mesenchymal and motile phenotypic changes (47). H. pylori infection triggers the EMT of epithelial cell populations in the stomach mucosa. Moreover, this process can result in the appearance of CSC characteristics in gastric cancer. CSCs are a rare cell subset in tumors, which can initiate the progression and spread of tumors to induce distant metastasis. H. pylori infection can unveil CSC-like properties through inducing EMT-like alterations in gastric epithelial cells via CagA (47). Hippo pathway effectors yes-associated protein (YAP) along with transcriptional co-activator with PDZ binding motif (TAZ) mediates gastric carcinoma occurrence or development. TAZ activation responding to H. pylori can result in H. pylori-triggered EMT as well as CSC features. Thus, TAZ up-regulation constitutes a contributor of early conversion during H. pylori-induced gastric cancer initiation (48). Bone marrow-derived MSCs facilitate H. pylori-induced gastric cancer progression via secretion of thrombospondin-2 (49).



Discussion

H. pylori infection has been considered as a microorganism that is highly effective in triggering inflammatory response within the stomach. Recent research has revealed a synergistic interplay of H. pylori infection with the components within the TME. An in-depth comprehension of how H. pylori and these cell populations interact can provide novel ideas and perspectives in treating gastric cancer and promising biomarkers for early detection. As mentioned, the interactions of H. pylori infection with TAMs, neutrophils, dendritic cells, MDSCs, NK cells, B and T cells, CAFs, and MSCs exert crucial roles in gastric carcinogenesis.



Future Perspectives

Because H. pylori infection can induce strong immune response in the stomach, the resulting inflammation can facilitate gastric cancer progression. Most studies investigating the influence of H. pylori infection on the mentioned cell populations within the TME have been conducted in vitro. Furthermore, the exact mechanisms underlying the interplay of H. pylori infection with the TME should be addressed, assisting better expounding of the roles of H. pylori infection in gastric carcinogenesis. More biomedical or pharmaceutical regimens specifically targeting H. pylori infection can offer potential treatment methods for gastric cancer prevention.
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Aim: Drug-eluting beads-transarterial chemoembolization (DEB-TACE) has been widely used in unresectable and advanced hepatocellular carcinoma (HCC). However, no study reported the clinical outcomes of drug-eluting beads TACE (DEB-TACE) with oxaliplatin-eluting CalliSpheres microspheres in the treatment of HCC. This study reports the preliminary outcomes of DEB-TACE loaded with oxaliplatin for the treatment of patients with unresectable or recurrent HCC.
Methods: From November 2019 to November 2021, 29 patients with unresectable or recurrent HCC were recruited from our department and treated by DEB-TACE loaded with oxaliplatin. The primary endpoint was progression-free survival (PFS), and the secondary endpoints were disease control rate and safety. Tumor response was investigated at 1, 3, and 6 months after DEB-TACE according to the criteria of the response evaluation in solid tumor (RECIST) criteria and the modified RECIST criteria (mRECIST). Survival curve was generated with the Kaplan–Meier method.
Results: A total of 49 DEB-TACE sessions were performed, with a technical success rate of 100%. The overall response rate and disease control rate were 52.4 and 95.2%, 64.7 and 76.5%, and 54.5 and 63.3%, respectively, at 1, 3, and 6 months after DEB-TACE (mRECIST). The PFS was 5.9 months, and the median overall survival was 18.8 months. The 6- and 12-month overall survival rate was 82.5% and 67.5%, respectively, No treatment-related mortality or severe adverse events were observed. Minor complications were observed in 21 patients (72.4%), and abdominal pain (41.4%) was the most common treatment-related complication.
Conclusion: DEB-TACE loaded with oxaliplatin-eluting CalliSpheres microspheres could be a safe, feasible, and efficacious palliative regimen in unresectable or recurrent HCC patients.
Keywords: hepatocellular carcinoma (HCC), drug-eluting beads transarterial chemoembolization (DEB-TACE), CalliSpheres beads, oxaliplatin, TACE
INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors and the leading cause of cancer-related mortality worldwide (Torre et al., 2012; Mittal and El-Serag, 2013). Unfortunately, more than 70% of patients are diagnosed with late-stage HCC and cannot be treated with curative treatments such as transplantation or liver resection (Mazzaferro et al., 2014; Morise et al., 2014), so the prognosis of HCC remains poor. Transarterial chemoembolization (TACE), as an efficacious palliative treatment, has been widely used in patients with unresectable and advanced HCC (Llovet and Bruix, 2003; Bruix and Sherman, 2011). Oxaliplatin is the third generation of platinum anticancer drugs and shows an excellent inhibitory effect on various cancers (Ibrahim et al., 2004; Nobili et al., 2008). However, adverse effects, such as cardiotoxicity and neurotoxicity, are observed in some patients due to high blood concentration (Bullinger et al., 2011).
Drug-eluting beads TACE (DEB-TACE), as a relatively new drug-delivering device, showed an advantage of sustained release of chemotherapy drugs and increased local drug concentration (Wu et al., 2018; Bi et al., 2021a). DEB-TACE with oxaliplatin-eluting hepasphere microspheres has been used to reduce toxicities for patients with unresectable intrahepatic cholangiocarcinoma and liver metastasis of colorectal cancer (Poggi et al., 2008; Poggi et al., 2009). CalliSpheres microsphere is the first drug-eluting bead developed in China, which has been applied for loading and releasing oxaliplatin in an in vitro study (Han et al., 2019). However, no study reported the outcomes of oxaliplatin-eluting CalliSpheres microspheres in the treatment of HCC. In this study, we aim to report the preliminary outcomes of DEB-TACE loaded with oxaliplatin for the treatment of patients with unresectable or recurrent HCC.
Patients and Methods
Selection of Patients
Patients who were clinically or histologically diagnosed with primary HCC, either matter unresectable or recurrent tumor, were recruited from our department between November 2019 and November 2021. Contrast-enhanced computed tomography (CT) and/or magnetic resonance imaging (MRI) were carried out at baseline (Figures 1A,B; Figure 2A; Figure 3A). The inclusion criteria were 1) age 18–81 years, with a life expectancy more than 3 months; 2) Barcelona Clinic Liver Cancer (BCLC) stage B or C; and 3) Child–Pugh class A or B. Exclusion criteria were 1) allergy to study drugs; 2) liver metastatic cancer; 3) severe cardiovascular comorbidities including unstable angina, myocardial infarction, or uncontrolled hypertension; 4) coagulopathy or bleeding diathesis; 5) BCLC stage D; and 6) Child–Pugh class C. This study was approved by the Medical Ethics Committee of our hospital. Informed consent for the DEB-TACE procedure was obtained from all patients before the procedure.
[image: Figure 1]FIGURE 1 | 45 year old female patient treated with CalliSpheres beads for advanced primary HCC. (A–B) CT examination on admission revealed HCC in the right lobe. (C) Huge tumor staining was shown and was embolized by 300–500 μm oxaliplatin-loaded beads. (D–E) PET-CT showed significant reduction of the tumor and no residual tumor at 2.2 months’ follow-up. (F) Complete response was shown by mRECIST criteria at 5.0 months’ follow-up and still alive 15.5 months later.
[image: Figure 2]FIGURE 2 | 54 years female patient treated with CalliSpheres beads for advanced primary HCC. (A) CT revealed a tumor in the right lobe and the obstructed bile duct. (B–C) Tumor artery was super selectively incubated and embolized by 100–300 μm oxaliplatin-loaded beads. (D) MR revealed a shrunk tumor 4.6 months after DEB-TACE. (E–F) Tumor was resected 4.9 months after DEB-TACE, and no residual tumor was shown by pathological examination.
[image: Figure 3]FIGURE 3 | 70 years female patient treated with CalliSpheres beads for advanced primary HCC. (A) MR revealed HCC in the right lobe. (B–C) Tumor staining was shown, and the right hepatic artery was embolized by 100–300 μm oxaliplatin-loaded beads. (D–E) PET-CT revealed a shrunk tumor with a small residual node 4.8 months later. (F) Tumor was found to shrink with no enhancement after 6.5 month follow-up. The patient passed away with tumor progression after 18.8 months.
DEB-TACE Procedures
The femoral artery was accessed after local anesthesia and a 5F right hepatic catheter (Terumo, Japan) was introduced. Tumor-feeding vessels were catheterized and super-selected by a 2.7-F microcatheter (Progreat, Terumo, Japan). For diffuse lesions, the right hepatic and/or left hepatic artery was catheterized for embolization, avoiding the embolization of gallbladder artery and gastroduodenal artery. Oxaliplatin (100 mg) was pre-loaded with one vial of 100–300 μm or 300–500 μm CalliSpheres beads (Jiangsu Hengrui Medicine Co. Ltd., Jiangsu, China) for 30 min and then mixed with iodixanol at a ratio of 1:1. After infusion of raltitrexed (4 mg) or fluorouracil (500 mg), a bottle of CalliSpheres beads was used for embolization of the tumor-feeding vessels. Gelatin sponge particles or polyvinyl alcohol particles (Merit, American) were used if embolization was insufficient (Figure 1C; Figure 2BC; Figure 3BC).
Efficacy and Safety Evaluation
The progression-free survival (PFS) was the primary endpoint. CT and/or MRI images were used for assessment of tumor response according to the response evaluation criteria in solid tumors (RECIST) (Eisenhauer et al., 2009) and modified RECIST (mRECIST) (Lencioni and Llovet, 2010). Patients were followed up by CT and/or MRI examination on 1, 3, and 6 months after the procedure and every 2 months thereafter until the end of the study, complete response, or patient death (Figures 1D–F; Figures 2D–F; Figures 3D–F). One patient was lost to follow-up in this study. The phone call follow-up was performed for the remaining 28 patients, and the last follow-up date was 20 January 2022. Disease control rate and safety were the secondary endpoints. Safety and toxicity were assessed according to the National Cancer Institute Common Toxicity Criteria (version 3.0) (Trotti et al., 2003).
RESULTS
Patient Characteristics
Twenty-nine patients were enrolled in this study, including 20 males and nine females (mean age 58.1 ± 10.6 years). Disease characteristics and baseline demographics are shown in Table 1. Extrahepatic metastases were present in 13 patients (44.8%), and portal vein trunk or inferior vena cava invasion was found in five patients (17.2%). Eighteen patients (62.1%) complained of abdominal pain or distension, and median duration of symptom was 1.0 months. Twenty-one patients (72.4%) received synchronous treatments, including targeted therapy (n = 9), immunotherapy (n = 2), and targeted combined with immunotherapy (n = 10). For 10 patients who received combination treatment, targeted immunotherapy was used continuously.
TABLE 1 | Patient characteristics at admission.
[image: Table 1]DEB-TACE Treatments
As shown in Table 2, a total of 49 DEB-TACE sessions were performed in 29 patients, with a mean DEB-TACE cycle of 1.7 ± 0.9. Thirteen patients completed at least two cycles of DEB-TACE. All DEB-TACE procedures were successfully performed, with a technical success rate of 100%. Except for 13 sessions of DEB-TACE performed with CalliSpheres beads of 300–500 μm, the remaining 36 sessions of DEB-TACE were performed by using CalliSpheres beads of 100–300 μm in diameter. All patients received a bottle of beads; additional embolization was performed by 350–560 μm polyvinyl alcohol particles in four patients (13.8%) or 350–560 μm gelatin sponge particles in five patients (17.2%), or 300–500 μm embolization microsphere in six patients (20.7%). Thirteen patients (44.8%) received other interventional treatments, including conventional TACE (n = 8), percutaneous transhepatic cholangial drainage (n = 3), and thermal ablation in three patients (n = 3).
TABLE 2 | Clinical data on DEB-TACE.
[image: Table 2]Tumor Response
According to the RECIST criteria, only one patient achieved a complete response 3 and 6 months after DEB-TACE. Partial response was observed in one, four, and one patients at 1-, 3-, and 6-month follow-up. The overall response rates were 4.3, 26.3, and 15.4%, respectively, at 1, 3, and 6 months (Table 3). According to the mRECIST criteria, tumor enhancement decreased significantly after DEB-TACE, and higher rates of complete response and overall response were observed. The overall response rates were 52.4, 64.7, and 54.5% at 1, 3, and 6 months, respectively. The disease control rates were similar, whether assessed using RECIST criteria or mRECIST criteria (Table 4).
TABLE 3 | Local tumor response assessed using RECIS criteria.
[image: Table 3]TABLE 4 | Local tumor response assessed using mRECIS criteria.
[image: Table 4]Survival
One patient was lost to follow-up, with a follow-up rate of 96.6%. The PFS was 5.9 months, and the median overall survival was 18.8 months (Figure 4). The 6- and 12-month overall survival rates were 82.5 and 67.5%, respectively. There was no significant difference in PFS between unresectable HCC and recurrent HCC (p = 0.41). The median overall survival was 18.8 months for unresectable HCC and 19.7 months for recurrent HCC, with no significant difference (p = 0.51). Twenty-one patients received DEB-TACE plus systemic therapy, and only nine patients received only DEB-TACE. The median overall survival was 18.8 months for patients who received only DEB-TACE and 16.7 months for patients who received DEB-TACE combined with targeted or immunotherapy. However, there was no significant difference in overall survival or PFS between these two groups.
[image: Figure 4]FIGURE 4 | Survival follow-up. The PFS was 5.9 months, and the median overall survival was 18.8 months.
Safety and Toxicity
Minor complications were observed in 21 patients (72.4%), with no severe adverse events or treatment-related mortality. Abdominal pain (41.4%) was the most common treatment-related nonhematologic complication. All reported toxicities were grades 1 and 2.
DISCUSSION
HCC has the highest incidence in Southeast Asia and the major risk factor of HCC is hepatitis B virus transmission (McGlynn et al., 2015). More than 70% of HCC patients are diagnosed in the intermediate or advanced stage and cannot be treated with curative treatments such as liver transplantation or liver resection (Mazzaferro et al., 2014; Morise et al., 2014). For patients with BCLC tumor stage B, TACE is recommended as the first-line therapy (Bruix and Llovet, 2002). As the third generation of platinum anticancer drugs, oxaliplatin shows an excellent inhibitory effect on cancers (Ibrahim et al., 2004; Nobili et al., 2008). Oxaliplatin-based TACE, oxaliplatin combined with fluorouracil or doxorubicin, is usually used clinically for the treatment of HCC. However, adverse effects are observed due to high blood concentration, leading to cardiotoxicity and neurotoxicity (Bullinger et al., 2011) (Ransom et al., 2014).
As a relatively new drug-delivering device, DEB-TACE showed an advantage of sustained release of chemotherapeutic drugs, increased local drug concentration, and reduced toxicities (Bi et al., 2021b; Bi et al., 2021c). CalliSpheres microsphere is the first drug-eluting bead developed in China, which has been applied for loading and releasing oxaliplatin in an in vitro study (Han et al., 2019). Poggi et al. reported that DEB-TACE with oxaliplatin-eluting Hepasphere microspheres associated with chemotherapy is a safe and feasible treatment in advanced unresectable intrahepatic cholangiocarcinoma and liver metastasis of colorectal cancer (Poggi et al., 2008; Poggi et al., 2009). However, only nine patients with intrahepatic cholangiocarcinoma and eight patients with colorectal carcinoma liver metastases were enrolled, rather than those with primary HCC. Currently, no study reported the outcomes of oxaliplatin-eluting CalliSpheres microspheres in the treatment of HCC.
In this study, a total of 49 DEB-TACE sessions were performed in 29 patients with unresectable or recurrent HCC, with a technical success rate of 100%. The overall response rate and disease control rate were 52.4 and 95.2%, 64.7 and 76.5%, and 54.5 and 63.3%, respectively, at 1, 3, and 6 months after DEB-TACE according to mRECIST criteria. A higher overall response rate was determined by mRECIST criteria than by the RECIST criteria, which was consistent with our previous study (Zhao et al., 2016). The complete response was only one if assessed by RECIST, which was similar to the previous report (Rougier et al., 1997). The mRECIST may be more suitable for response assessment after DEB-TACE, considering that most patients showed a significant decrease in tumor enhancement after DEB-TACE procedure.
In this study, we also evaluated the safety of DEB-TACE loaded with oxaliplatin in unresectable or recurrent HCC patients. Our data suggested that abdominal pain (41.4%) was the most common treatment-related complication, which was similar to our previous study (Zhao et al., 2016). No treatment-related mortality or severe adverse events was observed in this study.
Doxorubicin is a regularly used drug in DEB-TACE. Huang et al. (Huang et al., 2021) reported the overall survival was 14.0 months for patients who received DEB-TACE with beads loaded with 60 mg doxorubicin, and the PFS was 6.3 months. These results were similar to the outcomes of our study. In addition, nausea/vomiting (18.8%), neutropenia (7.8%), and thrombocytopenia (12.5%) were observed in Huang’s study, which was also similar to our study.
There are some limitations in this study. Unresectable and recurrent HCC are different in prognosis and response to the treatment. However, the sample size of recurrent HCC was too small to compare the difference. Oxaliplatin release was very quick in CalliSpheres beads, and further studies are needed to prove the advantage of oxaliplatin-loaded DEB-TACE.
In conclusion, our preliminary results showed that DEB-TACE loaded with oxaliplatin-eluting CalliSpheres microspheres is safe and tolerable in patients with unresectable HCC.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Medical Ethics Committee of First Affiliated Hospital of Zhengzhou University. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
All authors made substantial contributions to conception and design, acquisition of data, and analysis; took part in drafting the manuscript or revising it; agreed to submit to the current journal; gave final approval for the version to be published; and agreed to be accountable for all aspects of the work.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Bi, Y., Shi, X., Ren, J., Yi, M., Han, X., and Song, M. (2021a). Clinical Outcomes of Doxorubicin-Eluting CalliSpheres(R) Beads-Transarterial Chemoembolization for Unresectable or Recurrent Esophageal Carcinoma. BMC Gastroenterol. 21 (1), 231. doi:10.1186/s12876-021-01816-3
 Bi, Y., Shi, X., Yi, M., Han, X., and Ren, J. (2021b). Pirarubicin-loaded CalliSpheres(R) Drug-Eluting Beads for the Treatment of Patients with Stage III-IV Lung Cancer. Acta Radiol. 63(3), 311–318. doi:10.1177/0284185121994298
 Bi, Y., Wang, Y., Zhang, J., Shi, X., Wang, Y., Xu, M., et al. (2021c). Clinical Outcomes of Uterine Arterial Chemoembolization with Drug-Eluting Beads or Advanced-Stage or Recurrent Cervical Cancer. Abdom. Radiol. (NY) 46 (12), 5715–5722. doi:10.1007/s00261-021-03267-6
 Bruix, J., and Llovet, J. M. (2002). Prognostic Prediction and Treatment Strategy in Hepatocellular Carcinoma. Hepatology 35 (3), 519–524. doi:10.1053/jhep.2002.32089
 Bruix, J., and Sherman, M. (2011). Management of Hepatocellular Carcinoma: an Update. Hepatology 53 (3), 1020–1022. doi:10.1002/hep.24199
 Bullinger, K. L., Nardelli, P., Wang, Q., Rich, M. M., and Cope, T. C. (2011). Oxaliplatin Neurotoxicity of Sensory Transduction in Rat Proprioceptors. J. Neurophysiol. 106 (2), 704–709. doi:10.1152/jn.00083.2011
 Eisenhauer, E. A., Therasse, P., Bogaerts, J., Schwartz, L. H., Sargent, D., Ford, R., et al. (2009). New Response Evaluation Criteria in Solid Tumours: Revised RECIST Guideline (Version 1.1). Eur. J. Cancer 45 (2), 228–247. doi:10.1016/j.ejca.2008.10.026
 Han, X., Chen, Q., Sun, Y., Han, L., and Sha, X. (2019). Morphology, Loadability, and Releasing Profiles of CalliSpheres Microspheres in Delivering Oxaliplatin: An In Vitro Study. Technol. Cancer Res. Treat. 18, 1533033819877989. doi:10.1177/1533033819877989
 Huang, J., Huang, W., Zhan, M., Guo, Y., Liang, L., Cai, M., et al. (2021). Drug-Eluting Bead Transarterial Chemoembolization Combined with FOLFOX-Based Hepatic Arterial Infusion Chemotherapy for Large or Huge Hepatocellular Carcinoma. J. Hepatocell. Carcinoma 8, 1445–1458. doi:10.2147/JHC.S339379
 Ibrahim, A., Hirschfeld, S., Cohen, M. H., Griebel, D. J., Williams, G. A., and Pazdur, R. (2004). FDA Drug Approval Summaries: Oxaliplatin. Oncologist 9 (1), 8–12. doi:10.1634/theoncologist.9-1-8
 Lencioni, R., and Llovet, J. M. (2010). Modified RECIST (mRECIST) Assessment for Hepatocellular Carcinoma. Semin. Liver Dis. 30 (1), 52–60. doi:10.1055/s-0030-1247132
 Llovet, J. M., and Bruix, J. (2003). Systematic Review of Randomized Trials for Unresectable Hepatocellular Carcinoma: Chemoembolization Improves Survival. Hepatology 37 (2), 429–442. doi:10.1053/jhep.2003.50047
 Mazzaferro, V., Lencioni, R., and Majno, P. (2014). Early Hepatocellular Carcinoma on the Procrustean Bed of Ablation, Resection, and Transplantation. Semin. Liver Dis. 34 (4), 415–426. doi:10.1055/s-0034-1394365
 McGlynn, K. A., Petrick, J. L., and London, W. T. (2015). Global Epidemiology of Hepatocellular Carcinoma: an Emphasis on Demographic and Regional Variability. Clin. Liver Dis. 19 (2), 223–238. doi:10.1016/j.cld.2015.01.001
 Mittal, S., and El-Serag, H. B. (2013). Epidemiology of Hepatocellular Carcinoma: Consider the Population. J. Clin. Gastroenterol. 47 (Suppl. l), S2–S6. doi:10.1097/MCG.0b013e3182872f29
 Morise, Z., Kawabe, N., Tomishige, H., Nagata, H., Kawase, J., Arakawa, S., et al. (2014). Recent Advances in the Surgical Treatment of Hepatocellular Carcinoma. World J. Gastroenterol. 20 (39), 14381–14392. doi:10.3748/wjg.v20.i39.14381
 Nobili, S., Checcacci, D., Filippelli, F., Del Buono, S., Mazzocchi, V., Mazzei, T., et al. (2008). Bimonthly Chemotherapy with Oxaliplatin, Irinotecan, Infusional 5-fluorouracil/folinic Acid in Patients with Metastatic Colorectal Cancer Pretreated with Irinotecan- or Oxaliplatin-Based Chemotherapy. J. Chemother. 20 (5), 622–631. doi:10.1179/joc.2008.20.5.622
 Poggi, G., Amatu, A., Montagna, B., Quaretti, P., Minoia, C., Sottani, C., et al. (2009). OEM-TACE: a New Therapeutic Approach in Unresectable Intrahepatic Cholangiocarcinoma. Cardiovasc Interv. Radiol. 32 (6), 1187–1192. doi:10.1007/s00270-009-9694-4
 Poggi, G., Quaretti, P., Minoia, C., Bernardo, G., Bonora, M. R., Gaggeri, R., et al. (2008). Transhepatic Arterial Chemoembolization with Oxaliplatin-Eluting Microspheres (OEM-TACE) for Unresectable Hepatic Tumors. Anticancer Res. 28 (6B), 3835–3842.
 Ransom, D., Wilson, K., Fournier, M., Simes, R. J., Gebski, V., Yip, D., et al. (2014). Final Results of Australasian Gastrointestinal Trials Group ARCTIC Study: an Audit of Raltitrexed for Patients with Cardiac Toxicity Induced by Fluoropyrimidines. Ann. Oncol. 25 (1), 117–121. doi:10.1093/annonc/mdt479
 Rougier, P., Ducreux, M., Kerr, D., Carr, B. I., Francois, E., Adenis, A., et al. (1997). A Phase II Study of Raltitrexed ('Tomudex') in Patients with Hepatocellular Carcinoma. Ann. Oncol. 8 (5), 500–502. doi:10.1023/a:1008249328792
 Torre, L. A., Bray, F., Siegel, R. L., Ferlay, J., Lortet-Tieulent, J., and Jemal, A. (2012). Global Cancer Statistics, 2012. CA Cancer J. Clin. 65 (2), 87–108. doi:10.3322/caac.21262
 Trotti, A., Colevas, A. D., Setser, A., Rusch, V., Jaques, D., Budach, V., et al. (2003). CTCAE v3.0: Development of a Comprehensive Grading System for the Adverse Effects of Cancer Treatment. Semin. Radiat. Oncol. 13 (3), 176–181. doi:10.1016/S1053-4296(03)00031-6
 Wu, B., Zhou, J., Ling, G., Zhu, D., and Long, Q. (2018). CalliSpheres Drug-Eluting Beads versus Lipiodol Transarterial Chemoembolization in the Treatment of Hepatocellular Carcinoma: a Short-Term Efficacy and Safety Study. World J. Surg. Oncol. 16 (1), 69. doi:10.1186/s12957-018-1368-8
 Zhao, C., Fan, L., Qi, F., Ou, S., Yu, L., Yi, X., et al. (2016). Raltitrexed Plus Oxaliplatin-Based Transarterial Chemoembolization in Patients with Unresectable Hepatocellular Carcinoma. Anticancer Drugs 27 (7), 689–694. doi:10.1097/CAD.0000000000000371
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 © 2022 Bi, Ren, Ren, Ma and Han. 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: 23 September 2022

doi: 10.3389/fonc.2022.868866

[image: image2]


MOF negatively regulates estrogen receptor α signaling via CUL4B-mediated protein degradation in breast cancer


Xu Zhang 1†, Yang Yang 2†, Danyang Li 1,3, Zhen Wu 1, Haoyu Liu 1, Ziyan Zhao 1, Hongying Zhu 1, Fei Xie 1 and Xiangzhi Li 1*


1 Shandong Provincial Key Laboratory of Animal Cells and Developmental Biology, School of Life Sciences, Shandong University, Qingdao, China, 2 School of Pharmacy, Binzhou Medical University, Yantai, China, 3 Rehabilitation Center, Qilu Hospital, Cheelo College of Medicine, Shandong University, Jinan, China




Edited by: 

Olivier Feron, Université catholique de Louvain, Belgium

Reviewed by:
 
Aleš Dvořák, Charles University, Czechia

Haibing Zhou, Wuhan University, China

*Correspondence: 

Xiangzhi Li
 xiangzhi@sdu.edu.cn










†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Oncology


Received: 03 February 2022

Accepted: 05 September 2022

Published: 23 September 2022

Citation:
Zhang X, Yang Y, Li D, Wu Z, Liu H, Zhao Z, Zhu H, Xie F and Li X (2022) MOF negatively regulates estrogen receptor α signaling via CUL4B-mediated protein degradation in breast cancer. Front. Oncol. 12:868866. doi: 10.3389/fonc.2022.868866



Estrogen receptor α (ERα) is the dominant tumorigenesis driver in breast cancer (BC), and ERα-positive BC (ERα+ BC) accounts for more than two-thirds of BC cases. MOF (males absent on the first) is a highly conserved histone acetyltransferase that acetylates lysine 16 of histone H4 (H4K16) and several non-histone proteins. Unbalanced expression of MOF has been identified, and high MOF expression predicted a favorable prognosis in BC. However, the association of MOF with ERα and the regulatory mechanisms of MOF in ERα signaling remain elusive. Our study revealed that the expression of MOF is negatively correlated with that of ERα in BC. In ERα+ BC cells, MOF overexpression downregulated the protein abundance of ERα in both cytoplasm and nucleus, thus attenuating ERα-mediated transactivation as well as cellular proliferation and in vivo tumorigenicity of BC cells. MOF promoted ERα protein degradation through CUL4B-mediated ubiquitin–proteasome pathway and induced HSP90 hyperacetylation that led to the loss of chaperone protection of HSP90 to ERα. We also revealed that suppression of MOF restored ERα expression and increased the sensitivity of ERα-negative BC cells to tamoxifen treatment. These results provide a new insight into the tumor-suppressive role of MOF in BC via negatively regulating ERα action, suggesting that MOF might be a potential therapeutic target for BC.




Keywords: MOF, ERα, breast cancer, protein degradation, CUL4B, tumor suppression



Introduction

As the most common malignancy for women, breast cancer (BC) represents around 30% of female cancers and becomes the second leading cause of cancer-related mortality in women worldwide (1, 2). BC is a highly heterogeneous cancer with differential expression of tumorigenic marker genes like estrogen receptor α (ERα, or simply ER) or human epidermal growth factor receptor 2 (HER2) (3). Among them, ERα-expressing tumors, namely, ERα-positive BC (ERα+ BC), arise in 60%–80% of BC cases (4). As a steroid hormone nuclear receptor, ERα can be bound and activated by estrogen 17β-estradiol (E2) and serves as a transcription factor for the transactivation of oncogenes, like c-Myc and cyclin D1, thereby promoting cell proliferation and tumor progression of BC (5–7). In the absence of E2 stimulation, inactive ERα interacts with molecule chaperone heat shock protein 90 (HSP90) and can be maintained in a stable conformation for ligand binding (8). After binding with E2, ERα undergoes dissociation from HSP90 and translocates into the nucleus for the transcriptional activation/repression of target genes that encourage BC cell survival and growth (8, 9).

Therefore, as the major tumorigenesis driver in BC, modulation of ERα expression and function plays indispensable roles in the progression and treatment of BC (10). For instance, hypermethylation of ERα promoter leads to ERα deficiency, whereas treatment with DNA demethylating reagents plus inhibitors for histone deacetylases (HDACs) would restore ERα expression and tamoxifen (TAM) sensitivity in ERα-negative BC (ERα− BC) cells (11–13). ERα co-activators CBP/p300, functioning as histone acetyltransferases (HATs), enhance H3K27ac for facilitating ERα-mediated transcriptional activity, whereas pharmacological inhibition of CBP/p300 by A-485 and GNE-049 could downregulate ERα to suppress oncogenic c-Myc and cyclin D1 expression and the proliferation of ERα+ BC cells (4, 14, 15).

MOF (males absent on the first), also known as lysine acetyltransferase (KAT) 8 or histone acetyltransferase 1 (MYST1), is a highly conserved histone acetyltransferase (HAT) that specifically acetylates lysine 16 of histone H4 (H4K16) as well as non-histone proteins such as protein 53 kDa (P53),interferon regulatory factor 3 (IRF3), and lysine-specific demethylase 1 (LSD1) (16–19). MOF vigorously involves in diverse biological processes, such as transcriptional regulation, DNA damage repair, cell growth and differentiation, stem cell development, and tumorigenesis (20–22). Unbalanced expression of MOF is frequently observed in various tumors, such as colorectal carcinoma, gastric cancer, renal cell carcinoma, ovarian cancer, hepatocellular carcinoma (HCC), medulloblastoma, and primary breast carcinoma (20, 21). In particular, MOF was identified to suppress epithelial-to-mesenchymal transition (EMT) via the acetylation of histone demethylase LSD1 in lung cancer and BC, and higher expression of MOF is correlated with favorable prognosis in these two cancers (19, 23, 24).

Because of the inhibitory effect of MOF in BC tumor invasion and the essential role of ERα in tumor promotion, we are interested in the association of MOF with ERα as well as the modulatory effects of MOF on ERα expression and function to exert its carcinostasis potential in BC. We herein reported that MOF is negatively correlated with ERα expression in BC. In ERα+ BC, MOF negatively regulated the expression and nuclear localization of ERα to inhibit ER-mediated transactivation as well as the growth and tumorigenicity of ERα+ BC cells. MOF overexpression promotes ERα protein degradation via Cullin 4b (CUL4B)–mediated ubiquitin–proteasome pathway and HSP90 hyperacetylation that disrupts the chaperone binding of HSP90 with ERα. On the other hand, inhibited MOF by knockdown or inhibitor MG149 restored ERα expression and enhanced TAM sensitivity in ERα− BC cells. Our study provide new insights into the prohibitory function of MOF on ERα action in BC, suggesting that MOF might be a potential therapeutic target for BC.



Material and methods


Cell culture and cell transfection

MCF7, T47D, MDA-MB-231, and HCC1937 cells were obtained from the American Type Culture Collection. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) or Roswell Park Memorial Institute-1640 (RPMI-1640) (Macgene, Beijing, China) with 10% fetal bovine serum (FBS) (LONSA SCIENCE, Shanghai, China) and maintained in a humidified atmosphere containing 5% CO2 at 37°C. Cells were transfected with specific plasmid by JetPRIME (Polyplus, Strasbourg, France) according to the manufacturer’s protocol. The BC tissue chip was purchased from Guge Biotechnology Company (Wuhan, China).



Antibodies and reagents

Anti-MOF (sc-81765) and breast-cancer susceptibility gene 1 (BRCA1) (Santa Cruz, sc-6954) were obtained from Santa Cruz Biotechnology. Antibodies including CUL4A (14851-1), CUL4B (12916-1), glyceraldehyde-3-phosphate dehydrogenase(GAPDH) (60004-1-Ig), and Flag (66008-2) were purchased from Proteintech (Wuhan, China). Other antibodies were listed as follows: H4K16ac (Epitomics, EPR1004), ERα (Cell Signaling Technology, Inc (CST), #8644), Ki67 (Abcam, ab16667), murine double minute 2 (MDM2) (Wanleibio, WL01906), HSP90 (Sangon Biotech, D120009), HSP90 K294ac (Rockland, 600-401-981), and acetylated lysine (CST, #9441). Inhibitors including MG149, cycloheximide (CHX), and MG132 were purchased from MedChemExpress (MCE, Princeton, NJ, USA). TAM was purchased from Sigma. CHX, MG149, MG132, and TAM were dissolved in dimethyl sulfoxide (DMSO).



Immunohistochemistry staining

Immunohistochemistry (IHC) staining was performed to detect the expression of MOF and ERα in BC tissue chips. Following deparaffinization and quenching of endogenous peroxidase, the tissue section was treated by deparaffinization and quenching of endogenous peroxidase and then subjected to antigen retrieval with sodium citrate buffer. Then, the section was incubated with 5% FBS and then incubated with ERα (1:100) and MOF (1:100) antibodies overnight at 4°C. After incubation with secondary antibody at 37°C, the section was subjected to staining by the DAB Detection Kit (Polymer) (GeneTech, Shanghai, China) and counterstaining with hematoxylin (Solarbio, Beijing, China) for the observation with a light microscope (Nikon, Tokyo, Japan). All slides were scored in an open discussion by two experienced pathologists, who were blinded to the outcome. Immunostaining was scored on the basis of the intensity score and quantity of positive cell score. Intensity score: negative, 0; weak, 1; moderate, 2; and intense, 3. Quantity of positive cell score: <5%, 0; 5%–25%, 1; 26%–50%, 2; 51%–75%, 3; and >75%, 4. The product of intensity score and quantity of positive cell score was used as the total score.



Immunofluorescence staining

Cells were seeded onto coverslips in 24-well plate for growth to 70% cell confluence. Cells were fixed using 4% paraformaldehyde and blocked by 5% FBS and then subjected to incubation with the primary antibody for MOF or ERα (1:100) overnight at 4°C. After incubation with corresponding secondary antibody, cells were mounted with DAPI (4',6-diamidino-2-phenylindole) (C0060, Solarbio), and images were taken from a DP74 color fluorescence camera (Olympus, Tokyo, Japan)



RNA extraction and qRT‐PCR

Total RNA was isolated using RNAiso Plus (TaKaRa, Kyoto, Japan). RNA was reverse-transcribed by the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). Quantitative reverse transcriptase PCR (qRT-PCR) was performed using the SYBR qPCR Mix (TOYOBO). GAPDH was used as an internal control. Primers for qRT-PCR were listed in Supplementary Table 1. Then, relative quantitation of gene expression was calculated using the 2−ΔΔCT method.



Western blotting

Total protein was extracted using the sodium dodecyl sulfate (SDS) lysis buffer (1% sodium dodecyl sulfate, 5% glycerol, 1 mM ethylenediamine tetraacetic acid (EDTA), 25 mM Tris, 150 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride (PMSF)). Protein samples were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA, USA). After blocking with 5% non-fat milk powder and incubation with specific antibody at 4°C overnight, membranes were subjected to corresponding secondary antibody and then visualized by an ECL detection kit (Wanleibio, Dalian, China).



Immunoprecipitation

Proteins were extracted from cells using BC-200 lysis buffer (20 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), 200 mM KCl, 10 mM β-mercaptoethanol, 1 mM EDTA, 10% glycerol, and 0.1% NP-40) containing protease inhibitor cocktail (APExBIO, Houston, TX, USA). Extracted proteins were immunoprecipitated by incubation with 1 μg of antibody and followed by binding with Protein A/G magnetic beads (Bimake, Shanghai, China). After washing with lysis buffer, proteins were extracted by SDS sample buffer and detected by Western blotting.



Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was conducted using the SimpleChIP Plus Sonication Chromatin IP Kit (Cell Signaling Technology). Cells were cross-linked by 1% formaldehyde followed by sonication. The immunoprecipitated DNA was analyzed by qPCR with specific primers listed in Supplementary Table 2.



Cell proliferation and colony formation

For cell proliferation assay, cells were seeded into 96-well plate and then treated with 10 µl of CCK8 (Biosharp) per 100 µl of culture medium at specific time points. After incubation at 37°C for 4 h, the absorbance value was determined at 450 nm by a SPECTROstar Nano instrument for calculating cell proliferation curves. In the colony formation assay, cells were seeded in 6-cm culture dish (200 cells per dish) and culture in 37°C incubator for 10–14 days. After termination of culture, cells were fixed with methanol and stained by crystal violet. The colonies with more than 50 cells per colony were counted.



Xenograft tumor growth

Female NSG mice aged 6–8 weeks were prepared. MCF7 cells (5 × 107 cells) with stable MOF transfection or control vector were subcutaneously injected into one flank of each mouse, respectively. The tumor growth was observed every 2 days. After 3 weeks, mice were sacrificed, and tumors were taken out for size measurement. Tumors were fixed with 4% paraformaldehyde and followed by IHC staining. Animal experiments were performed with the approval from the Animal Research Ethical Inspection Form of Shandong University School of Life Sciences (SYDWLL‐2018‐19).



Statistical analysis

Data were statistically analyzed using GraphPad Prism software (San Diego, CA, USA) and were shown as means ± S.D. in three independent experiments. A Chi-square test was applied for analyzing pathological data. One-way ANOVA analysis was performed for time-course studies, and Student’s t-test was applied for comparisons of two groups. P < 0.05 was considered to be statistically significant.




Results


The expression of MOF is negatively correlated with that of ERα in BC tissues and cells

MOF is reported as a critical suppressor in BC by inhibiting EMT and tumor invasion, suggesting a favorable prognosis (19); whereas ERα functions as the crucial oncogenic driver for the progression of BC (4). However, the relationship between the expression of MOF and ERα still remains elusive. To evaluate the correlation between MOF and ERα, we examined the protein expression level of MOF and ER in BC tissues from 78 patients. The immunohistochemical staining (IHC) results demonstrated the staining of MOF/ERα defined as either low/negative (weak or none) or high/positive (strong or moderate) based on the relative intensity of staining (Figure 1A). Statistical analysis of IHC results showed that around 64.5% of BC tumors with low MOF expression exhibited ERα-positive staining, whereas the majority (68.8%) of tumors with high MOF expression displayed ERα-negative staining, indicating that there is a negative correlation between MOF and ERα expression in BC tissues (Table 1, Figure 1B). Moreover, we examined the MOF and ERα expression in multiple BC cell lines. Western blot analyses revealed that the protein abundance of MOF with histone H4K16 acetylation exhibited a remarkably attenuated expression in ERα+ BC cells (MCF7 and T47D) compared with that in ERα− BC cells (MDA-MB-231 and HCC1937), and histone H4K16 acetylation also showed a similar pattern with MOF expression (Figure 1C). Taken together, these results suggested that MOF functions as a tumor suppressor in BC tumors and that the expression of MOF was negatively associated with that of ERα in BC tissues and cells.




Figure 1 | Analysis of the expression correlation of MOF and ERα in BC tissues and cells. (A) The protein abundance of MOF and ERα in BC tissue chip was determined by IHC staining, and the representative images were shown as high/positive and low/negative levels of MOF and ERα. Bar = 50 μm. (B) The staining results were quantified to demonstrate the correlation between MOF and ERα expression in BC tissues (n = 78). The staining was defined as high/positive (strong or moderate) and low/negative (weak or none) levels of expression. (C) The protein levels of MOF and ERα was analyzed by Western blot in BC cells, including ERα+ BC cells (MCF7 and T47D) and ERα− BC cells (MDA-MB-231). **P < 0.01 vs. control group.




Table 1 | IHC analysis of MOF and ERα in BC tissues.





MOF negatively regulates ERα protein level in ERα+ BC cells

To investigate whether and how MOF plays roles in the expression of ERα, plasmids of Flag-HA-MOF (for MOF overexpression) and pGPU6-shMOF (for MOF knockdown) were transfected into ERα+ BC cell lines (MCF7 and T47D), respectively. qRT-PCR analysis showed that the mRNA level of MOF was significantly upregulated or reduced in these cell lines, whereas the mRNA level of ERα had indistinguishable change (Figures 2A, C), suggesting that the expression of MOF did not regulate ERα expression at the transcriptional level. However, the protein abundance of ERα was obviously influenced by MOF overexpression or knockdown in a negatively regulatory manner (Figures 2B, D). Namely, both MCF7 and T47D cells transfected with Flag-HA-MOF plasmid (MOF overexpression) showed an increased amount of MOF and a decreased level of ERα protein (Figure 2B). Conversely, in the pGPU6-shMOF–transfected cells (MOF knockdown), the protein abundance of ERα was elevated (Figure 2D). In addition, when increased doses of Flag-HA-MOF plasmid were transfected into MCF7 cells, the ERα protein levels showed the corresponding downward trend with the gradually advanced expressions of MOF and H4K16ac (Figure 2E).




Figure 2 | Effects of MOF overexpression on the expression of ERα in BC cells. (A, B) Effects of MOF overexpression on the steady-state mRNA levels and protein abundance of ERα in MCF7 and T47D cells were examined by qRT-PCR and Western blot assays. (C, D) MOF knockdown was performed by shMOF plasmid transfection to determine the expression of ERα at the mRNA and protein levels. (E) Increased doses of Flag-HA-MOF plasmid were transfected into MCF7 cells to examine the alteration trend of ERα protein levels. (F) Examination of the ERα protein level by MOF overexpression in the absence or presence of E2 treatment. After transfection with Flag-HA-MOF plasmid or empty vector as control for 48 h, MCF7 cells were treated with 10 nM E2 for 3h. (G) The protein expression of ERα by MOF in both cytoplasm and nucleus was determined by nuclear and cytoplasmic separation assay regardless of the presence of E2 in MCF7 cells. (H) Immunofluorescence staining assay was conducted to detect the expression of ERα in MOF-overexpressed MCF7 cells. Bar = 10 μm. ***P < 0.001 and **P < 0.01 vs. control group. ns, not significant vs. control.



As a steroid hormone nuclear receptor, ER could be activated by estrogen 17β-estradiol (E2) (25). After binding with E2, homodimerized ER would translocate into the nucleus and functions as a transcription factor to regulate target gene transcription (25). Hence, we explored whether MOF-mediated regulation of ERα expression would be affected by E2 stimulation. After transfection with Flag-HA-MOF plasmid or empty vector as control for 48 h, cells were treated with E2 for 3 h. As depicted in Figure 2F, MOF overexpression could induce a significant reduction of ERα protein in the presence or absence of E2, suggesting that MOF downregulates the ERα protein level in an estrogen-independent manner. In addition, nuclear and cytoplasmic separation assay demonstrated that protein abundance of ERα in both cytoplasm and nucleus obviously decreased after MOF overexpression regardless of the presence of E2 (Figure 2G). Similar results were also observed by immunofluorescence staining that the distribution of ER in cytoplasm/nucleus was reduced in MOF-overexpressed MCF7 cells with or without E2 treatment (Figure 2H). These results suggest that MOF overexpression inhibited ERα protein levels in both cytoplasm and nucleus with or without E2 treatment.



MOF prohibits the transactivation activity of ERα and cellular proliferation induced by estrogen and in vivo tumorigenicity

We next determined the effect of MOF on ERα-mediated transactivation upon E2 stimulation. MOF-overexpressed MCF7 cells were treated with E2 for specified incubation time, and the results showed that the mRNA expression of the three endogenous target genes (TFF1, CCND1, and GREB1) of ERα were significantly upregulated by E2 after 3 h of incubation in the control group cells. Whereas MOF overexpression abrogated this expression raise of ERα target genes by E2 (Figure 3A), suggesting that the transactivation abilities of ERα on target genes upon E2 treatment was prohibited by MOF overexpression. ChIP analysis further demonstrated that under the stimulation of E2, the recruitment of ERα at the promoters of TFF1, CCND1, and GREB1 was inhibited by ectopic expression of MOF (Figure 3B).




Figure 3 | The inhibitory roles of MOF in ERα signaling, cellular proliferation, and tumorigenicity of BC cells. (A) The effects of MOF overexpression on ERα-mediated transcription activity of target genes (TFF1, CCND1, and GREB1) by qRT-PCR assay in E2-treated MCF7 cells. (B) The recruitment of ERα on the promoters of TFF1, CCND1, and GREB1 was analyzed by ChIP assay in MOF-overexpressed MCF7 cells under E2 stimulation. (C) Cell proliferation of MCF7 was prohibited by ectopic expression of MOF in CCK8 assay. (D) MOF restrained the colony formation ability of MCF7 cells whatever E2 is present. (E) Xenograft tumor-forming assay was conducted to determine the effect of MOF on in vivo tumorigenicity of MCF7 cells. MCF7 cells with stable MOF transfection or control were subcutaneously injected into one flank of each mice. Tumors were dissected from mice after 3 weeks of injection. (F) IHC staining (left) and staining score (right) showed the reduced expression of proliferation marker Ki67 in xenograft tumor tissue with MOF overexpression. Bar = 100 μm. ***P < 0.001, **P < 0.01, and *P < 0.05 vs. control group. ns, not significant vs. control. MOF restrained the colony formation ability of MCF7 cells, whatever E2 is present.



We further investigate the biological function of MOF in ERα+ BC cells. Moreover, stable cell lines with MOF overexpression were established by lentivirus infection of MCF7 cells, and CCK8 assay was performed to determine the functional role of MOF in BC cell proliferation. As shown Figure 3C, E2 stimulation significantly promoted cell proliferation of ERα+ BC MCF7 cells in the control group, whereas in MOF-overexpressed cells, this E2-stimulated raise was abolished, suggesting that MOF overexpression inhibited E2-induced proliferation of BC cells. In addition, the inhibitory effect of MOF on MCF7 cell prol9iferation occurred regardless of the presence or absence of E2 (Figure 3C), indicating that MOF prohibits cell proliferation of ERα+ BC cells in an E2-independent manner. In addition, MCF7 cells with shMOF transfection showed that MOF knockdown led to increased cell proliferation (Figure S1A). Colony formation assay further showed that MOF overexpression restrained the colony formation ability of MCF7 cells whenever E2 is present (Figure 3D). In vivo tumor formation experiments revealed that the size of tumor formed by MOF-overexpressed MCF7 cells was obviously smaller than that of control group cells (Figure 3E), indicating that MOF overexpression significantly impeded the growth of subcutaneous tumors formed by ERα+ BC cells in mice. In addition, IHC staining showed that, compared with the control tumor, reduced expression of proliferation marker Ki67 was observed in the tumor tissue with MOF overexpression (Figure 3F). Taken together, these results demonstrated that MOF overexpression prevented cell proliferation and tumorigenicity of ERα+ BC cells through the inhibition on ERα function.



MOF promotes ERα protein turnover through ubiquitin–proteasome pathway

MOF downregulates ERα protein abundance in MCF7 cells. We speculated that the protein stability of ERα might be affected by MOF for the negative effect on ERα expression. By using CHX, an inhibitor of protein translation, to block de novo protein synthesis, we found that ERα protein stability was attenuated by MOF overexpression (Figure 4A). Under CHX treatment, the degradation of ERα protein was overtly accelerated by MOF overexpression compared with the control group. The half-life of ERα was reduced down to around 4 h in the MOF-overexpressed MCF7 cells compared with that to around 9 h in the control group (Figure 4A). Conversely, we found that the application of MG132 (an inhibitor of proteasome function) could strikingly prevent ERα protein degradation induced by MOF. With the time extension of MG132 treatment, ERα protein expression increased gradually in MOF-overexpressed MCF7 cells and reached a similar level as the control group at 6 h (Figure 4B), suggesting that MOF-induced ERα protein degradation occurred by the proteasome pathway. Furthermore, polyubiquitination of ERα protein by MOF was observed in co-immunoprecipitation (Co-IP) assay. MOF overexpression strengthened the polyubiquitination of ERα, as shown by more intense ladder band of polyubiquitin-conjugated ERα protein in Flag-MOF–transfected cells (Figure 4C). In addition, MOF knockdown resulted in the abrogation of ERα polyubiquitination to promote ERα protein stability (Figure S1C). These results indicated that MOF promoted ERα protein degradation through ubiquitin–proteasome pathway.




Figure 4 | MOF promotes ERα protein degradation via ubiquitin–proteasome pathway. (A) CHX (10 μg/ml) assay was performed to examine the protein degradation of ERα under MOF overexpression. CHX (10 μg/ml) was applied for MCF7 cells with FH-MOF or control transfection, and cells were terminated at specified time points to calculate the half-life of ERα protein. (B) Proteasome inhibitor MG-132 could prevent ERα protein degradation induced by MOF overexpression. (C) Co-IP assay was performed in the presence of MG-132 to detect the polyubiquitin-conjugated ERα protein level in Flag-MOF–transfected cells. ***P < 0.001 and **P < 0.01 vs. control group.





CUL4B is the functional E3 ligase involved in MOF-mediated ERα protein destabilization

We further explored the E3 ubiquitin ligase responsible for the MOF-induced ERα ubiquitination and degradation. Several E3 ligases like MDM2, CHIP, RNF31, and BRCA1 have been reported to trigger polyubiquitination of ERα for ubiquitin/proteasome-mediated proteolysis (26–29). Our RNA-seq raw data suggested a possible upregulation of CUL4A, which belongs to the Culling-Ring E3 ligase subfamily, in MOF-overexpressed MCF7 cells. After investigating the expression of several E3 ligase candidates in MCF7 cells harboring overexpression or knockdown of MOF, it was found that CUL4A and CUL4B can be positively modulated by MOF in a qRT-PCR assay (Figure 5A). In addition, the protein abundance of CUL4A and CUL4B could be upregulated by MOF overexpression (Figure 5B). To further confirm the involvement of CUL4A or CUL4B in MOF-mediated ERα degradation, cells were co-transfected with FH-MOF plasmids and CUL4A or CUL4B small interfering RNA (siRNA). It was demonstrated that blockage of CUL4B but not CUL4A could abrogate MOF-induced ERα protein degradation (Figure 5C). Moreover, Co-IP assay revealed that CUL4B and ERα proteins could physically interact with each other (Figure 5D). In addition, CUL4B knockdown abolished MOF-encouraged ubiquitination of ERα as revealed by the reduced amount of polyubiquitin-conjugated ER in CUL4B siRNA-transfected cells (Figure 5E). These results indicated that MOF promoted the ubiquitination and protein degradation of ERα via upregulated CUL4B functioning as an E3 ligase.




Figure 5 | CUL4B is required for MOF-induced ERα protein degradation. (A, B) The mRNA and protein levels of candidate E3 ligases were determined by qRT-PCR and Western blotting in MCF7 cells with MOF overexpression. (C) Knockdown of CUL4B but not CUL4A could abrogate MOF-induced ERα protein degradation by WB assay. (D) Co-IP was performed to detect the physical interaction between MOF and ERα by using specific antibodies against the two proteins. (E) The levels of polyubiquitin-conjugated ERα was determined by Co-IP to examine the involvement of CUL4B in the ubiquitination and protein degradation of ERα. ***P < 0.001, **P < 0.01, and *P < 0.05 vs. control group. ns, not significant vs. control. .





MOF promotes HSP90 hyperacetylation to inhibit its chaperon association with ERα

Molecular chaperone HSP90 binds with ERα to maintain the conformational stability of ER for ligand binding and to protect ERα from protein degradation, whereas hyperacetylation of HSP90 inhibits its chaperone function for ERα (9). By Co-IP assay, it was shown that the acetylation level of HSP90 was overtly raised in MOF-overexpressed MCF7 cells, whereas the acetylation level of ERα was not obviously affected (Figure 6A). In addition, MOF knockdown also did not overtly affect the acetylation level of ERα but markedly decreased that of HSP90 (Figure S1B) It was further confirmed that MOF-induced hyperacetylation of HSP90 occurred through the K294 acetylation site (Figure 6B), which was reported to be determinant for the chaperone binding of HSP90 with its client proteins (30). Co-IP assay further revealed that when MOF was overexpressed in MCF7 cell, the interaction between HSP90 and ER was undermined, whereas more association of ER with CUL4B was observed instead (Figure 6C). Taken together, it is suggested that MOF enhanced the acetylation level of HSP90 at K294 site to attenuate the chaperone association of HSP90 with ERα, thereby liberating ERα to more interact with CUL4B for ubiquitin-mediated proteasomal degradation of ERα.




Figure 6 | MOF promotes HSP90 hyperacetylation to inhibit its chaperon association with ERα. (A) The acetylation level of ERα and HSP90 was investigated by Co-IP using acetylated lysine antibody for IP and antibodies against ERα and HSP90 for Western blotting in FH-MOF–transfected MCF7 cells. (B) HSP90 K294 acetylation site was identified to be functioning in MOF-induced hyperacetylation of HSP90 by Western blotting assay using specific HSP90 K294ac antibody. (C) MOF overexpression enhanced the protein interaction between ERα and CUL4B but undermined the chaperon association of HSP90 with ERα in Co-IP assay.





Inhibition of MOF restores ERα protein abundance and increases TAM sensitivity in ERα− BC cells

In addition to the negative regulation of MOF overexpression on ERα protein stability in ERα+ BC cells, we also examined the effect of MOF inhibition on ERα− BC cells. As shown in Figure 7A, knockdown of MOF in ERα-negative HCC1937 cells resulted in a recovery of ERα protein expression. As an HAT inhibitor, MG149 could inhibit MOF within a certain concentration range (47 ± 14 µM) because higher concentration would work on other histone acetylases (like 74 ± 20 µM for Tip60) (31, 32). First, the inhibitory effect of MG149 was verified in ERα+ MCF7 cells, where increased doses of MG149 could result in the raised abundance of ERα protein and reduced H4K16ac (Figure 7B). Then, treatment of 35 μM MG149 in ER− HCC1937 cells could obviously restore ERα protein expression similar as the effect of MOF knockdown (Figure 7C). Because reactivation of ERα expression could restore endocrine therapy sensitivity in patients with ERα− BC (12, 13), we further investigated the effect of MG149 on the sensitivity of ER− BC cells to TAM. Compared with the inhibition concentration IC5050 of TAM at 41.06 μM in HCC1937 treated with TAM alone for 24 h, IC50 was reduced to 21.26 μM with a combinatory treatment of TAM and MG149 for 24 h (Figure 7D), suggesting that MOF inhibitor MG149 could effectively improve the response of ERα− BC cells to TAM treatment by the restoration of ERα protein abundance.




Figure 7 | Effects of MOF inhibition on ERα protein expression and cell viability in ERα− HCC1937 cells. (A) MOF knockdown restored ERα protein abundance in ERα− HCC1937 cells transfected with pGPU6-shMOF plasmid as determined by Western blotting. (B) Different concentration of MOF inhibitor MG-149 was applied to examine its enhanced effect on ERα protein expression in MCF7 cells. (C) ERα protein expression was reactivated by 35 μM MG149 in ERα− HCC1937 cells. (D) Cell viability assay was performed to investigate the effect of MG149 on the sensitivity of ERα− HCC1937 cells to tamoxifen (TAM) treatment. IC50 was calculated to compare the combinatory effect of TAM and MG149 with TAM alone treatment for 24 h.






Discussion

ERα, encoded by the gene of estrogen receptor 1 (ESR1), is one of the major tumorigenic drivers in BC and uterine cancer (10, 33). ERα-expressing BC, also called luminal BC, accounts for more than two-thirds of patients with BC (10). Because of the full weight of ER functioning in fueling tumor behavior, post-translational modifications of ERα protein and/or epigenetic regulation of ESR1 gene have drawn much attention for their roles in the expression and activity of ERα for controlling the growth and tumorigenicity of cancer cells (34–36). MOF, functioning as a lysine acetyltransferase for the acetylation of H4K16ac as well as multiple non-histone proteins, is currently identified for its aberrant expression and playing regulatory roles in diverse cancers (37–39). For instance, MOF overexpression promoted the cell proliferation, migration, and drug resistance of lung non–small cell lung cancer cells (39), whereas the lack of MOF resulted in the hypoxia tolerance and multidrug resistance of HCC cells through upregulated hypoxia-inducible factor-1α (HIF-1α) (40). It was reported that in large cohort of patients with BC or lung cancer, high MOF expression showed a favorable prognosis (19, 23, 24), which is consistent with the demonstration in the present study that the expression of MOF is negatively correlated with that of ERα in BC tissues and cells. We unraveled that MOF overexpression downregulated ERα expression to inhibit the transactivation potential of ERα as well as the proliferation and tumorigenicity of ERα+ BC cells.

The reduced ERα expression by MOF overexpression occurred at the post-translational level via promoting ER protein degradation but not at the mRNA level. MOF-mediated ERα degradation requires the activation of CUL4B to speed up ERα protein turnover by the proteasome machinery. CUL4B belongs to the Cullin-Ring E3 ubiquitin ligase subfamily whose members were reported to participate in the proteolysis via catalyzing polyubiquitination of various substrates for proteasomal degradation and are implicated in the regulation of some pathological processes (41). For instance, CUL5 is responsible for IFN-gamma–induced proteasomal degradation of HER2 in BC, resulting in diminished cell growth and tumor senescence (42). In addition, CUL4B is responsible for long noncoding RNA Nron-mediated ERα protein stability in osteoporosis (43). Similar with these findings, our data showed that CUL4B destabilized ERα when MOF was overexpressed in BC cells because MOF promoted more expression and interaction of CUL4B with ERα for its polyubiquitination and degradation. As for the two Cullin 4 genes (CUL4A and CUL4B), they shared high identity of protein sequence (44) and possessed overlapping functions in certain scenario (45, 46), like in DNA damage response and polyubiquitination of p53 for degradation (47, 48). However, distinct roles for these two Cul4 proteins have also been revealed recently (49, 50). Accordingly, in our study, both CUL4A and CUL4B were positively regulated by MOF; nevertheless, only the knockdown of CUL4B could abrogate MOF-induced ERα protein degradation.

Apart from the role of CUL4B in MOF-induced ERα protein destabilization, our data also showed that the acetylation of HSP90 might be associated with the effect of MOF on ERα expression. As a molecular chaperone HSP90 interacts with ERα to maintain a stable conformation of ERα for ligand binding and being protected from degradation (8, 9). Previous studies have revealed that hyperacetylation of HSP90 induced by HDAC6 depletion or HDAC inhibitors would restrain the chaperone function of HSP90, thereby promoting the polyubiquitylation and proteasomal degradation of client proteins, like c-Raf, Akt, cyclin D1, and ERα, to evoke growth arrest and apoptosis of cancer cells (9, 51). Similarly, our data showed that MOF overexpression heightened the acetylation of HSP90 and thereby hampered the interaction between HSP90 and ERα, implying the contribution of MOF-induced hyperacetylation of HSP90 in the promotion of ERα degradation. Moreover, the acetylation of HSP90 K294 site was known to be essential for weakening the chaperone association of HSP90 with diverse client proteins such as ErbB2, mutant p53, HIF-1, and androgen receptor (30). In our study, HSP90 K294 site can be specifically acetylated by MOF overexpression, implicating that HSP90 K294ac might play a functional role in MOF-elicited dissociation of ER from HSP90 that results in ER protein instability. Taken together, MOF promoted the hyperacetylation of HSP90 to liberate ERα from the chaperone binding, and subsequently, more CUL4B was recruited to ERα for inducing ER polyubiquitination and proteasomal degradation. A similar scenario was demonstrated where inhibited HSP90 function would destroy the chaperone binding of HSP90 with mutant p53, thereby triggering the protein degradation of released mutant p53 via E3 ligases MDM2 and CHIP-mediated ubiquitin–proteasome pathway (52).

On the basis of its role in histone H4K16 acetylation, MOF serves as co-activator of nuclear factor–κB and androgen receptor for upregulating their transactivation capacity in prostate cancer (53, 54). Dimethylation of ERα by G9a could be recognized by MOF complex to induce transcriptional activation of ERα target genes (55). In addition, MOF-mediated acetylation of non-histone proteins plays essential roles in distinct cancer cells. For instance, MOF acetylates the histone demethylase LSD1 to impede its binding with epithelia genes for their transactivation, thus suppressing EMT and tumor progression in lung cancer and BC (19). MOF-mediated acetylation of HIF-1α causes the ubiquitination and degradation of HIF-1α to affect hypoxia susceptibility and drug resistance in HCC (40). On the contrary, MOF acetylates ERα to maintain ERα stability via reduced polyubiquitination, thus promoting ER signaling and inhibiting HCC progression (56). This discrepancy in ERα protein stability elicited by the same acetylase activity of MOF on non-histone proteins could be due to different functional characteristics of ERα caused by distinct cellular environment in diverse cancer types and various acetylation targets that MOF acts on.

At present, hormonal therapies have been extensively applied for the treatment of ERα+ BC, like aromatase inhibitors for suppressing estrogen synthesis and antiestrogens competing with estrogens for the interaction with ERα to hinder ERα signaling pathway, which are the most common cure strategies (57, 58). However, for congenital ERα-negative tumors and relapsed tumors losing ER expression after endocrine treatment, they would exhibited intrinsical or acquired resistance to hormonal therapies due to lack of ERα expression (3, 59). Hence, restored expression of lost ERα will be an effective strategy for the sensitivity recovery to endocrine treatment. On account of the negative correlation between MOF and ERα in BC, we further identified that inhibition of MOF by knockdown or inhibitor MG149 could enhance ER expression in BC cells. In particular, in ER-negative HCC1937 cells, recovered abundance of ER protein by MG149 would partially restore the sensitivity of BC cells to TAM treatment. Hypermethylation of ERα gene was reported to be an important cause of suppressed ERα expression (9, 11), and the combination of DNA demethylating agents with HDAC inhibitors would restore ERα expression and TAM sensitivity in ERα− BC cells (12, 13). However, on the other hand, other studies reported that pan-HDAC inhibitors induce HSP90 hyperacetylation to inhibit its binding to ERα and promote ERα degradation (9, 60, 61). Consequently, we provided that the functional role of MOF in ER expression is prone to be similar with the action of HDAC inhibitors through HSP90 acetylation. A high level of MOF in ERα− BC cells resulted in the instability of ER protein due to HSP90 hyperacetylation and loss of chaperone function, whereas MOF inhibition would abrogate the foregoing effects to restore ERα abundance and partial sensitivity to endocrine therapy.

In summary, we unraveled the inverse correlation between MOF and ERα in BC tissues and cells, and MOF overexpression promoted ERα protein degradation via CUL4B-mediated ubiquitin–proteasome pathway and HSP90 hyperacetylation that lead to the loss of chaperone binding of HSP90 with ERα, thus inhibiting transcriptional activation and cellular proliferation induced by estrogen and in vivo tumorigenicity of ERα+ BC cells. In addition, suppression of MOF restored ERα expression and increased the sensitivity of ERα− BC cells to TAM treatment. These findings highlight an essential role of MOF in modulating ER signaling in BC and rationalize MOF as a potential therapeutic target, like developing specific MOF activator for anti-ER treatment in ERα+ BC or combination therapy of MG149 with TAM for resistance amelioration in ERα− BC.
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Two-sided Pearson’s Chi-square test was conducted. P = 0.0163.
P < 0.05 was considered as statistical significance.
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Sequences

5'-GGAGCGAGATCCCTCCAAAAT-3'
5'-GGCTGTTGTCATACTTCTCTCATGG-3'
5'-GTGGCCGGTGCTGCTGTTGC-3"
5'-TGGCCACCTGTTCCTCCTCGTATT-3"
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5'-TTGGTGCAGGGGTTGGTGTAGTCG-3'
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Gene name Primer sequence (5’-3’)
SOST Forward: TGAGACCAAAGACGTGTCCG
Reverse: CTTGAGCTCCACTGGTTGT
WNT1 Forward: CGATGGTGGGGTATTGTGAAC
Reverse: CCGGATTTTGGCGTATCAGAC
CTNNB1 Forward: ATGATGGTCTGCCAAGTGGG
Reverse: GGCCATCTCTGCTTCTTGGT
CCND1 Forward: GCTGCGAAGTGGAAACCATC
Reverse: CCTCCTTCTGCACACATTTGAA
MMP2 Forward: TACAGGATCATTGGCTACACACC
Reverse: GGTCATCGCTCCAGACT
MMP9 Forward: TGTACCGCTATGGTTACACTCG
Reverse: GGCAGGGACAGTTGCTTCT
GAPDH Forward: GGAGCGAGATCCCTCCAAAAT

Reverse:

GGCTGTTGTCATACTTCTCATGG
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