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Editorial on the Research Topic
 Tumor Microenvironment and Resistance to Current Therapies



The tumor microenvironment (TME) constitutes an important component of any cancer. The histology of TME consists of a series of normal resident cells and a variety of recruited cells, which are involved in complex and dynamic interactions with cancer cells (Figure 1). These interactions, which occur via released factors or cell-to-cell contact, are fundamental in tumor-induced suppression and metastatic dissemination of cancer cells, ultimately leading to morbidity and/or mortality for the majority of cancer patients. Considerable progress has been made in understanding the mechanisms by which the TME contributes to the inhibition or promotion of cancer, enabling the emergence of a range of novel targeted therapies. In addition to stroma-targeted strategies, checkpoint inhibitor-based immunotherapy has emerged as a new treatment of choice for many advanced cancers. However, many cancer patients remain resistant to current therapies, necessitating the development of more innovative therapeutic strategies based on the identification of new targets and combining drugs that could counteract resistance. In the present issue, “Tumor microenvironment and resistance to current therapies,” authors highlight this aspect in the included articles describing innovative and impactful studies.
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FIGURE 1. Tumor microenvironment (TME) and the complexity of interactions between resident and recruited normal cells and tumor cells. Besides tumor cells, the tumor TME consists of a variety of normal cells and factors which can be serves as mediators for both cancer control and cancer outgrowth. Normal cells are either resident cells or recruited cells. They vary from each cancer type and level of cancer progression. In large part, they consist of immune cells (T, B, and NK cells, mast, dendritic cells, macrophages, and neutrophils) and non-immune cells such as fibroblasts and mesenchymal stem cells. All of the cells release and respond to a variety factors (IFN, TNF-α, GCSF,…) and engage in cell-to-cell contact. Cell signaling within the TME represents a crucial key for the design of successful therapeutic strategies.


In this Research Topic, diverse facets of the TME are addressed, including different tumor types and tissue specificity of TME (Figure 1). Recently, the TME has emerged as a key player in both drug efficacy and chemoresistance, impelling the development of novel therapeutic strategies. Despite constant progress in antitumor drug development, multidrug resistance (MDR) is still a major challenge for effective patient treatment. Sachs et al., describe a novel method for overcoming this problem by demonstrating, in different cancer models, the ability of new small molecules to reverse chemotherapy resistance. Munoz et al., address the problem of chemoresistance of glioblastoma multiforme (GBM), a fatal malignancy of the central nervous system. They show that MiR-93 and−193 are specifically expressed in temozolomide (TMZ) resistant glioblastoma cells (GBM), including resistant neurospheres from a patient with TMZ resistance. Part of the resistance occurs by miR-93 and−193 decreasing Cyclin D1 to reduce GBM cycling. This may open up avenues for new therapeutic approaches to reverse such chemoresistance (Munoz et al.). Besides chemoresistance in GBM, expansion of residual glioma cells is also a challenge in the context of chemotherapy. Work by Tsidulko et al., indicates that conventional anti-glioblastoma therapy such as TMZ affects proteoglycan structure and composition of normal brain tissue. Proteoglycan alteration may be involved in brain extracellular matrix (ECM) deterioration and the development of residual glioma cells (Tsidulko et al.).

Although immune checkpoint blockade therapy has afforded new hope for the durable treatment of many cancers, it has not provided yet substantial benefit to patients with glioblastoma. Utilizing a series of epidemiological, genome expression, and immunome databases, Ladomersky et al., demonstrate a significant association between advanced age of patients and immunosuppression in the circulation and central nervous system. Based on their findings, the authors propose that normal human aging suppresses immune surveillance and immunotherapeutic efficacy against glioma, and thus, contributes to GBM initiation and progression (Ladomersky et al.).

Using a lung cancer model, Yang et al., focus their study on bronchoalveolar lavage fluid-derived exosomes, released in the TME and demonstrate their role in fueling inflammation and tumor invasiveness via mast cells/neutrophils activation and cytokines release in TME. In a gastric cancer study, Zhao et al., analyze the role of NEDD9 in cancer cell migration under hypoxia. They demonstrate that NEDD9 regulates MICAL1, which facilitates hypoxia-induced gastric cancer cell migration in a Rac1-dependent manner (Zhao et al.).

Tuo et al., address the role of the cytoplasmic isoform of phosphoenolpyruvate carboxykinase (PCK1) in the progression of hepatocellular carcinoma (HCC). PCK1 is a rate-limiting enzyme in gluconeogenesis which occurs mainly in the liver. The authors find that the expression of PCK1 is down regulated in HCC and associated with poor outcome. In hepatoma cells, the authors demonstrate that reactive oxygen species (ROS) production and nuclear translocation of Nrf2 and thioredoxin reductase 1 (TXNRD1) are suppressed during PCK1 overexpression. Furthermore, the authors show that targeting the TXNRD1 antioxidant pathway sensitizes PCK1-knockout hepatoma cells to sorafenib treatment in vitro (Tuo et al.).

The role of natural products in the modulation of the TME is likewise addressed in this Research Topic. Hu et al., investigate the effect of berberine (BBR) in gastric cancer (GC). BBR is a natural isoquinoline alkaloid, presumably involved in lipid metabolism and glucose homeostasis by regulating the expression of HNF4α. The authors show that BBR inhibits the proliferation, invasion, and migration of GC cell lines, and thus reduces GC tumor growth in vivo. The antitumor effect of BBR shown appears to involve the AMPK-HNF4α-WNT5A signaling pathway (Hu et al.). Using scutellarin, an active flavone extracted from Erigeron breviscapus Hand-Mazz (EBHM), Sun et al., investigate cisplatin resistance in non-small cell lung cancer (NSCLC). The authors find that scutellarin sensitizes tumor cells to cisplatin by enhancing apoptosis and autophagy via downregulation of p-AKT and c-Met in autophagy and caspase-3-dependent apoptosis. They suggest that the combination of cisplatin and scutellarin may be a novel therapeutic strategy for patients with NSCLC (Sun et al.).

The impact of DNA damage on TME is also investigated. Tirado-Hurtado et al., highlight the role of DNA Damage Inducible Transcript 4 (DDIT4) in cancer. The DDIT4 gene is expressed under stress situations, turning off the metabolic activity triggered by the mammalian target of rapamycin (mTOR). The authors propose targeting DDIT4 for the development of novel drugs that could be more specific and efficient than current mTOR inhibitors (Tirado-Hurtado et al.).

Mesenchymal stem cells (MCSs) play important role in the TME (Figure 1). Chulpanova et al., address the use of MCSs for drug delivery in oncology. The authors focus on MSC and tumor interactions, which are crucial for cancer control. They also describe novel therapeutic strategies using MSCs and MSC-derived membrane microvesicles for cancer therapy (Chulpanova et al.).

In conclusion, investigation of TME continues to be a vital focus toward the elaboration of novel strategies that produce more effective treatments for localized cancers and metastases. Findings presented in this Research Topic have the potential to make a major impact on this field and to inspire further discoveries.
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Cisplatin, as the first-line anti-tumor agent, is widely used for treatment of a variety of malignancies including non-small cell lung cancer (NSCLC). However, the acquired resistance has been a major obstacle for the clinical application. Scutellarin is a active flavone extracted from Erigeron breviscapus Hand-Mazz that has been shown to exhibit anticancer activities on various types of tumors. Here, we reported that scutellarin was capable of sensitizing A549/DDP cells to cisplatin by enhancing apoptosis and autophagy. Mechanistic analyses indicated that cisplatin-induced caspase-3-dependent apoptosis was elevated in the presence of scutellarin through activating extracellular signal-regulated kinases (ERK)-mediated p53 pathway. Furthermore, scutellarin also promoted cisplatin-induced cytotoxic autophagy, downregulated expression of p-AKT and c-met. Deficiency of c-met reduced p-AKT level, and inhibition of p-AKT or c-met improved autophagy in A549/DDP cells. Interestingly, loss of autophagy attenuated the synergism of this combination. In vivo, the co-treatment of cisplatin and scutellarin notably reduced the tumor size when compared with cisplatin treatment alone. Notably, scutellarin significantly reduced the toxicity generated by cisplatin in tumor-bearing mice. This study identifies the unique role of scutellarin in reversing cisplatin resistance through apoptosis and autophagy, and suggests that combined cisplatin and scutellarin might be a novel therapeutic strategy for patients with NSCLC.

Keywords: scutellarin, cisplatin, NSCLC, apoptosis, autophagy


INTRODUCTION

Lung cancer is still the most prevalent malignant cancer worldwide with adverse clinical outcomes. Non-small cell lung cancer (NSCLC) accounts for 80–85% of lung cancer, with a low 5-years survival rate, approximately 13% (Siegel et al., 2016). Cisplatin is first-line anti-tumor drug for the treatment of advanced NSCLC (Miller et al., 2016). However, due to the frequent occurrence of acquired resistance, the use of cisplatin is limited (Galluzzi et al., 2012). Also, the molecular mechanisms by which cisplatin leads to resistance is not fully clear. Therefore, investigating the underlying mechanism involved in cisplatin resistance, and searching for an effective component that can reverse the resistance are clinically necessary.

Apoptosis is a form of cell death, and as such it has been frequently induced by chemotherapy agents (Zhu et al., 2017). Autophagy, also called “self-eating,” is an evolutionarily conserved catabolic process that sequesters unnecessary proteins and organelles to keep cell homeostasis (Yang and Klionsky, 2010). It is well studied that autophagy functions as a key factor in the tumorigenesis and cancer chemotherapy (Li Y.J. et al., 2017). To date, however, there are still a troublesome question: autophagy is a friend or foe for cancer treatment? Recently, accumulating evidence has been demonstrated that autophagy protects cancer cells when treated by chemotherapy, resulting in drug resistance (Wang et al., 2013). Accordingly, autophagy inhibitors are often recognized as a potential therapeutic strategy to enhance the cytotoxicity of chemotherapeutic drug (McAfee et al., 2012; Jin et al., 2017). However, unlike above reports, drug-induced autophagy can sensitize cancer cells to chemotherapy (Li and Zhang, 2017). Thus, the role of autophagy in cancer therapy remains not completely understood.

Extracellular signal-regulated kinases (ERK) plays a crucial role in the regulation of tumorigenesis, cell proliferation and cancer chemotherapy (Fremin and Meloche, 2010). Paradoxically, overexpression of ERK in advanced lung adenocarcinoma, is associated with worse chemotherapeutic outcome and a poor prognosis (Tsujino et al., 2016). However, on the other hand, ERK can be activated by many anti-cancer drugs, such as cucurbitacin to induce high autophagy, resulting tumor cell death (Wu et al., 2016). Thus, it is of paramount importance to explore the role of ERK pathway in cancer chemotherapy.

The c-met signaling is hyperactivated in a number of malignancies including NSCLC, and has been implicated in cancer initiation, progression and therapeutic resistance (Gozdzik-Spychalska et al., 2014). Recent study has demonstrated that cisplatin resistance cells A549/DDP exerted up-regulation of c-met, and suppression of the c-met by salvianolic acid A could reverse cisplatin resistance (Tang et al., 2017). Notably, the c-met signaling has an important role in the regulation of autophagy (Akl et al., 2015). For example, in lung adenocarcinoma, loss of c-met contributed to the induction of autophagy (Liu et al., 2013). Unfortunately, in cisplatin resistance, the role of c-met in regulating autophagy remains unresolved.

Scutellarin (4′,5,6-trihydroxyflavone-7-O-glucuronide), is a active flavone extracted from Chinese traditional herb Erigeron breviscapus Hand-Mazz, which was generally used for treatment of cerebral vascular diseases (Wang et al., 2017). Recently, scutellarin has been shown to exhibit anticancer activities on various types of tumors, such as hepatocellular carcinoma, colorectal cancer and tongue squamous carcinoma (Li et al., 2013; Ke et al., 2017; Yang et al., 2017), although the underlying mechanisms have not been fully determined. However, little is known about whether scutellarin can potentiate antitumor activity of cisplatin in NSCLC. In this study, we aimed to explore the mechanisms underlying synergistic interactions between scutellarin and cisplatin, and provided a new therapeutic target for reversing cisplatin resistance.



MATERIALS AND METHODS

Reagents and Antibodies

Scutellarin (purity ≥ 98%) was obtained from Sigma–Aldrich (St. Louis, MO, United States), and dissolved in PBS (PH 7.4). Cisplatin was provided by Yangtze River Pharmaceutica, and diluted in culture medium. U0126, hydroxychloroquine (HCQ), MK-2206, pifithrin-μ (PFT) and crizotinib were purchased from Selleckchem (Houston, TX, United States). Primary antibodies against β-actin (catalog number: 4970S), LC3 (catalog number: 12741S), p62 (catalog number: 39749S), p53 (catalog number: 2527S), caspase-3 (catalog number: 9662S), cleavaged caspase-3 (catalog number: 9664S), PARP (catalog number: 9454S), ERK1/2 (catalog number: 4695S), p-ERK1/2 (catalog number: 8544S), c-met (catalog number: 4560S), AKT (catalog number: 2920S), P-AKT (catalog number: 4060P), together with secondary HRP-conjugated goat anti-rabbit antibody were purchased from Cell Signaling Technology (Danvers, MA, United States).

Cell Culture

The human lung adenocarcinoma cell lines A549, PC-9, H1975, and A549/DDP were obtained from the Chinese Academy of Sciences (Shanghai, China). A549/DDP cell line was generated from its parental A549 by step-dose selection in vitro. A549 cells were exposed to increasing concentrations ranging from 1 to 8 μM for 4 months. After establishment, the resistant index of the A549/DDP at 48 h was 37.37. Cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Gibco Laboratories, Grand Island, NY, United States). In addition, the culture medium for A549/DDP cells contained 2 mg/L cisplatin to keep its drug-resistant phenotype.

MTT Assay and Synergy Analyses

To validate chemosensitivity of A549/DDP cells to cisplatin, the MTT assay was firstly performed. In summary, cells were seed into 96-well plates (5 × 103 cells/well), and cultured overnight for adherence. Cells were exposed to different concentrations of cisplatin (0.625, 1.25, 2.5, 5, 10, and 20 μg/ml), scutellarin (10, 20, 40, 80, 120, and 160 μM), or their combination. After treatment for 24 or 48 h, 20 μL MTT (5 mg/ml) was added to each well and incubated for another 4 h. Subsequently, the medium was discarded and replaced with 150 μL DMSO. The absorbance at 490 nm wavelength was measured using a multiwell spectrophotometer (Bio-Rad, Hercules, CA, United States). To calculate the combination index (CI) of cisplatin and scutellarin, CalcuSyn software package (version 2.1) was used (Omar et al., 2016).

Flow Cytometry

For apoptosis studies, cells were treated with cisplatin, or scutellarin, or in combination for 48 h. Following the cell collection after being centrifuged, cells were subsequently re-suspended with 500 μL binding buffer. Cells were stained with 5 μL Annexin V-FITC and 10 μL PI solution provided in an Annexin V-FITC apoptosis detection kit (MultiSciences Biotech Co., Ltd.). The apoptotic cells were detected by a flow cytometer (BD Biosciences, San Jose, CA, United States).

Western Blot Analysis

Total protein was harvested using standard RIPA buffer that contained 1% protease and phosphatase inhibitors (Thermo Fisher Scientific, Canoga Park, CA, United States). Equal proteins were subjected to electrophoresis on a 8 or 12% SDS-polyacrylamide gel, then transferred into PVDF membrane. After blocked in 5% skim milk for an hour, the membrane was incubated in primary antibodies overnight at 4°C. Then, the membrane were hybridized with the secondary horseradish peroxidase-conjugated antibodies at room temperature for an hour. Finally, protein bands were visualized by the enhanced chemiluminescence (ECL) system (Millipore, United States), and the expression of protein was measured using the ImageJ software. Here, β-actin was used as an internal control.

Transmission Electron Microscopy (TEM)

Cells were collected and washed by PBS, and promptly immersed in a fixative solution of 2.5% glutaraldehyde for 4 h at 4°C. The samples were postfixed in 1.5% osmium tetroxide, and then dehydrated in a graded series of ethanol. Ultrathin sections (50 nm) were cut, followed by dyed with 2.5% uranyl acetate and 1% lead citrate. The samples were examined with a electron microscope (Hitachi H-7650, Tokyo, Japan) at 80 kV, and the images were captured using a Veleta TEM camera.

Establishment of A549/DDP-Luc Cells

For establishment of A549/DDP-Luciferase (A549/DDP-Luc) cells, a Hind-III and Xba-I fragment of the luciferase was prepared for pGL4.13-Promoter (Promega, Fitchburg, WI, United States) and inserted into the PRC/CMV2 vectors. The resulting PRC/CMV2-Luc recombinant plasmid was transfected into A549/DDP cells to establish A549/DDP-Luc, followed by G418 screening to obtain unicellular resistant clones. The clone cells stably expressing strong luciferase were selected for animal experiment by luciferase activity test.

In Vivo Xenograft and Treatment Experiments

The animal procedures were approved by the Animal Care and Use Committee of Guangdong Provincial Hospital of Chinese Medicine (the Ethics Approval Number 2016023) and the Declaration of the National Institutes of Health Guide for Care and Use of Laboratory Animals. A549/DDP-Luc cells (4 × 106) were subcutaneously injected into the right flank of 4-to-6 week-old female BALB/c nude mice, which were purchased from Guangdong Medical Laboratory Animal Center (Fushan, Guangdong, China) when the tumor reached approximately 100 mm3, mice were randomly divided into four groups (n = 8 each): the vehicle; the cisplatin alone; the scutellarin alone; and cisplatin + scutellarin. Cisplatin (5 mg/kg) were intraperitoneally given every 3 days, while scutellarin (60 mg/kg) were orally administered daily. Cisplatin was diluted using normal saline for the certain dosage, and scutellarin was dissolved in PBS (PH 7.4). The tumor dimensions and body weight were measured per 3 days, and tumor volume was calculated as follows: Volume = (Length × width2) × 0.5. After treatment for 21 days, mice were humanely euthanized, and the tumor tissues were subsequently harvested for further analysis.

Statistical Analysis

Data are depicted as the mean ± SEM. One-way analysis of variance (ANOVA) was used for multiple comparisons among three or more groups, while sample t-test was utilized for comparisons between two groups. p < 0.05 was interpreted to indicate statistical significance.



RESULTS

Scutellarin Enhanced the Drug Susceptibility of Cisplatin in A549/DDP Cells

Previously, we found that scutellarin potently suppressed the cell viability of NSCLC parental cells including A549, PC-9, H1975 (Supplementary Figure S1B), whereas the cytotoxic effect of scutellarin on cisplatin-resistant A549/DDP cells was dismal (Figure 1A). However, co-treatment of scutellarin and cisplatin significantly sensitized A549/DDP cells to cisplatin (Figure 1B). Here, we compared cisplatin-resistant cells A549/DDP with the parental A549 cells, A549/DDP showed high resistance to the DDP challenge. The IC50 of A549 and A549/DDP cells was 0.43 and 16.07 μg/ml, respectively, and the resistant index was 37.37 (Figure 1C). A CI was used to assess synergistic effects of cisplatin with scutellarin. Combinated cisplatin and scutellarin at 80, 120 μM showed a abvious synergism (Figure 1D). Thus, cisplatin and scutellarin yield a synergistic effect in killing A549/DDP cells. Specifically, 120 μM scutellarin did not yield measurable impact on cell viability of A549/DDP cells, but clearly enhanced the sensitivity of A549/DDP to cisplatin. Also, as shown in Figure 1C, the efficiency of 10 μg/ml cisplatin combined with 120 μM scutellarin peaked at 48 h. Of note, 120 μM scutellarin obviously reduced the IC50 of cisplatin in A549/DDP cells. Thus, 10 μg/ml cisplatin and 120 μM scutellarin were used for further study.
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FIGURE 1. Scutellarin enhanced the drug susceptibility of cisplatin in A549/DDP cell. (A) A549/DDP cells were treated with different concentrations of scutellarin for 24 or 48 h, the cell viability was determined by the MTT assay. (B) Cells were treated with cisplatin combined with scutellarin (80 or 120 μM), cell viability was measured by the MTT assay. (C) The sensitivity of A549 and A549/DDP to cisplatin was measured by MTT assay, and 120 μM scutellarin reduced IC50 of cisplatin in A549/DDP cells. (D) Drug synergism are expressed as fraction affected (Fa) curves and combination index (CI) plots. CI as a indicator of synergistic effects of cisplatin and scutellarin (additive effect, CI = 0.9–1.1; slight synergism, CI = 0.7–0.9; synergism, CI = 0.3–0.7; strong synergism, CI = 0.1–0.3). ∗p < 0.05.



Scutellarin Enhanced Cisplatin-Induced p53-Dependent Apoptosis

We next examined whether scutellarin could enhance cisplatin-induced apoptosis using flow cytometry. Scutellarin increased cisplatin-induced apoptosis by greater than 24%, when compared with cisplatin alone (Figures 2A,B). Caspase-3 is cleaved and activated during apoptosis, and in turn, caspase-3 cleaves PARP (Xu et al., 2016). In addition to flow cytometry, we tested the expression of caspase-3, cleavage of caspase-3 and PARP. Combination of cisplatin and scutellarin significantly increased cleavage of caspase-3 and PARP when compared with cisplatin alone (Figure 2C and Supplementary Figure S2A).
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FIGURE 2. Scutellarin enhanced cisplatin-induced apoptosis. (A) Cells were exposed to cisplatin with or without scutellarin for 48 h, cell apoptosis was measured by flow cytometric analysis. (B) Apoptosis rate in each group. (C) Western blot analysis showing caspase-3, cleaved caspase-3 and PARP expression levels in A549/DDP cells treated as indicated. Actin was used as loading control. Data are representative of three independent experiments (mean ± SEM). ∗∗p < 0.01.



Given that p53 plays a distinct role in cisplatin-mediated apoptosis in cancer cells (Li et al., 2015), we examined p53 expression by western blots. In this study, cisplatin-resistant A549/DDP cells still retain the wild-type p53. In the presence of scutellarin, the cisplatin-induced expression of p53 was markedly enhanced (Figure 3A and Supplementary Figure S3A). To identify whether the heightened apoptotic response was p53-dependent, we next treated A549/DDP cells with a specific p53 inhibitor, pifithrin-μ (PFT). As expected, inhibition of p53 by PFT blocked cisplatin plus scutellarin-induced cleavage of caspase-3 and PARP (Figure 3B and Supplementary Figure S3B). Moreover, PFT markedly reduced cell apoptosis induced by co-treatment of cisplatin and scutellarin (Figures 3C,D). Thus, scutellarin enhanced cisplatin-induced apoptosis through activation of p53 signaling pathway.
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FIGURE 3. Scutellarin enhanced cisplatin-induced apoptosis through the ERK1/2-mediated p53 signaling pathways. (A) Western blot analysis of p53 protein in A549/DDP cells treated by cisplatin, or scutellarin, or the combination. (B) The effect of p53 inhibitor PFT on p53, caspase-3, cleaved caspase-3 and PARP expression levels was measured by western blot analysis. (C,D) Flow cytometric analysis showing apoptosis in cells treated by cisplatin plus scutellarin, or PFT, or the combination. (E) The expression of p-ERK1/2, ERK1/2 were determined by western blot analysis. (F) The level of p-ERK1/2, ERK1/2, p53 in A549/DDP cells were measured in the presence of ERK1/2 specific inhibitor U0126. Data are representative of three independent experiments (mean ± SEM). ∗∗p < 0.01.



Scutellarin Enhanced Cisplatin-Induced p53-Dependent Apoptosis through Activating the ERK1/2 Signaling Pathway

It is well known that ERK pathway has been reported to regulate p53-dependent apoptosis (Lv et al., 2013). In line with this, we found that p-ERK1/2 level showed a very obvious increase in response to cisplatin plus scutellarin treatment in A549/DDP cells (Figure 3E and Supplementary Figure S3C). Similarly, we used a ERK inhibitor, U0126 to determine whether ERK pathway participated in scutellarin and cisplatin-induced apoptosis. Western blot analysis revealed that U0126 reversed the high expression of p53 induced by the combination treatment in A549/DDP cells (Figure 3F and Supplementary Figure S3D). Thus, scutellarin enhanced cisplatin-induced p53-dependent apoptosis through activating the ERK1/2 signaling pathway.

Scutellarin Increased Cisplatin-Induced Autophagy

Autophagy plays a central role in governing chemotherapy resistance, yet its involved mechanisms are largely unknown. Here, we tested autophagy-related proteins, LC3 and p62, using western blot analysis. In the presence of scutellarin, the level of LC3-II was greatly increased in A549/DDP cells treated with cisplatin, whereas p62 was degraded (Figure 4A and Supplementary Figure S4A). Meanwhile, we employed TEM to verify the autophagy induced by cisplatin, or scutellarin, or in combination. As observed, the number of autophagic vacuoles was elevated in A549/DDP cells exposed to co-treatment of cisplatin and scutellarin, compared with cisplatin alone, or scutellarin alone (Figure 4C), indicating scutellarin indeed enhanced cisplatin-induced autophagy. In addition, autophagy inhibition achieved by using autophagy inhibitor HCQ, dramatically impaired autophagic flux (Figure 4B and Supplementary Figure S4B). Interestingly, MTT assay results revealed that HCQ treatment slightly contributed to cisplatin resistance in A549/DDP cells (Figure 4D). Together, these findings suggested that scutellarin was able to promote cisplatin-induced autophagy, of which was not cytoprotective, but lead to cell death.
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FIGURE 4. Scutellarin increased cisplatin-induced autophagy. (A) A549/DDP cells were treated with the indicated concentrations of cisplatin or scutellarin, or the combination for 48 h, the expression of p62 and conversion of LC3-I to LC3-II were measured by western blotting. (B) Western blot analysis of p62 and LC3 in A549/DDP cells incubated with autophagy inhibitor HCQ. (C) Quantification of autophagic vacuoles in A549/DDP cells was analyzed by TEM. (D) The effect of HCQ on sensitivity of cisplatin and scutellarin was detected by MTT assay. Data are representative of three independent experiments (mean ± SEM). ∗p < 0.05, ∗∗p < 0.01.



Scutellarin Increased Cisplatin-Induced Autophagy through Suppressing c-met/AKT Signaling Pathway

Previous researches have been shown that c-met and AKT both play an important role in regulating autophagy (Heras-Sandoval et al., 2014; Li N. et al., 2017). Here, we also found that the expression of c-met and p-AKT was higher in cisplatin-resistant A549/DDP than A549 cells (Supplementary Figure S1A). In addition, hence, we question whether the increased autophagy was associated with above pathways, and we profiled AKT and c-met using western blot analysis. Comparatively, combined treatment with cisplatin and scutellarin reduced the expression of p-AKT, whereas the AKT level showed no significant difference (Figure 5A and Supplementary Figure S5A). In addition, inhibition of AKT by pharmacological inhibitor MK-2206 decreased p-AKT, but significantly enhanced autophagy marker expression LC3-II, and attenuated the level of p62 (Figure 5B and Supplementary Figure S5B). Moreover, in the presence of scutellarin, cisplatin caused significant suppression of c-met in A549/DDP cells (Figure 5C and Supplementary Figure S5C). Crizotinib is a potent and specific small-molecule inhibitor of c-met that binds to the hinge region of c-met in a bidentate manner and competes with ATP binding in c-met (Gandhi and Jänne, 2012). Here, the addition of c-met inhibitor, crizotinib abolished c-met expression, impaired p-AKT, and promoted high autophagy (Figure 5D and Supplementary Figure S5D). Taken together, these data showed that scutellarin enhanced cisplatin-induced autophagy by suppressing c-met/AKT pathways.
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FIGURE 5. Scutellarin increased cisplatin-induced autophagy through suppressing c-met/AKT signaling pathways. (A) Cells were treated by cisplatin with or without scutellarin, the protein expressions of AKT and p-AKT were determined by western blotting. (B) The expression levels of LC3, AKT, p-AKT were detected by western blotting in A549/DDP cells coincubated with MK-2206. (C) Western blot analysis of the protein of c-met. (D) The effect of crizotinib on the expression of LC3, AKT, p-AKT, c-met was analyzed by western blot analysis.



Scutellarin Enhanced Antitumor Efficacy of Cisplatin in Vivo

To verify our previous conclusions, we established xenograft mouse model. The A549/DDP-Luc cells were subcutaneously implanted into BALB/c nude mice, and the mice were treated with cisplatin with or without scutellarin. As shown in Figures 6A,B,D,E, cisplatin significantly inhibited tumor growth, and this efficiency was significantly enhanced by scutellarin treatment, whereas the anti-tumor activity of scutellarin alone was dismal. Furthermore, due to the toxicity of cisplatin, the body weight of mice treated by cisplatin was decreased. However, in the presence of scutellarin, the weight reduction was recovered (Figure 6C). Moreover, the combination of cisplatin with scutellarin increased the expression of LC3-II, p53, p-ERK1/2, and reduced p-AKT and c-met, compared with cisplatin alone (Figure 6F and Supplementary Figure S6A). Collectively, scutellarin could notably improve anti-tumor effect of cisplatin, and reduce the toxicity generated by cisplatin in vivo.
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FIGURE 6. Scutellarin enhanced antitumor efficacy of cisplatin in vivo. The A549/DDP-Luc cells were subcutaneously implanted BALB/c nude mice, and the mice were treated with cisplatin with or without scutellarin. (A) Tumor growth was monitored by IVIS, representative bioluminescence images of tumor in mice are shown. (B) The tumor dimensions were measured per 3 days using a digital caliper, tumor size in each group is shown. (C) Body weight of each group (n = 8). (D) After treatment for 21 days, mice were humanely euthanized, and the tumor tissues were subsequently harvested. (E) Tumor weight of each group (n = 8). (F) The expression levels of LC3, p62, p53, p-ERK1/2, p-AKT, c-met in mice tumor were detected by western blot analysis. Data are representative of three independent experiments (mean ± SEM). ∗∗p < 0.01.





DISCUSSION

Cisplatin, one of the most commonly chemotherapeutic agent, has been widely used to treat different types of cancer including NSCLC (Kim et al., 2017). However, its tumoricidal efficacy is often limited due to the rapid emergence of acquired resistance. Multiple mechanisms contributed to cisplatin resistance have been documented, such as decreased drug absorption, DNA repair, inactivated apoptosis programs (Fang et al., 2017). Unfortunately, there remains a lack of targeted treatment strategies focusing on reversing cisplatin resistance. To circumvent this difficulty, we focused on looking for novel drugs to suppress chemotherapy resistance. Our results offer the first evidence, to our knowledge, that scutellarin improved the sensitivity of cisplatin-resistant cells A549/DDP to cisplatin. In addition to A549/DDP cells, our study shows that scutellarin could potentiate antitumor activity of cisplatin in NSCLC line PC-9, suggesting the synergism of scutellarin and cisplatin was applied to NSCLC cells (Supplementary Figure S1C).

Apoptosis is the predominant manner of cisplatin-induced cell death. However, cancer cells can develop its own specific strategies to evade apoptosis, which facilitates their survival and promote resistance to anticancer therapies (Ravegnini et al., 2017). Caspase-3 is a apoptotic effector that has been well studied to be involved in cisplatin-induced apoptosis (Shen et al., 2007). In this study, cisplatin markedly induced caspase-3-dependent apoptosis, of note, its efficiency was enhanced by scutellarin. Accumulating evidence has shown that p53 serves as a key tumor suppressor, which is essential for induction of cisplatin-induced apoptosis (Yang et al., 2012). It has been proposed that the presence of functional p53 facilitates the cytotoxic effects of chemotherapeutic drugs including cisplatin (Herudkova et al., 2017). For instance, in head and neck squamous cell carcinoma, small molecules targeted p53-reactivation have been shown to induce apoptosis and enhance chemotherapeutic cytotoxicity (Roh et al., 2011). Here, we demonstrated that scutellarin increased cisplatin-induced p53 activation, resulting in apoptotic cell death. This is especially important given that p53 activation is mainly responsible for enhancement of cisplatin-induced apoptosis by scutellarin.

Extracellular signal-regulated kinases, an prototypic MAPK (mitogen-activated protein kinase), is involved in Ras/Raf/ERK pathway that is hyperactivated in a high many types of tumors, which drives cancer growth, inhibits apoptosis, promotes angiogenesis and invasion (Miyake et al., 2015). As such, small-molecule inhibitors targeting ERK signaling, such as RAF or MEK inhibitors, have shown to promise as efficient cancer therapeutics (Samatar and Poulikakos, 2014). However, ERK pathway also can be activated by antitumor agents to trigger its downstream tumor suppressor proteins (Lv et al., 2013). Meanwhile, cisplatin-induced ERK activation is an key regulator of the p53 response to DNA damage caused by cisplatin (Persons et al., 2000). Our data show that scutellarin serves an ERK inducer that potentiated cisplatin-induced ERK activation. Inhibition of ERK by U0126 suppressed p53 expression. Thus, co-treatment of cisplatin and scutellarin induced p53-mediated apoptosis via activating ERK pathway.

Autophagy or “self-eating,” has been vividly regarded as janus-faced player due to its dual function in cancer progression (Gugnoni et al., 2016). The role of autophagy in cancer, however, is still paradoxical. On the one hand, autophagy plays a central role in suppressing tumor initiation by inhibiting necrosis and immune cell infiltration during tumorigenesis (Eritja et al., 2017). However, on the other side, autophagy can confer cancer cells the ability to protect itself in response to new hostile environments, such as hypoxic and nutrient-deficient (Zhan et al., 2016). Notably, some tumor cells are able to hijack the adaptation cues to cope with autophagy triggered by anti-tumor therapy (Kondo et al., 2005). In certain condition, autophagy inhibition can enhance the efficacy of anticancer treatments. Thus, the role of autophagy in cancer therapy has not been clear. During autophagy activation, lots of double-membrane electron-dense autophagosomes that capture unnecessary contents fuse with lysosomes or vacuoles to form autolysosomes, where these dysfunctional organelles are degraded (Li Y. et al., 2017). Meanwhile, in particular, accumulation of LC3-II and p62 degradation are regarded as the induction of autophagy (Guo et al., 2013). Western blots and TEM results demonstrated combination of cisplatin and scutellarin markedly increased the induction of autophagy. Interestingly, deficiency of autophagy slightly contributed to cisplatin resistance in A549/DDP cells. These observations elucidated that scutellarin was able to promote cisplatin-induced autophagy, of which was not cytoprotective, but lead to cell death.

It is well established that PI3K/AKT/mTOR pathway is emerging as important player in the regulation of autophagy in various types of cancers (Chen et al., 2017). For example, in prostate cancer, inhibition of the PI3K/AKT/mTOR pathway is sufficient to activate autophagy (Butler et al., 2017). Indeed, co-treatment of cisplatin and scutellarin significantly decreased the level of phosphorylated AKT in A549/DDP cells, and the AKT inhibitor MK-2206 enhanced the induction of autophagy. The c-met oncogene has been identified as a potential target for cancer therapy. Activation of c-met contributes to the proliferation and invasion of cancer cells, and has been also considered as a biomarker in several tumor types (Blumenschein et al., 2012). Of note, AKT is regarded as a downstream factor of the c-met pathway (Peters and Adjei, 2012). Here, we found that cisplatin or scutellarin alone could suppressed c-met level, however, the efficiency of combination treatment was stronger. Inhibition of c-met by crizotinib attenuated p-AKT level, but induced high autophagy. These findings clearly indicated that scutellarin enhanced cisplatin-induced autophagy via suppressing the c-met/AKT signaling pathway. Furthermore, our in vivo experiment indicated that scutellarin significantly enhanced cisplatin-suppressed tumor growth, and reduced the toxicity generated by cisplatin.

In sum, our results showed that scutellarin reversed cisplatin resistance in NSCLC cells. Mechanically, scutellarin enhanced cisplatin-induced apoptosis and autophagy via ERK/p53 or c-met/AKT signaling pathways, suggesting that ERK and c-met signalings were the direct target of scutellarin (Figure 7). Notably, scutellarin can reduce the toxicity associated with repeated administration of cisplatin in tumor-bearing mice. These findings suggest that the combination of cisplatin treatment with scutellarin can be effectively applied for the treatment of NSCLC. In this study, A549/DDP cells still retain the wild-type p53, it is not clear whether the combination therapy is effective to p53-mutant lung cells. Thus, further experiments should performed to demonstrate whether scutellarin can enhance the sensitivity of p53-mutant cells to cisplatin.
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FIGURE 7. Schematic diagram shows scutellarin increases the sensitivity of non-small cell lung cancer to cisplatin via ERK/p53 and c-met/AKT signaling pathways.
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FIGURE S1 | (A) The expression levels of c-met, p-AKT in A549 and A549/DDP cells were detected by western blot analysis. (B) PC-9 cells were treated with different concentrations of scutellarin, cell viability was measured by the MTT assay. (C) PC-9 cells were treated with cisplatin combined with scutellarin (40 μM), cell viability was measured by the MTT assay. ∗p < 0.05.

FIGURE S2 |(A) Western blot analysis showing caspase-3, cleaved caspase-3 and PARP expression levels in A549/DDP cells treated with cisplatin, or scutellarin, or the combination. Actin was used as loading control.

FIGURE S3 |(A) Western blot analysis of p53 protein in A549/DDP cells treated by cisplatin, or scutellarin, or the combination. (B) The effect of p53 inhibitor PFT on p53, caspase-3, cleaved caspase-3 and PARP expression levels were measured by western blot analysis. (C) The expression of p-ERK1/2, ERK1/2 were determined by western blot analysis. (D) The level of p-ERK1/2, ERK1/2, p53 in A549/DDP cells were measured in the presence of ERK1/2 specific inhibitor U0126.

FIGURE S4 |(A) A549/DDP cells were treated with cisplatin or scutellarin, or the combination for 48 h, the expression of p62 and conversion of LC3-I to LC3-II were measured by western blotting. (B) Western blot analysis of p62 and LC3 in A549/DDP cells incubated with autophagy inhibitor HCQ.

FIGURE S5 |(A) Cells were treated by cisplatin with or without scutellarin, the protein expressions of AKT and p-AKT were determined by western blotting. (B) The expression levels of LC3, AKT, p-AKT were detected by western blotting in A549/DDP cells coincubated with MK-2206. (C) Western blot analysis of the protein of c-met. (D) The effect of crizotinib on the expression of LC3, AKT, p-AKT, c-met was analyzed by western blot analysis.

FIGURE S6 |(A) The expression levels of LC3, p62, p53, p-ERK1/2, p-AKT, c-met in mice tumor were detected by western blot analysis.
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Mesenchymal stem cells (MSCs) are non-hematopoietic progenitor cells, which can be isolated from different types of tissues including bone marrow, adipose tissue, tooth pulp, and placenta/umbilical cord blood. There isolation from adult tissues circumvents the ethical concerns of working with embryonic or fetal stem cells, whilst still providing cells capable of differentiating into various cell lineages, such as adipocytes, osteocytes and chondrocytes. An important feature of MSCs is the low immunogenicity due to the lack of co-stimulatory molecules expression, meaning there is no need for immunosuppression during allogenic transplantation. The tropism of MSCs to damaged tissues and tumor sites makes them a promising vector for therapeutic agent delivery to tumors and metastatic niches. MSCs can be genetically modified by virus vectors to encode tumor suppressor genes, immunomodulating cytokines and their combinations, other therapeutic approaches include MSCs priming/loading with chemotherapeutic drugs or nanoparticles. MSCs derived membrane microvesicles (MVs), which play an important role in intercellular communication, are also considered as a new therapeutic agent and drug delivery vector. Recruited by the tumor, MSCs can exhibit both pro- and anti-oncogenic properties. In this regard, for the development of new methods for cancer therapy using MSCs, a deeper understanding of the molecular and cellular interactions between MSCs and the tumor microenvironment is necessary. In this review, we discuss MSC and tumor interaction mechanisms and review the new therapeutic strategies using MSCs and MSCs derived MVs for cancer treatment.
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INTRODUCTION

Due to their tropism to the tumor niche, mesenchymal stem cells (MSCs) are promising vectors for the delivery of antitumor agents. The isolation of MSCs from adult tissues poses circumvents many of the ethical and safety concerns which surround the use of embryonic or fetal stem cells, as these have been comprehensively discussed elsewhere (Herberts et al., 2011; Volarevic et al., 2018), this review focuses on the anti-tumor and therapeutic potential of MSCs. It is believed that the migration of MSCs toward the tumor is determined by inflammatory signaling similar to a chronic non-healing wound (Dvorak, 1986). It has been shown that MSCs are actively attracted to hepatic carcinoma (Xie et al., 2017), breast cancer (Ma et al., 2015), glioma (Smith et al., 2015) and pre-metastatic niches (Arvelo et al., 2016). However, the mechanism and factors responsible for the targeted tropism of MSCs to wounds and tumors microenvironments remain unclear. MSCs can migrate to sites of trauma and injury following the gradient of chemo-attractants in the extracellular matrix (ECM) and peripheral blood (Son et al., 2006) and local factors, such as hypoxia, cytokine environment and Toll-like receptors ligands, where upon arrival these local factors promote MSCs to express growth factors that accelerate tissue regeneration (Rustad and Gurtner, 2012).

It is believed, that following accumulation at the sites of tumor formation and growth, MSCs differentiate into pericytes or tumor-associated fibroblasts (TAF) thereby forming a growth supporting microenvironment and secreting such trophic factors as vascular endothelial growth factor (VEGF), interleukin 8 (IL-8), transforming growth factor β (TGF-β), epidermal growth factor (EGF), and platelet-derived growth factor (PDGF). (Nwabo Kamdje et al., 2017). For example, it has been shown that MSCs stimulate tumor growth and vascularization within the colorectal cancer xenograft model in vivo and can also induce activation of Akt and ERK in endothelial cells, thereby increasing their recruitment and angiogenic potential (Huang et al., 2013). Whilst in co-culture in vitro experiments, MSCs stimulated the invasion and proliferation of breast cancer cells (Pinilla et al., 2009).

However, besides tumor progression, MSCs can also supress tumor growth by cell cycle arrest and inhibition of proliferation, as well as blocking of PI3K/AKT pathway and tumor suppressor gene expression (Ramdasi et al., 2015). Anti-tumor properties are described for MSCs isolated from various sources in experiments both in vitro and in vivo of various tumor models (different tumor models are discussed in (Blatt et al., 2013a,b). For instance, MSCs injected into an in vivo model of Kaposi’s sarcoma suppressed tumor growth (Khakoo et al., 2006). Similar results have been reported for hepatoma (Qiao et al., 2008), pancreatic cancer (Cousin et al., 2009; Doi et al., 2010), prostate cancer (Chanda et al., 2009) and melanoma (Otsu et al., 2009) in both in vitro and in vivo models.

Thus, there are contradictory reports about the role of MSCs in tumor formation and development. The differences in the anticancer activity of MSCs reported by different group might be due to their activation status, which is discussed elsewhere (Rivera-Cruz et al., 2017). Nevertheless, there is a consensus that MSCs have enhanced tropism toward tumors which make them ideal vector candidates for targeted anti-tumor therapy.



MSCs MIGRATE TOWARD IRRADIATED TUMORS

Mesenchymal stem cells migration in the context of radiation therapy may also be very promising for cancer therapy. In fact, MSCs migrate better to irradiated 4T1 mouse mammary tumor cells in comparison to non-irradiated 4T1 cells (Klopp et al., 2007). Irradiated 4T1 cells are characterized by increased expression levels of TGF-β1, VEGF, and PDGF-BB. The activation of chemokine receptor CCR2 in MSCs interacting with irradiated 4T1 cells was also observed, as well as higher expression of MCP-1/CCL2 in the tumor parenchyma of 4T1 mice. Thus, MCP-1/CCL2/CCR2 signaling is important in the attraction of MSCs to irradiated tumor cells. Furthermore, CCR2 inhibition resulted in a significant decrease in MSC migration in vitro (Klopp et al., 2007). In irradiated glioma cells Kim et al. (2010) reported increased IL-8 expression, which led to an upregulation of IL-8 receptor by MSCs and an increase in their migration potential and tropism to glioma cells.

Once at the irradiated tumor site, MSCs can suppress immune cell activation directly through cell-cell interactions by binding the membrane protein PD-1 with PD-L1 and PD-L2 ligands on the T-lymphocyte surface. Moreover, MSCs can induce T-lymphocyte agonism by suppressing the expression of CD80 and CD86 on antigen-presenting cells (Yan et al., 2014a,b). Thus, the increased MSCs tropism to irradiated tumors may have the opposite effect in cancer therapy.

The described data clearly illustrate the correlation between tissue damage and MSCs recruitment. Due to an increase in tropism to the tumor, genetically modified MSCs can be an effective therapeutic tool. However, such therapeutic strategies can be risky for cancer patients since MSCs can potentially stimulate cancer progression within certain contexts.



MSCs CHEMOTAXIS MEDIATING FACTORS

Mesenchymal stem cells migrate to damaged tissue, trauma or sites of inflammation in response to secreted cytokines. Similarly, the tumor environment consists of a large number of immune cells, which alongside tumor cells, secrete soluble factors such as VEGF, PDGF, IL-8, IL-6, basic fibroblast growth factor (bFGF or FGF2), stromal cell-derived factor 1 (SDF-1), granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony stimulating factor (GM-CSF), monocyte chemoattractant protein 1 (MCP1), hepatocyte growth factor (HGF), TGF-β and urokinase-type plasminogen activator receptor (UPAR), attracting MSCs (Ponte et al., 2007).

Soluble factors CCL21 (Sasaki et al., 2008), IL-8 (Birnbaum et al., 2007), CXC3L1 (Sordi et al., 2005), IL-6 (Liu et al., 2011), macrophage inflammatory protein 1δ (MIP-1δ) and MIP-3α (Lejmi et al., 2015) directly mediate MSCs chemotaxis and recruitment to damaged tissues. IL-6 mediates chemotaxis, which facilitates MSC attraction into the main tumor growth sites (Rattigan et al., 2010). Ringe et al. (2007) observed the dose-dependent chemotactic activity of bone marrow-derived MSCs in relation to SDF-1α and IL-8. IL-8 dependent recruitment of MSCs was also detected in glioma. A multitude of angiogenic cytokines secreted by glioma cells, including IL-8, actively attract MSCs to tumor tissue (Ringe et al., 2007). Experiments with conditioned medium from Huh-7 hepatoma cell (Huh-7 CM) showed that MIP-1δ and MIP-3α induced MSC migration. Moreover, after cultivation of MSCs in Huh-7 CM the expression of matrix metalloproteinase 1 (MMP-1), necessary for migration, was significantly increased (Lejmi et al., 2015). It was also shown that PDGF-BB, VEGF and TGF-β1 can induce MSC migration (Schar et al., 2015). Experiments using MSCs modified with CXCR4, showed that increased expression of the CXCR4 receptor enhances MSC migration toward tumor cells in both in vitro and in vivo models (Kalimuthu et al., 2017). In osteosarcoma models, it was described that SDF-1α is involved in MSCs recruitment to tumor areas. MSCs in turn stimulate the migration of osteocarcinoma cells by CCL5/RANTES secretion (Xu et al., 2009), thereby promoting tumor invasion and metastatic colonization by providing metastatic osteosarcoma cells with a suitable microenvironment (Tsukamoto et al., 2012).



GENETICALLY ENGINEERED MSCs WITH ANTICANCER ACTIVITY

In early studies MSCs genetically modified with interferon β (IFN-β) were injected into human melanoma mouse xenotransplantation models which resulted in decreased tumor growth and increased (2-times) survival of mice in comparison with controls (Studeny et al., 2002). In addition, it was shown in a melanoma xenograft mouse model that additional loading of IFN-β-modified canine MSCs with low amounts of cisplatin significantly increased the effectiveness of the antitumor therapy (Ahn et al., 2013).

Currently, besides IFN-β there are several other cytokines and tumor-suppressor genes with anticancer activity which are used for genetic modification of MSCs (Table 1). One of the most promising therapeutic pro-apoptotic cytokines is tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), which selectively induces apoptosis in cancer cells. The antitumor effect of TRAIL-modified MSCs has been described for different types of tumors, within which TRAIL has not been found to be cytotoxic for normal mammalian cells and tissues (Szegezdi et al., 2009; Yuan et al., 2015). It is interesting that recombinant TNF-α-activated MSCs in combination with radiation exposure are able to significantly increase expression level of endogenous TRAIL (Mohammadpour et al., 2016). Long-lasting expression of endogenous TRAIL can also be observed in IFN-γ-modified MSCs (Yang X. et al., 2014). To increase the therapeutic potential of TRAIL-modified MSCs, it has been suggested they could be used in combination with chemotherapeutic agents, such as cisplatin (Zhang et al., 2012). However, some tumors have mechanism of TRAIL resistance through overexpression of X-linked inhibitory of apoptosis protein (XIAP), which inhibits caspase 3 and 9 activation. Anti-apoptotic properties of XIAP are under control of the second mitochondria-derived activator of caspase (Smac), which prevents physical interaction of XIAP and caspases thereby preventing apoptosis inhibition (Srinivasula et al., 2001). Khorashadizadeh et al. (2015) used MSCs for the delivery and simultaneous expression of novel cell penetrable forms of Smac and TRAIL. The effectiveness of this approach was shown in TRAIL-resistant breast cancer cell line MCF-7 (Khorashadizadeh et al., 2015).

TABLE 1. The usage of genetically engineered Mesenchymal stem cells for target delivery of therapeutic agents with anti-tumor activity.
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Besides IFN-β and TRAIL as anti-tumor agents, interleukins are also under consideration because they regulate inflammation and immune responses For instance, IL-12-modified MSCs decrease metastasis and induce cancer cell apoptosis in mice with melanoma, lung cancer and hepatoma by 75, 83, and 91%, respectively. The activation of immune cells [cytotoxic T-lymphocytes and natural killers (NK)] was also reported (Chen et al., 2008). You et al. (2015) showed that injection of genetically modified amniotic fluid-derived MSCs expressing IL-2 resulted in induction of apoptosis in ovarian cancer cells in an in vivo mouse model.

PTEN (phosphatase and tensin homolog deleted on chromosome 10) is one of the main human tumor-suppressors. Yang Z.S. et al. (2014) showed that PTEN expressing MSCs are able to migrate toward DBTRG (brain glioblastoma) tumor cells in vitro. PTEN-modified MSCs anti-cancer activity in co-culture with U251 glioma cells in vitro was also described (Guo et al., 2016). MSC-mediated delivery and anti-tumor properties were described for other proteins (IFN-α, IFN-γ, CX3CL1, apoptin, PEDF) and ncRNAs (miR-124 and miR-145) (Table 1). Modification of MSCs for the co-expression of several therapeutic proteins can increase their anti-cancer potential. It was shown that TRAIL and herpes simplex virus thymidine kinase (HSV-TK) modified MSCs in the presence of ganciclovir (GCV) significantly reduced tumor growth and increased survival of mice with highly malignant glioblastoma multiform (GBM) (Martinez-Quintanilla et al., 2013).

The effect of direct administration of many of these agents in cancer treatment is often limited due to their short half-life in the body and pronounced toxicity in relation to normal, non-cancerous cells. The use of MSCs for delivery of the above mentioned therapeutic proteins can help to minimize such problems because MSCs can selectively migrate to tumor sites and exert therapeutic effects locally thereby significantly increasing the concentration of the agent in the tumor and reducing its systemic toxicity.

Another promising approach is delivery of oncolytic viruses with MSCs. For instance, Du et al. (2017) used MSCs as a vector for the delivery of oncolytic herpes simplex virus (oHSV) [approved by Food and Drug Administration (FDA) for melanoma treatment] in human brain melanoma metastasis models in immunodeficient and immunocompetent mice. Authors noted that the introduced MSCs-oHSV migrated to the site of tumor formation and significantly prolonged the survival of mice. In the immunocompetent model a combination of MSCs-oHSV and PD-L1 blockade increases IFNγ-producing CD8+ tumor-infiltrating T lymphocytes and results in a significant increase of the median survival of treated animals (Du et al., 2017).



MSCs PRIMED WITH ANTICANCER DRUGS

Mesenchymal stem cells relative resistance to cytostatic and cytotoxic chemotherapeutic drugs and migration ability opens new ways to use them for targeted delivery of therapeutic drugs directly to tumor sites. Pessina et al. (1999) showed that SR4987 BDF/1 mouse bone marrow stromal cells can be a reservoir for doxorubicin (DOX) which can subsequently be released not only in the form of DOX metabolites but also in its original form. It was further shown that MSCs efficiently absorb and release paclitaxel (PTX) in an active form (Pascucci et al., 2014), DOX, and gemcitabine (GCB), all having an inhibitory effect on tongue squamous cell carcinoma (SCC154) cells growth in vitro (Cocce et al., 2017b).

Pessina et al. (2013) found that the maximum concentration of PTX which did not affect MSC viability was 10 000 ng/mL. The concentration is sufficient to decrease the viability of certain types of tumor cells, for example, human leukemia cells. In vivo investigations show that PTX-primed MSCs (MSCs-PTX) demonstrate strong antitumor activity inhibiting the growth of tumor cells and vascularization of the tumor in a MOLT-4 (leukemia) xenograft mouse model (Pessina et al., 2013). The anti-tumor activity of primed MSCs is currently being investigated on the different types of tumor cells. For instance, Bonomi et al. (2017b) showed that MSCs-PTX suppress the proliferation of human myeloma cells RPMI 8226 in in vitro 3D dynamic culture system. The anti-cancer activity of MSCs-PTX has been further shown in relation to pancreatic carcinoma cells in vitro (Brini et al., 2016).

Nicolay et al. (2016) showed that cisplatin (CDDP) had no significant effect on cell morphology, adhesion or induction of apoptosis in MSCs, nor does it affect their immunophenotype or differentiation potential of MSCs once primed with CDDP. This has been confirmed using CDDP at concentrations of 2.5 μg/ml and 5.0 μg/ml (Gilazieva et al., 2016). Thus, MSCs are promising vectors for CDDP delivery toward the tumor sites.

Beside chemical drugs in soluble form, MSCs can absorb nanomaterials containing chemotherapeutic agents. For instance, MSCs primed with silica nanoparticle-encapsulated DOX promoted a significant increase in the apoptosis of U251 glioma cells in vivo (Li et al., 2011).

Bonomi et al. (2017a) in their work used MSCs from two sources: dog adipose tissue and bone marrow, to study MSCs-PTX antitumor activity on human glioma cells (T98G and U87MG). The investigation once again showed the pronounced antitumor effect of MSCs-PTX and opens new perspectives for oncological disease therapy not only in humans but also in animals (Bonomi et al., 2017a).



MSC-DERIVED MICROVESICLES

Extracellular vesicles (EVs) [microvesicles (MVs) and exosomes] released by a large number of cells play an important role in intercellular communication. MVs from different cell types contain biologically active functional proteins, and nucleic acids including mRNA and microRNA (Pokharel et al., 2016). It was shown that MSC-derived MVs can promote progression of various types of tumors. For instance, MSC-derived MVs have been found to facilitate the migration of MCF7 breast cancer cells by activating the Wnt signaling pathway (Lin et al., 2013), promote the progression of nasopharyngeal carcinoma cells (Shi et al., 2016) and increase the proliferation and metastatic potential of gastric cancer cells (Gu et al., 2016). MSC-derived MVs can also increase tumor cell resistance to drugs. For example, MSC-derived MVs can induce resistance to 5-fluorouracil in gastric cancer cells by activating the CaM-Ks/Raf/MEK/ERK pathway (Ji et al., 2015). Bliss et al. (2016) showed that a possible cause of increased resistance to chemotherapy are micro-RNAs which are included in MVs, such as miR-222/223, which support the resistance of the breast cancer cells in the bone marrow. However, there are conflicting results, for example Del Fattore et al. (2015) reported that MVs isolated from bone marrow and cord blood-derived MSCs suppressed division and induced apoptosis in glioblastoma cells. However, MVs isolated from adipose tissue-derived MSCs showed the opposite effect and stimulated tumor cell proliferation (Del Fattore et al., 2015). As mentioned above, such differences might be explained by activation status of parental MSCs from which the MVs are generated.

One of the possible approaches to use MSCs-isolated MVs in therapy is via the priming/loading of these structures with therapeutic agents. Pascucci et al. (2014) demonstrated that the antitumor activity of MSCs-PTX may be due to the release of a large number of MVs by the MScs. Loaded with PTX MSCs demonstrate vacuole-like structures and accumulation of MVs in extracellular space without significant change in cell morphology. Presence of PTX in MVs was confirmed by Fourier spectroscopy. The release of PTX containing MVs were found to exert anti-cancer activity which was confirmed using the human pancreatic adenocarcinoma cell line CFPAC-1 in vitro (Pascucci et al., 2014). This finding was supported by the recent studies of Cocce et al. (2017a) which showed antitumor activity of MVs derived from MSCs-PTX and MSCs-GCB on pancreatic cancer cells in vitro.

Yuan et al. (2017) investigated antitumor activity of MSC-derived MVs carrying recombinant TRAIL (rTRAIL) on their surface. Cultivation of M231 breast cancer cells in the presence of MVs led to the induction of apoptosis in cancer cells. At the same time, MVs did not induce apoptosis in normal human bronchial epithelial cells (HBECs). The use of MSC-derived MVs bearing rTRAIL on their surface proved to be more effective than using pure rTRAIL (Yuan et al., 2017).

Kalimuthu et al. (2016) developed bioluminescent EVs using Renilla luciferase (Rluc)-expressing MSCs (EV-MSC/Rluc) and showed that these vesicles migrate at tumor sites in the Lewis lung carcinoma (LLC) model in vivo. Significant cytotoxic effect of EV-MSC/Rluc on LLC and 4T1 cells in vitro was also noticed. Moreover, EV-MSC/Rluc inhibited LLC tumor growth in vivo (Kalimuthu et al., 2016).



CONCLUSION

Tumor development and response to therapy depends not only on tumor cells, but also on different cell types which form the stroma and microenvironment. These include immune cells, vascular endothelial cells and tumor-associated stromal cells such as TAF and MSCs. Due to tropism to the tumor microenvironment, MSCs can be considered as promising vectors for the delivery of antitumor agents (Figure 1). To date, there are large number of experimental studies that confirm the anti-oncogenic potential of MSCs modified with therapeutic genes and/or loaded with chemotherapeutic drugs. Thus, the approach of therapeutic agent delivery to the tumor sites using MSCs is promising. However, since it is known that native MSCs can exhibit not only anticancer but also pro-oncogenic properties, further research is needed to improve the safety of this approach. An alternative to using intact MSCs to deliver anti-tumor agents, is the use of MSC-derived MVs which can also be loaded with the same antitumor agents. Further research is needed to evaluate the safety and efficiency of the different therapeutic approaches described in this review to harness the promising potential of MSCs as therapeutic vectors.
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FIGURE 1. Mesenchymal stem cells and tumor cells interaction as an MSC-based approach for cancer therapy. The chemotactic movement of MSCs toward a tumor niche is driven by soluble factors, such as VEGF, PDGF, IL-8, IL-6, bFGF or FGF2, SDF-1, G-CSF, GM-CSF, MCP1, HGF, TGF-β, and UPAR. Genetic modification of MSCs can be used to deliver a range of tumor-suppressing cargos directly into the tumor niche. These cargos include tumor suppressor (TRAIL, PTEN, HSV-TK/GCV, CD/5-FC, NK4, PEDF, apoptin, HNF4-α), oncolytic viruses, immune-modulating agents (IFN-α, IFN-γ, IL-2, IL-12, IL-21, IFN-β, CX3CL1), and regulators of gene expression (miRNAs and other non-coding RNAs). MSCs are also capable of delivering therapeutic drugs such as DOX, PTX, GCB, and CDDP within the tumor site. In addition to using MSCs directly, microvesicles (MVs) isolated from MSCs represent an alternative approach to delivering these agents.
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DNA damage inducible transcript 4 (DDIT4) gene is expressed under stress situations turning off the metabolic activity triggered by the mammalian target of rapamycin (mTOR). Several in vitro and in vivo works have demonstrated the ability of DDIT4 to generate resistance to cancer therapy. The link between the metabolism suppression and aggressiveness features of cancer cells remains poorly understood since anti-mTOR agents who are part of the repertoire of drugs used for systemic treatment of cancer achieving variable results. Interestingly, the high DDIT4 expression is associated with worse outcomes compared to tumors with low DDIT4 expression, seen in a wide variety of solid and hematological tumors, which suggests the driver role of this gene and provide the basis to target it as part of a new therapeutic strategy. In this review, we highlight our current knowledge about the biology of DDIT4 and its role as a prognostic biomarker, encompassing the motives for the development of target drugs against DDIT4 as a better target than mTOR inhibitors.
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BACKGROUND

Cancer is a complex disease arising from the gradual accumulation of genetic changes resulting in the reprogramming of key cellular processes well described in “The Hallmarks of Cancer” written by Hanahan and Weinberg (1). Structural and functional alterations in driver genes and entire pathways to fulfill the nutritional requirements are responsible for this reprogramming, and although their mechanisms are not fully known, various drugs have been developed to target actionable mutations (2, 3).

One attractive therapeutic strategy is the inhibition of the mammalian target of rapamycin (mTOR), as well as various downstream and upstream signaling molecules (4). The mTOR pathway has evolved as nutrient sensing to promote cell proliferation under adequate nutritional and environmental conditions (5). The activation of mTOR depends on the formation of two complexes called mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) that are activated in distinct ways. mTORC1 controls the protein synthesis and cell survival through the phosphorylation of its substrates, 4EBP1, p70S6K and factor 4G. mTORC1 is inactivated by rapamycin but is activated by growth factors, nutrients, energy and stress signals, and essential signaling pathways (PI3K, MAPK, and AMPK). In contrast to mTORC1, mTORC2 is not inactivated by rapamycin and generally, it is not affected by nutrients and energy signals. mTORC2 regulates cytoskeleton organization and promotes cell survival through the phosphorylation of protein kinase B (Akt) and protein kinase C (6–8). The key role of mTOR in these processes explains its association in pathologies such as cancer (9, 10).

Several works and recent cancer genomic projects described high rates of mutations in genes involved in the mTOR pathway, including PI3K, PTEN, AKT, and S6K1, 4EBP1, and EIF4E. Based in this data, mTOR inhibitors (rapamycin and its analogs) have become attractive therapeutic agents tested in several clinical trials, as single agents or in combination with other types of systemic treatment (9). Unfortunately, some inhibitors of mTOR have shown lack of efficacy, including the rapamycin (11).

The DNA damage inducible transcript 4 (DDIT4) is induced by cellular stress conditions and regulates the mTOR activity (12), and also its abnormal expression has been linked to multiple diseases, including malignant tumors (13–18).



DDIT4 GENE

This gene was simultaneously discovered and cloned in 2002 by two independent research groups. Shoshani et al. using a microarray hybridization technique to investigate the hypoxia-dependent gene expression in rat glioma C6 cells reported a gene highly upregulated in response to hypoxia-inducible factor 1 (HIF-1) and regulating the generation of cellular reactive oxygen species (ROS). This gene was designated RTP801 (19). Concurrently, Ellisen et al. identified a new p53 target induced by DNA damage and regulated by p63 during embryogenesis and epidermal differentiation. In this study, this gene was alternatively designated REDD1 (regulated in development and DNA damage response 1), which was also involved in the generation of ROS (20).

Contemporarily with these works, Wang et al. analyzed which genes are potentially involved in regulating glucocorticoid-induced apoptosis in lymphoid cells. Through an oligonucleotide microarray analysis, they discovered a novel dexamethasone-induced gene designated Dig2 whose expression is significantly induced in cell lines of murine T-cell lymphoma and in normal mouse thymocytes (21). The official name given by the HUGO Gene Nomenclature Committee was DDIT4.

DDIT4 is located on chromosome 10 (10q22.1) and has a length of 2.1 kb, containing three exons and two introns (19, 20). DDIT4 has three splice variants (one it is the protein coding with 232 amino acids and the others are retained introns), 95 orthologs, one paralog (DDIT4L, DNA damage inducible transcript 4 like) and is associated with one phenotype (22). Because of this, it is presumed that it was present in the common ancestor of animals (23).

DDIT4 is ubiquitously expressed at low levels in most adult tissues (Figure 1) (19). The DDIT4 expression is induced by multiple cellular stresses, such as hypoxia (19, 24), ionizing radiation (IR) (20), methyl methane sulfonate (MMS) (25), heat shock (21), and energy depletion (12). Moreover, it is also upregulated by other chemical molecules, such as glucocorticoids (21, 26, 27), dopaminergic neurotoxins (28), endoplasmic reticulum stress inducers (21, 29), DNA damage agent etoposide (21), and arsenite (30). Conversely, DDIT4 expression decreases by testosterone, acute resistance exercise, refeeding/nutrient consumption, and suppressed mTORC1 (31).
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FIGURE 1 | DNA damage inducible transcript 4 (DDIT4) gene expression. DDIT4 is ubiquitously expressed in multiple human tissues (32).




DDIT4 PROTEIN

With an estimated half-life of approximately 5 min (33, 34), DDIT4 is a highly conserved protein composed of 232 amino acids, rich in leucine (17%) and contains conserved 9- or 10-serine stretches at its N-terminal end. Its molecular weight is 25 kDa, but it migrates around 35 kDa on Western blot because of its multiple lysine residues at the carboxyl terminus (19, 20). In addition, DDIT4 is mainly present in the cytoplasm and the nucleus (20, 30), but it has also been observed in membranes (35).

The crystal structure of DDIT4 (PDB ID# 3LQ9) shows that this protein has two chains (A and B), where each chain has antiparallel α-helices followed by four β-strands with two highly conserved residues (residues 138–141 and 218–225) that might be essential for the activity of the protein (Figure 2). Amino acids in position 85–193 and 207–225 correspond to linear segments required for its function, separated by a dispensable region. The extreme N-terminus has 84 amino acids residues poorly preserved among species and dispensable for the function of the protein. By contrast, the C-terminal region is highly conserved and essential for the correct function of DDIT4. Internal deletions and NAAIRS (the sequence Asn–Ala–Ala–Ile–Arg–Ser) substitutions are poorly tolerated because this causes the protein to change to an unphysiological conformation (36).


[image: image1]
FIGURE 2 | Crystal structure of the human protein DNA damage inducible transcript 4 (PDB ID# 3LQ9). Both of their chains have antiparallel α-helices followed by four β-strands.




REGULATION OF DDIT4

DDIT4 expression is upregulated by several transcription factors in response to different stressors (37). For example, under hypoxic conditions, HIF-1 increases the transcription of DDIT4 by binding to a hypoxia response element of the DDIT4 promoter causing downregulation of mTOR (19, 24). Telomere destabilization by DNA-damaging agents also increases DDIT4 expression through multiple pathways. In mouse embryo fibroblasts (MEFs), IR induces DDIT4 expression through p53 pathway in a dependent manner (20). Similarly, in HaCaT human keratinocytes, MMS induces DDIT4 expression through Elk-1 pathway and CCAAT/enhancer-binding protein (C/EBP) but in a p53-independent manner (25). Another transcription factor is the nuclear factor of activated T-cells 3, whose overexpression increases c-Myc (mTOR downstream target) and MUC2 expression (a marker of goblet cell differentiation) through the induction of DDIT4 expression; important process to the regulation of intestinal cell differentiation (38).

MicroRNAs, small and highly conserved non-coding RNA molecules, are also involved in tumorigenesis by regulating (at posttranscriptional level) specific oncogenes and tumor suppressor genes (39–41), such as DDIT4. miR-221 overexpression contributes to liver tumorigenesis through the cyclin-dependent kinase inhibitor p27 (Kip1-CDKN1B) and/or DDIT4 downregulation (42). miR-495, directly upregulated by the transcription factors E12/E47 in breast cancer stem cells promotes oncogenesis and hypoxia resistance via downregulation of E-cadherin and DDIT4 (43). miR-30c plays a key role in radiation-induced cell damage because, maybe in part, it downregulates DDIT4 expression in human hematopoietic and osteoblast cells after gamma-irradiation (44). miR-630 has a bimodal role in the regulation of apoptosis in response to DNA damage; it promotes apoptosis by downregulation of cell cycle kinase 7 kinase, and on the other hand, it reduces apoptosis by downregulating apoptotic activators, such as DDIT4, PARP3, EP300, and p53 (45).

At posttranslational level, DDIT4 is quickly degraded by the ubiquitin-proteasome system to allow cells to restore mTOR signaling once the stress conditions have been mitigated. One of the models reported by Katiyar et al. consists in the phosphorylation of DDIT4 by GSK3-β, which causes the recruitment of the Cullin 4A (CUL4A)–DNA damage-binding protein 1–regulator of cullins 1–β-transducin repeat containing protein (β-TRCP) E3 ligase complex, that results in DDIT4 ubiquitination and degradation by the proteasome (34). Amplification and overexpression of CUL4A have been observed in primary breast cancers (46) and others types of cancers such as hepatocellular carcinomas (47), so it could be considered as a potential predictive and prognostic indicator of some cancers. In addition, increased β-TRCP mRNA and protein expression have also been found in colorectal and pancreatic cancers (48, 49). By contrast, Tan and Hagen reported that there is an alternative E3 ligase (currently unknown) responsible for both basal DDIT4 ubiquitination and ubiquitination that is induced upon mTORC1 inhibition (50). These processes sustain that the dysregulation of DDIT4 degradation could be a common event that elevates mTOR signaling during tumor development.



DDIT4 INHIBITS THE ACTIVITY OF mTOR VIA TUBEROUS SCLEROSIS COMPLEX (TSC1/TSC2 COMPLEX)

All the stressors mentioned above, via different transcription factors, elevate the DDIT4 expression to fulfill its main function, inhibit mTORC1 to regulate key cellular processes, such as cell growing, proliferation, and survival (12, 24). This inhibitory effect was initially identified in Drosophila, where expression of Scylla (homologous protein of DDIT4 in Drosophila) suppress the phosphorylation of S6K (a known substrate of TOR) (51); a similar process that was later confirmed in mammalian cells (52). In addition, TSC1/TSC2 complex does not interact directly with mTORC1, but it functions as a GTPase, inactivating to Rheb, converting Rheb-GTP into Rheb-GDP, unable to activate the mTORC1 complex (53).

Gordon et al. proposed two models of the effect of DDIT4 in the mTOR pathway. One model proposes that DDIT4 competes with TSC2 to bind with the 14-3-3 proteins. DDIT4 expression increases causing the dissociation of the 14-3-3 proteins with TSC2, so TSC2 is released to form a functional TSC1/TSC2 complex that inhibits mTORC1 activity (31, 35). However, functional and structural analysis has concluded that it is unlikely that DDIT4 interacts directly with 14-3-3 proteins, discarding this model (36). The other model proposes that phosphatase-2A recruit to Akt causing the reduction of Akt phosphorylation, which in turn causes the reduction of phosphorylation of TSC2 and its induction. The TSC1/TSC2 complex is formed and subsequently represses mTORC1 activity. By contrast, TSC1/TSC2 complex positively regulates mTORC2 through association with rapamycin-insensitive companion of mTOR (31) (Figures 3 and 4).
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FIGURE 3 | Analysis in STRING-DB v.10.5 describes that DNA damage inducible transcript 4 (DDIT4) is involved in the regulation of at least three clusters of proteins, (i) mammalian target of rapamycin (mTOR) pathway proteins (in red), (ii) p53 pathway (in sky blue), and (iii) 14-3-3 proteins (in green).
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FIGURE 4 | DNA damage inducible transcript 4 (DDIT4) controls mammalian target of rapamycin (mTOR) by the activation of the TSC1/TSC2 complex. When the TSC1/TSC2 complex inactivates Rheb, it is unable to activate mTOR complex 1.




DDIT4 AND AUTOPHAGY

Autophagy is a catabolic mechanism of cellular adaptation to nutrients deprivation in which cellular components are degraded to its elementary molecules and recycled to promote the cell survival (54). In addition, autophagy participates in the removal of old or damaged cellular organelles and has been associated with the survival of cancer cells (55). Autophagy is the opposite response to cell growth and proliferation induced by mTOR activity. Under favorable nutritional conditions, the complex mTORC1 represses autophagy by phosphorylation of the ULK protein complex turning it in an open structural conformation (inactive form). DDIT4-mediated mTOR repression produces the lack of phosphorylation of the ULK complex, turning the complex in a closed structural conformation (active form) activating the mechanism of autophagy and triggering the formation of the autophagosome (56).



ROLE OF DDIT4 IN CANCER

Dysfunction of DDIT4 has been associated with multiple diseases, such as neurodegenerative disorders (28, 57), ischemic proliferative retinopathy (58), preeclampsia (59), diabetes, and other degenerative pathologies, such as cancer (10). Results of in vitro studies suggest that DDIT4 could have a context-dependent contrasting role in cancer as oncogene or tumor suppressor (19, 60).

Hyperactivation of the PI3K-Akt-mTOR signaling is a common alteration in cancer. This pathway regulates cellular processes involved in cell growth, proliferation, motility, survival, and apoptosis (61). In normal cells, PI3K-Akt-mTOR signaling is controlled by PTEN through PI3K dephosphorylation ensuring a transient and controlled activation. On the other hand, PTEN inactivation causes a chronic activation of PI3K and its downstream effectors, such as Akt, promoting the cell cycle progression, survival, and decreased apoptosis (62).

To know which genes are involved in the growth of cancer cells via chronically activated PIK-3 (such as in PTEN−/− cells), Schwarzer et al. compared PIK3 expression between cells that have active PIK-3 versus cells in which it is silenced. They found that DDIT4 mRNA was significantly downregulated in prostate cancer cells (PC-3) using LY294002 (2-morpholin-4-yl-8-phenylchromen-4-one) or rapamycin, both inhibitors of PI3K, in combination with matrigel-based 3D culture system. By contrast, DDIT4 was overexpressed under hypoxic conditions in a HIF-1α dependent manner. They also verified their results with other methods, as, for example, inhibiting the function of DDIT4 employing antisense molecules or interference RNA, which indicates that DDIT4 is a transcriptional downstream target in the PI3K pathway and essential for invasive growth of PC-3 both in vitro and in vivo (13).

On the other hand, DDIT4 has a key role in RAS signaling to transform human ovarian epithelial cells. DDIT4 is overexpressed in RAS-transformed human ovarian epithelial cells lines T29 and T80 promoting cell proliferation and colony formation. DDIT4 is overexpressed after activation of RAS oncogene, increasing levels of anti-apoptotic proteins and at the same time decreasing expression of pro-apoptotic proteins (60, 63).

Several works have described an involvement of DDIT4 in the breast cancer biology, while its expression seems to have different patterns among breast cancer subtypes. Koo and Jung characterized the expression of proteins involved in mTOR and hypoxia pathway with staining with immunohistochemistry where immunophenotypes of breast cancer were determined by the evaluation of estrogen and progesterone receptors and HER2 while breast papilloma samples were included as controls (64).

In this study, Glut-1 and HIF-1α had higher expression in triple-negative breast cancer (TNBC) and HER2 phenotypes than in the luminal A and B phenotypes. These findings could be explained by the greater hypoxia conditions present in TNBC and HER2 tumors. Likewise, Ki-67 expression in TNBC and HER2 was higher than in other phenotypes or papilloma. Interestingly, downregulation of DDIT4 does not lead to a negative feedback to HIF-1 α, so the tumorigenesis mediated by HIF-1α is constant. Moreover, this study demonstrated that HIF-1α expression was associated with reduced disease-free survival (DFS) and reduced overall survival (OS), concordant with previous studies (65–67). Concluding that TNBC and HER2 overexpression showed the highest cell proliferation and survival in a hypoxic tumor environment by activation of the mTOR pathway and HIF-1α stabilization via DDIT4 downregulation (64).

DDIT4 participate in an endogenous feedback circuit with p53. When cells and tissues of DDIT4−/− mice are exposed to IR and chemotherapy treatment, the genetic loss of DDIT4 confers an increase in DNA damage-induced apoptosis both in vitro and in vivo, which is associated with elevated levels of p53 protein following DNA damage. It was proved that deregulation of p53 is not due to increased p53 stabilization or failed DNA repair but, instead, to increased p53 translation. Consistent with this, it was demonstrated that DDIT4 loss elevates the mTORC1 activity, which explains the increased p53 translation and damage sensitivity in DDIT4−/− cells (68).

Under stress conditions mTORC1 is also inhibited by the activation of p53 both dependently and independently of Sertrin1/2, suggesting the existence of more than one pathway to inhibit mTORC1 (69–71). To test this, Cam et al. exposed MEFs and in vivo tumor models to drugs that induce DNA damage to analyze the upstream regulation of mTORC1 signaling. They found that inhibition of mTORC1 signaling to 4EBP1 requires the coordinated activity of both p53 and p63; by contrast, the inhibition of S6K1 and rpS6 phosphorylation is Akt-dependent. Concordant with this, the loss of p53 or p63 prevents the suppression of mTORC1 signaling induced by the DNA damage, supporting that both are necessary for the inhibition of mTORC1. Suggesting that there are multiples mechanisms that suppress p53/p63 responses and at the same time suppress the ability of the cancer cell to control mTORC1 (72).

In response to DNA damage, DDIT4 phosphorylates downstream Akt through the TSC1/TSC2 complex to inhibit mTORC1 signaling (73, 74). To investigate the clinical significance of this process, Wei et al. analyzed the DDIT4 and p-Akt expression in ovary cancer (primary ovarian cancer and borderline tumors) and normal fallopian tubes. Both DDIT4 and p-Akt expressions were significantly higher in patients with serous ovarian cancer and late FIGO stage; while only DDIT4 expression was significantly higher in ascites formation and only p-Akt expression was significantly histological grade and chemoresistance. Features of patients with improved outcomes in terms of DFS and OS were low DDIT4 staining or absence of p-Akt. In this work, there was no association between KRAS mutations and DDIT4 intensity staining, suggesting that KRAS is not involved in the activation of DDIT4 (15).

In contrast to the study performed by Koo and Jung, where they reported that DDIT4 is downregulated in TNBC and HER2 overexpression types (64), Pinto et al. found that DDIT4 is associated with poor prognosis in TNBC resistant to neoadjuvant chemotherapy (17).

All these data presented previously show that DDIT4 has a key role in different types of cancer and its aggressiveness. A recent in silico analysis of DDIT4 expression in several cancer types showed that the high expression of this gene was related to a bad outcome in diverse hematologic and solid tumors, such as acute myeloid leukemia, breast cancer, glioblastoma multiforme, melanoma, lung, and colon cancer. Furthermore, it was shown that response to rapamycin and others mTOR inhibitors were not influenced by DDIT4 expression (18).



CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The increasing evidence about the involvement of DDIT4 in key cellular mechanisms of tumor aggressiveness suggests its driver role in cancer and consequently, its potential not only as prognostic biomarker but also as a therapeutic target. Since mTOR inhibitors have shown disappointing results in the treatment of cancer, where the main issues are the lack of a biomarker to select patients who will benefit from these drugs and the poor knowledge about mechanisms of resistance, a better therapeutic strategy would be DDIT4 inhibition. In contrast to mTOR expression, the high DDIT4 expression is related with a poor outcome. We hypothesize DDIT4 targeting could lead to cancer cells to avoid the metabolic suppression needed for cell survival under stress conditions (e.g., treatment with cytotoxic chemotherapy or radiotherapy). Combination of DDIT4 inhibitors with DNA-damaging agents, such as cisplatin, will be interesting, especially in tumors with loss of function of TP53, because wild-type p53 repress the expression of DDIT4 in a regulatory loop, potentiating the effects of DDIT4 inhibitors.
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Conventional Anti-glioblastoma Chemotherapy Affects Proteoglycan Composition of Brain Extracellular Matrix in Rat Experimental Model in vivo
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Temozolomide (TMZ) is a conventional chemotherapy drug for adjuvant treatment of glioblastoma multiforme (GBM), often accompanied by dexamethasone (DXM) to prevent brain oedema and alleviate clinical side effects. Here, we aimed to investigate an ability of the drugs to affect normal brain tissue in terms of proteoglycan (PG) composition/content in experimental rat model in vivo. Age- and brain zone-specific transcriptional patterns of PGs were demonstrated for 8, 60, and 120 days old rats, and syndecan-1, glypican-1, decorin, biglycan, and lumican were identified as the most expressed PGs. DXM treatment affected both PG core proteins expression (mainly syndecan-1, glypican-1, decorin, biglycan, lumican, versican, brevican, and NG2) and heparan sulphate (HS)/chondroitin sulphate (CS) content in organotypic brain slice culture ex vivo and experimental animals in vivo in a dose-dependent manner. TMZ treatment did not result in the significant changes in PG core proteins expression both in normal rat brain hippocampus and cortex in vivo (although generics did), but demonstrated significant effects onto polysaccharide HS/CS content in the brain tissue. The effects were age- and brain zone-specific and similar with the age-related PGs expression changes in rat brain. Combination of TMZ with DXM resulted in the most profound deterioration in PGs composition and content in the brain tissue both at core protein and glycosaminoglycan levels. Taken together, the obtained results demonstrate that conventional anti-glioblastoma therapy affects proteoglycan structure and composition in normal brain tissue, potentially resulting in deterioration of brain extracellular matrix and formation of the favourable tumorigenic niche for the expansion of the residual glioma cells. During the TMZ chemotherapy, dose and regimen of DXM treatment matter, and repetitive low DXM doses seem to be more sparing treatment compared with high DXM dose(s), which should be avoided where possible, especially in combination with TMZ.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most aggressive malignant brain tumour (Thakkar et al., 2014; Nørøxe et al., 2017). Despite of numerous new strategies for targeted treatment of glioblastoma, progress in the field remains insufficient (Nam and de Groot, 2017; Touat et al., 2017). After the surgical resection of the tumour node, the main purpose of all consequent treatment strategies is to eliminate the remaining glioblastoma cells and prevent the disease relapse being a main cause of the patient’s deaths.

However, being concentrated to destroy the glioblastoma cells, one can overlook a danger coming from a significant impairment of the surrounding normal brain tissue during the adjuvant therapy. In fact, the most dangerous trait of glioblastoma is its’ active invasion into the surrounding healthy brain tissue (Paw et al., 2015; Diksin et al., 2017), and the invasiveness of GBM cells and tumour development depend on not only migration capabilities of the proliferating glioblastoma cells but also structure of the surrounding normal brain tissue (Song and Dityatev, 2017; Manini et al., 2018). One of the key invasion-related component of normal brain tissue is extracellular matrix (ECM) which occupies near 20% of its volume and serve as a main basic element of tissue structure and physiology (Nicholson and Hrabětová, 2017). ECM is not only a physical non-specific barrier but is actively involved in cell–cell and cell–matrix interactions and signalling through the numerous ligands like chemokines, growth factors, and adhesion molecules (Miyata and Kitagawa, 2017). Unlike in other organs, brain ECM composes mainly of glycosylated molecules such as proteoglycans (PGs) and glycosaminoglycans (GAGs), predominantly chondroitin sulphate PGs (CSPGs) (Silver et al., 2013; Dyck and Karimi-Abdolrezaee, 2015), hyaluronic acid (HA) (Park et al., 2008; Miyata and Kitagawa, 2017), and heparan sulphate PGs (HSPGs) (Yu et al., 2017).

At present, most of GBM tumours are treated according to a common scheme based on maximally safe surgery, followed by a combination of radiotherapy and chemotherapy with temozolomide (TMZ) and dexamethasone (DXM) as accompanying anti-oedema drug (Seystahl et al., 2016; Reitman et al., 2018). During the adjuvant anti-glioblastoma therapy, both the GBM cancer cells and a surrounding normal brain ECM are exposed to those drugs but their effects towards the brain ECM remain unclear.

TMZ, by definition, is a drug to eliminate cancer cells and its’ molecular effects on glioblastoma cells and clinical effects on GBM tumour development are well known (Bei et al., 2010; Yang et al., 2014). However, TMZ effects towards the normal brain tissue surrounding the GBM tumour and its’ ECM (especially PGs) remain completely uninvestigated.

More information can be found in the literature on corticosteroid drug DXM, routinely used to prevent/treat peritumoural brain oedema during GBM chemotherapy, despite significant systemic side effects (Murayi and Chittiboina, 2016). DXM do affects glioblastoma cell biology in vitro and tumour development in vivo, and an overall impression denotes rather negative action of the drug for GBM prognosis and patients survival. DXM use correlates with low overall survival and progression-free survival of GBM patients (Shields et al., 2015); retrospective clinical analyses in three independent patient cohorts and mouse experimental data suggest that DXM may decrease the effectiveness of treatment and shorten patients’ survival in glioblastoma, highlighting the importance of identifying alternative agents and substantiating the request for restricted use of corticosteroids in glioblastoma (Pitter et al., 2016). However, as to glioma cells in vitro, DXM demonstrates opposite effects as it decreases TMZ-induced apoptosis in human gliobastoma T98G cells (Sur et al., 2005); inhibits glioma cell proliferation in a concentration and species-dependent manner and reduces tumour-induced angiogenesis (Fan et al., 2014), decreases MMP-2 secretion and invasiveness of human U87MG glioma cells (Lin et al., 2008) and suppresses the dispersal of GBM cells through the stimulation of fibronectin secretion and inhibition of the glioma cells motility (Shannon et al., 2015). These data suggest that the negative effect of DXM treatment in vivo seem to be related to some unknown molecular mechanisms (possible related to microenvironmental issues) rather then its’ direct action towards glioblastoma cells, however, the issue remain uninvestigated.

In this work, we aim to study effects of TMZ and/or DXM treatments on PGs expression and ECM structure in normal rat brain tissue in organotypic system ex vivo and animals experimental model in vivo.



MATERIALS AND METHODS

Animals

Wistar rats aged 8, 60, and 120 days were used in the experiment on age-dependency (totally 15 animals, 5 animals/group). All other experiments in vivo were performed on male Wistar rats aged 9–10 weeks and weighing 200–250 g at the beginning of the experiment (totally 35 animals). Animals were housed in polycarbonate cages (36 × 50 × 28 cm) with free access to food and water, natural light/dark cycle, temperature of 25 ± 1°C, humidity of 50–60% and weighed once/day. All the studied animals were adapted to the experimenter for 5 days prior to the start of the experiment. All procedures were conducted in accordance with European Communities Council Directive 2010/63/EU. All efforts were made to minimise animal suffering and to reduce the number of animals used. Animals were sacrificed by decapitation using guillotine according AVMA Guidelines for the Euthanasia of Animals (American Veterinary Medical Association, 2013).

Organotypic Hippocampal Slice Culture

Organotypic hippocampal slice cultures (OHSCs) were prepared according to the previously described protocols (Gähwiler et al., 1997) with modification (Palyanova et al., 2013). Briefly, neonatal Wistar rat pups (post-natal day 7–8) were decapitated, the brains were rapidly removed under aseptic conditions and placed into ice-cold Hank’s balanced solution. The hippocampi were removed and placed into agarose blocks and cut rapidly with a tissue chopper into 400 μm transversal slices. The slices were transferred to collagen-coated coverslips and placed into Petri dishes containing specialised pedestals. Hank’s solution was placed on the bottom of the Petri dishes to supply additional humidity. 100 uL of culture medium, consisting of 25% Hank’s balanced solution, 65% DMEM, and 10% foetal bovine serum, was added to each cover slip. The OHSCs were cultivated in a 90% humidified atmosphere with 5% CO2 at 36°C. The medium was changed twice a week; the state of the OHSCs was controlled visually. At day 7 of incubation, DXM was added to the culture medium to final concentrations of 10 nM–200 μM for 24 h. To determine the effects of DXM on OHSC, the cultures were collected into RNAlater solution and used in RT-PCR analysis. All experimental procedures involving rats were approved by the Institutional Animal Care and Use Committee and performed according to the Directive 2010/63/EU.

Drug Administration

Rats were randomly divided into groups (5 animals/group). The synthetic glucocorticoid agonist DXM (KRKA) was administered subcutaneously (s.c.). Two groups of rats received a single injection of DXM (0.1 or 5 mg/kg) and were sacrificed after 24 h to determine the short-time effects of the drug. Third group received 1 mg/kg of DXM daily for 1 week. TMZ-based drugs (Temodal, Temozolomide-Teva, and Temozolomide-Rus) were administrated peroral 30 mg/kg per day for 5 days. Control group received saline injections (s.c.) of the same volume as the experimental group. Animals were sacrificed by decapitation and one hemisphere from each animal was collected in RNAlater for further RT-PCR analysis, while the other one was fixed in 4% paraformaldehyde and embedded into paraffin blocks.

RT-PCR Analysis

Total RNA was extracted from the brain samples using the TRIzol Plus RNA Purification Kit (Thermo Fisher Scientific, United States) according to the manufacturer’s instructions. cDNA was synthesised from 1 μg of total RNA using a First Strand cDNA Synthesis kit (Fermentas, United States) and 1/10th of the product was subjected to PCR analysis. Quantitative RT-PCR (qRT-PCR) was performed using the CFX96TM Real-Time PCR Detection System (Bio-Rad, United States) and the Taq-pol (IMCB, Russia) Maxima SYBR Green/RO master mix (Thermo Fisher Scientific) under the following conditions: 95°C for 3 min, followed by 40 cycles at 95°C for 10 s, 59°C for 20 s, and 72°C for 30 s. The total reaction volume was 25 μl. The relative amount of mRNA was normalised against Gapdh mRNA, and the fold change for each mRNA was calculated by the 2-ΔCt method. Primer sequences for rat proteoglycan genes are presented in Table 1.

TABLE 1. Sequences of primers used in PCR analysis.
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Immunostaining

For immunohistochemistry, 3,5-μm sections of formalin-fixed paraffin-embedded samples were deparaffinised in xylene twice for 5 min following stepwise rehydration in 100, 95, and 70%, ethanol for 5 min each and 5 min in deionised water. Antigen retrieval was performed at 99°C for 20 min in citrate buffer (pH 6.0). Non-specific binding was blocked with 1% BSA and 10% foetal bovine serum in phosphate buffered saline (PBST) at room temperature for 1 h. After blocking, the slides were incubated with anti-decorin (Abcam ab175404), anti-syndecan-1 (Abcam ab34164), anti-NG2 (Abcam ab83178), anti-HS (Millipore MAB2040), and anti-CS (Sigma-Aldrich C8035) primary antibodies for 1 h at room temperature. After rinsing with PBST three times for 15 min, slides were incubated with secondary antibodies anti-mouse Alexa Fluor 488 (Abcam ab150117) or anti-rabbit Alexa Fluor 647 (Abcam ab 150063) at room temperature for 1 h. After PBST rinse 3 × 10 min, slides were mounted using SlowFade Gold (Thermo Fisher Scientific, Untied States) mounting medium with DAPI and imaged on a Confocal Laser Scanning Biological Microscope Fluoview FV1000 (Olympus, United States). The images were processed using background subtraction to remove shading due to non-uniform illumination and inhomogeneous staining effects and using colour compensation to minimise the effects of spectral bleed-through among the three-color channels (red, green, and blue). Quantitative analysis of the images was performed using CellProfiler 2.2.0 software (Lamprecht et al., 2007).

Statistical Analysis

Statistical analyses were performed using ORIGIN 8.1 software; a value of p < 0.05 was considered to indicate a statistically significant difference. Data are expressed as the means ± SD.



RESULTS

Conventional anti-glioblastoma chemotherapy includes TMZ as a basic “first-line” drug accompanied by supporting therapy with DXM to prevent brain oedema. In spite of the established effects of the drugs towards cancer cells, their effects to the surrounding normal brain tissue need additional investigation and dictate specific methodological approach. Cultured cross-sections of rat hippocampus ex vivo (OHSC) were used instead of GBM cell culture model in vitro, as it represents 3D structure of brain tissue and can be used for ECM study (Graber et al., 2012; Minami et al., 2017). In this study, DXM only but not TMZ effects were investigated in the OHSC experimental model ex vivo because the last one represents pro-drug and needs to be activated in the entire organism.

DXM Affects PGs Expression in Organotypic Hippocampal Culture ex vivo

Rat brain sections were incubated with various concentrations of DXM (0.01–200 μM) for 24 h. The concentration lies between the minimal (0.001 μM) and maximal (500 μM) concentrations described in the literature (Kuwahara et al., 2003; Mulholland et al., 2005; Graber et al., 2012). Expression of main proteoglycan core proteins in the OHSC samples before and after DXM treatment was determined using RT-PCR (Figure 1). Low and high doses of DXM resulted in different changes in the expression of individual PGs compared with the control organotypic culture-low dose (0.01–0.5 μM) treatments increased expression levels of glypican-1 and versican core proteins (5-fold and 10-fold, respectively), whereas high dose (50–200 μM) treatments suppressed syndecan-1 and biglycan expression (5-fold and 3-fold, respectively). The results demonstrate a complex attenuation of PGs expression in normal rat brain by different DXM concentrations in the experimental model ex vivo and warrant further investigation of the effects in vivo.
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FIGURE 1. PGs expression levels in organotypic rat hippocampus cultures ex vivo before and after treatment with various concentrations of DXM. RT-PCR analysis, intensity of the amplified DNA fragments normalised to that of Gapdh. Bars represent the mean ± SD from triplicate experiments (OriginPro 8.1). Student’s t-test, ∗p < 0.05.



Proteoglycans Expression in Rat Brain Is Age- and Brain Zone-Dependent

As in vivo experiments are usually performed using 2-month old rats whereas OHSC study ex vivo was performed using hippocampi from 7 to 8 days old rat pups. Age-specificity as well as brain zone-specificity of the PGs expression levels were determined for a correct comparative analysis of the obtained data. Wistar rats aged 8, 60, and 120 days were used in the experiment and expression of main PG core proteins was profiled in various brain zones like hippocampus, cortex, cerebellum, and olfactory bulbs (Figure 2). According to the RT-PCR data, PGs demonstrated brain zone-specific expression patterns and overall transcriptional activities of the PGs core proteins in 8-day old rat pups. During post-natal development, significant changes were revealed for both parameters, consisting in continuous overall decrease of the PGs expression in the aged brains mainly due to decorin and biglycan down-regulation and tendency to syndecan-1 and glypican-1 up-regulation (especially at the age of 60 days).
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FIGURE 2. Proteoglycans expression in different brain zones of 8, 60, and 120-day old Wistar rats. RT-PCR analysis, intensity of the amplified DNA fragments normalised to that of Gapdh from triplicate experiments, Student’s t-test (OriginPro 8.1). Stacked column compares the contribution of each value to a total across categories.



The described effects were characteristic for most of the brain structures studied (hippocampus, cerebellum, and olfactory bulbs) except cortex, where moderate (1.5–2-fold) activation of the PGs expression was observed over 8–120 days development of the animals (Figure 2; Table 2). Taking into account a long period of drug administration, younger mice (60 days) look more suitable for the planned long-term experiments. So, 2-month old Wistar rats were used for further analysis of DXM and TMZ effects on PGs expression in hippocampus and cortex of normal rat brain in vivo.

TABLE 2. Expression of proteoglycans in various Wistar rat brain zones at different age.
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High-Dose DXM Treatment Significantly Affects Pattern and Transcriptional Activity of PG-Coding Genes in Rat Brain, Unlike Low DXM Doses or TMZ

The experimental animals were subjected to the treatment with different DXM concentrations (single injection with 0.1 or 2, 5 or 5 mg/kg DXM; repetitive treatment with 1 mg/kg DXM for a week, once/day), or TMZ treatment at the regimen close to that used for GBM patients, or both in combination. DXM concentrations range was taken from the literature data and adjusted in each part of the study (ex vivo and in vivo) because of the significant difference between the tissue level of DXM in human brain tumors and its’ cytotoxic concentration in cell culture (Nestler et al., 2002). After that, rat brains were dissected into the different morphological zones, and proteoglycan expression was detected in hippocampus and cortex by RT-PCR analysis (Figure 3). Syndecan-1, glypican-1, decorin, biglycan, and lumican were identified as the most expressed proteoglycan-coding genes both in normal rat hippocampus and cortex (Figure 3A). High-dose DXM treatments (2.5 and 5 mg/kg) resulted in the increased overall transcriptional activity (Figure 3B) and specific expression patterns (Figure 3C) of the PGs in hippocampus in dose-dependent manner, mainly due to changes in syndecan-1 (+4-fold), glypican-1 (+3-fold), brevican (+7-fold), CSPG4/NG2 (+2-fold), decorin (-2-fold), and lumican (+3-fold) expression.
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FIGURE 3. Proteoglycan mRNA expression levels in hippocampus and cortex of 2-month Wistar rats before and after treatments with DXM and/or TMZ. (A) mRNA expression levels of individual proteoglycan genes. (B) Overall transcriptional activity of the total pool of the studied PGs. (C) Expression pattern of the individual PG core protein-coding gene as percentage of 100%. RT-PCR analysis, intensity of the amplified DNA fragments normalised to that of Gapdh. Bars represent the mean ± SD from triplicate experiments, Student’s t-test (OriginPro 8.0).



Interestingly, the PGs expression in cortex was more resistant to DXM treatment, and only highest DXM concentration (5 mg/kg) significantly increased the transcriptional activity of the genes (Figure 3B). In common, long-term treatment by low doses of DXM (1 mg/kg) looks more favourable in terms of PGs expression in normal brain tissue for both hippocampus and cortex than high DXM doses.

TMZ almost did not affect overall transcriptional activities of the PG core protein-coding genes in both brain zones-neither alone nor in combination with the selected DXM concentration (2.5 mg/kg) (Figure 3B), although that modified PG expression patterns both in hippocampus (increase of glypican-1 and decrease of lumican expression levels) and cortex (increase of HSPG2/perlecan and CSPG4/NG2 expression levels) (Figure 3C).

Totally, high doses of DXM (5 and 2.5 mg/kg in a less extent) demonstrated pronounced effects towards the activation of transcriptional activity of PG-coding genes and changes in their expression pattern in rat brain tissue, while moderate DXM dose (1 mg/kg) did not affect significantly the mRNA levels of the studied PGs. TMZ alone or in combination with 2.5 mg/kg DXM treatment also did not result in significant changes in the expression of PG core proteins in normal rat brain (both hippocampus and cortex) at the transcriptional level.

Suppression of the Overall Proteoglycans Expression in Normal Brain Tissue Varies for Different TMZ-Based Drugs

Interestingly, various TMZ-based drugs demonstrated different effects on the overall transcriptional activity and expression pattern of proteoglycan-related genes (Figure 4). Common trend was a down-regulation of the overall proteoglycan expression in both hippocampus and cortex, up to 2-fold depending on the drug (TMZ, TMZ1, or TMZ2). The most affected PG type were HSPGs (syndecan-1, glypican-1, and perlecan), being the main contributors in the overall inhibition of the PGs expression by some of the drugs (TMZ1 and TMZ2). The demonstrated effects of the TMZ-based drugs were more pronounced for hippocampus than the cortex of normal rat brain.
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FIGURE 4. Proteoglycan expression levels in hippocampus and cortex of 2-month Wistar rats before and after treatments with different TMZ-based drugs. (A,B) Hippocampus, (C,D) Cortex. (A,C) mRNA expression levels of individual proteoglycan genes. RT-PCR analysis, intensity of the amplified DNA fragments normalised to that of Gapdh, bars represent the mean ± SD from triplicate experiments, Student’s t-test (OriginPro 8.1). (B,D) Overall transcriptional activity of PG core proteins in different TMZ-treated groups of animals. Stacked column compares the contribution of each value to a total across categories. Proteoglycan mRNA expression levels in hippocampus and cortex of 2-month Wistar rats before and after treatments with DXM and/or TMZ. mRNA expression levels of individual proteoglycan genes in hippocampus (A) and cortex (C). Overall transcriptional activity of the total pool of all studied PGs in hippocampus (B) and cortex (D). Expression pattern of the individual PG core protein-coding gene as percentage of 100%. RT-PCR analysis, intensity of the amplified DNA fragments normalised to that of Gapdh. Bars represent the mean ± SD from triplicate experiments (OriginPro 8.0). ∗p < 0.05.



Low Dose of DXM and TMZ Affect Proteoglycan Content in Brain ECM at Core Protein Level

To investigate a potential effect of the treatments onto the PGs expression at the protein level, immunofluorescence analysis of the selected PG core proteins (syndecan-1, decorin and CSPG4/NG2) was performed for control rat brains and those treated with DXM (2.5 mg/kg on days 1 and 4 of the experiment), TMZ (30 mg/kg per day for 5 days) or both (Figure 5; Table 3). These PGs were chosen from the PGs with the highest expression levels in the normal rat brain tissue (both in hippocampus and cortex), and as representatives from main proteoglycan subtypes (heparan sulphate proteoglycan, chondroitin sulphate proteoglycan and dermatan sulphate proteoglycan). The obtained results revealed differential effects of the drugs onto PG core proteins content in different brain zones. DXM treatment resulted in the decrease of decorin staining both in hippocampus and cortex (5-fold, p < 0,001 and 4,5-fold, p < 0,001, respectively), whereas TMZ significantly increased expression of syndecan-1 (3-fold, p < 0,001) in hippocampus but not cortex. There was a tendency for increased expression of CSPG4/NG2 in hippocampus upon the TMZ treatment as well; however, the change was not statistically significant (Figure 5; Table 3).
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FIGURE 5. Immunofluorescence analysis of PG core proteins content in rat brain before and after treatments with DXM and/or TMZ. (A) Immunostaining with anti-decorin, anti-CSPG4/NG2, or anti-syndecan-1 antibodies. Visualization with secondary antibodies Alexa Fluor 647 (red, for decorin and CSPG4/NG2) or Alexa Fluor 488 (green, for syndecan-1). Magnification ∗400. (B). Quantitative analysis of the PG core proteins content in the control and treated rat brain tissues (CellProfiler 2.2.0 software). Student’s t-test, ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.



TABLE 3. Immunofluorescence analysis of individual PG core proteins and GAG content in hippocampi and cortex of control and DXM and/or TMZ-treated Wistar rats.

[image: image]

Interesting, the most profound effects were detected for the combined treatment (DXM + TMZ), with brain zone-specific characteristics. In hippocampus, significant decrease of decorin core protein content (3-4-fold, p < 0,001) along with an evident increase of CSPG4/NG2 (0,5-fold, p < 0,01) were observed. In cortex, up-regulation of CSPG4/NG2 and syndecan-1 (2-fold, p < 0,001 and 2-fold, p < 0,001, respectively) and no changes in decorin content were detected.

The results demonstrate an overall deterioration of the proteoglycan composition in the DXM and/or TMZ treated normal brain tissues at core protein level mainly due to changes in decorin, CSPG4/NG2 and syndecan-1 content. The changes in the proteoglycan core proteins upon DXM/TMZ treatment(s) stay in line with the RT-PCR data on more profound effects of the studied drugs towards hippocampus rather than cortex, and represent side effects of the conventional anti-glioblastoma therapy towards the normal rat brain tissue in the experimental system in vivo.

Both DXM and TMZ Significantly Increase Glycosaminoglycan Content in Rat Brain, Especially in Combination

Along with core proteins, polysaccharide chains of GAGs [heparan sulphate (HS) and chondroitin sulphate (CS)] represent an important structural and functional part of the entire proteoglycan molecules. To determine potential effects of DXM and TMZ onto polysaccharide content of normal brain tissue, specific antibodies to the polysaccharide epitopes on HS and CS molecules were used for immunofluorescence analysis of the control and DXM and/or TMZ treated rat brain tissues (Figure 6).
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FIGURE 6. Immunofluorescence analysis of GAGs content in rat brain before and after treatments with DXM and/or TMZ. (A) Immunofluorescence analysis with anti-HS and anti-chondroitin sulphate antibodies. Visualization with secondary antibodies Alexa Fluor 488 (green). Magnification ∗400. (B) Quantitative analysis of the GAGs content in the control and treated rat brain tissues (CellProfiler 2.2.0 software). Student’s t-test, ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.



Separate treatment with DXM or TMZ resulted in increase of HS and CS content in hippocampus (2-3-fold and 2-fold, respectively, p < 0,001) but not cortex. However, the most pronounced effects were observed for the combined DXM/TMZ treatments, which resulted in the significant increase of HS and CS content in hippocampus (1,5-fold, p < 0,01 and 2-2,5-fold, p < 0,001, respectively) and especially cortex (2,5-fold and 5-fold, respectively, p < 0,001).

Taken together, the obtained results for the first time demonstrate an ability of DXM and TMZ to affect PG/GAG expression and composition in normal rat brain tissue in the experimental system in vivo. The revealed changes might contribute to transformation of normal brain ECM into tumorigenic niche, susceptible for the enhanced invasion of the residual glioma cells and tumour progression.



DISCUSSION

The presented results demonstrate that anti-glioblastoma drugs TMZ and DXM affect the content and expression pattern of PGs in normal rat brain tissue ex vivo and in vivo. As to TMZ, in spite of the known anticancer effects of the drug, there are no published data on its’ possible action onto the normal cells or tissues to compare with. A different situation is about DXM, which is often used as anti-oedema drug during anticancer therapy. Its toxic side effects are demonstrated for many different cancers including glioma (Shields et al., 2015; Murayi and Chittiboina, 2016), where DXM may decrease the effectiveness of treatment and shorten survival of GBM patients, substantiating the request for restricted use of corticosteroids in glioblastoma (Pitter et al., 2016). However, molecular mechanisms of the DXM side effects remain unclear.

In the literature, we did not find any direct data about DXM or TMZ effects onto PGs content/composition in normal brain tissue to compare with, unlike their effect towards glioblastoma cells or GBM tumours. It is known that the expression levels of many PGs are changed significantly in glioblastoma cells and during the tumour development. For example, multiple changes occur in gliomas with a common tendency to overall activation of the expression of various PG core proteins: syndecan-1 and perlecan is significantly up-regulated in malignant glioma cell lines and GBM specimens (Watanabe et al., 2006); high expression of glypican-1 in glioma endothelial cells is associated with cell cycle progression (Qiao et al., 2008) and high expression of perlecan is associated with poor GBM prognosis (Kazanskaya et al., 2018); brevican is highly up-regulated in gliomas and promote cancer cells motility in primary brain tumours (Hu et al., 2008); CSPG4/NG2 is expressed in gliomas in oncofoetal manner and is involved in disease progression (Stallcup and Huang, 2008); significant (3–15-fold) up-regulation of CD44 and NG2 expression during the experimental glioma development in mouse glioma model in vivo suggest the molecules as possible molecular markers of tumour invasion (Wiranowska et al., 2006), however, human GBM specimens study supports NG2 but not CD44 as a possible prognostic markers of glioblastoma progression (Tsidulko et al., 2017); CSPGs can serve as critical regulators of glioma cells invasion and play an important role in organisation of tumour microenvironment (Silver et al., 2013).

The demonstrated ability of the conventional anti-glioblastoma chemotherapy to modulate PG and GAG expression and/or composition in normal brain tissue, for the first time reveals these brain ECM molecules as potential microenvironmental biomarkers for DXM side effects or molecular targets to search for perspective anti-DXM neuroprotective drugs. From the practical point of view, it underlines a necessity for the possible revision of the current DXM use during the GBM treatment. Moderate dose (1 mg/kg) seems to be the most appropriate in terms of consistency of PGs expression in the brain of the control and treated animals and possibly should be taken as a desirable dose. It means long-term treatment with low dose of DXM could be more appropriate that single high-dose DXM injection to preserve the transcriptional activity of PG-coding genes and resulted structure of brain ECM. The results are indirectly supported by the demonstrated DXM effects in organotypic culture of animal normal brain ex vivo: DXM exposure after oxygen-glucose deprivation potentiates oxygen-glucose deprivation-mediated cytotoxicity in organotypic cerebellar slice cultures prepared from neonatal rat pups (Mulholland et al., 2005); DXM is able to suppress transcription of AVP gene during stimulation by cAMP (Kuwahara et al., 2003).

Another interesting finding is that the high or lower doses of DXM have different “targets” on the complex proteoglycan molecules–whether the first one affects transcriptional activity of the PG core proteins, the last one points to polysaccharide GAG chains of the molecule. This fact makes the revealed GAG changes worse detected in the routine research or diagnostic studies, hiding this aspect of the side effects of the widely used drugs like DXM. Important aspect could be related as well to a potential contribution of the DXM-induced changes in normal brain tissue (and especially its ECM) into the neurological, psychological, and social problems for long-term survivors of glioblastoma (Gately et al., 2017). The demonstrated increase of the GAGs content in TMZ/DXM-treated normal brain tissue can be related to an unfavourable transformation of brain ECM into tumourigenic niche supporting glioma cells growth. The data stay in line with the available data on this issue: HS content is significantly increased in the relapsed GBM tumours (Kazanskaya et al., 2018); disruption of cell–cell and cell–ECM interactions by chondroitinase ABC treatment enhances the chemotherapeutic availability and sensitivity of glioma cells to TMZ (Jaime-Ramirez et al., 2017); glioblastoma- and neuroblastome-derived CSC-like cells with high expression of decorin and lumican are resistant to TMZ suggesting a novel pivotal role for the PGs in drug resistance and cell plasticity of glioma stem cells (Farace et al., 2015); blocking of GAG function during anticancer therapy could be a perspective strategy to improve cancer treatment (Belting, 2014).

Comparative analysis of the results, obtained at the transcriptional level of PGs expression (RT-PCR), core proteins expression (IHC) and HS/CS polysaccharide content (IHC with anti-HS/CS antibodies to the polysaccharide epitopes) suggests complex multi-level molecular mechanism of DXM/TMZ effects onto PGs content and distribution in brain tissue in rat experimental model in vivo (Figure 7). The effects are clearly dose-dependent, high DXM doses result in deregulation of the transcriptional activity of PG-coding genes, whereas low DXM doses and TMZ affect predominantly polysaccharide GAG chains of the molecules.
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FIGURE 7. Schematic representation of the effects of DXM and TMZ onto PGs expression and content in normal rat brain tissue in the experimental system in vivo. Arrows–significant effect and dotted arrows–weak effect.



In summary, the demonstrated disorganization of proteoglycan expression and content in normal rat brain tissue under the DXM/TMZ pressure might contribute to formation of favourable microenvironment for proliferation and invasion of the remaining post-surgery glioblastoma cells, resulting in relapse of the disease. The obtained results extend our knowledge in this field and for the first time reveals the DZM/TMZ-induced changes in PGs expression and ECM organization in normal brain tissue as one of the possible molecular mechanisms of known toxic side effects of the conventional anti-glioblastoma therapy.
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Background: Recent epidemiologic studies have found that patients with diabetes have a higher risk of gastric cancer (GC), and the long-term use of metformin is associated with a lower risk of gastric cancer. It is believed that blocking tumor energy metabolic alterations is now emerging as a new therapeutic approach of cancer. Berberine, a natural isoquinoline alkaloid, could modulate lipid metabolism and glucose homeostasis by regulating the expression of HNF4α in many metabolic diseases. Here, we investigated the effect of Berberine on GC and its possible molecular mechanism through targeting HNF4α.

Methods and Results: (1) AGS and SGC7901 gastric cancer cells were treated with Berberine (BBR). We found that in AGS and SGC7901 cell, BBR inhibited cell proliferation in a time- and dose-dependent manner through downregulating C-myc. BBR also induced G0-G1 phase arrest with the decreased expression of cyclin D1. Moreover, BBR attenuated the migration and invasion by downregulating MMP-3. (2) The lentivirus infection was used to silence the expression of HNF4α in SGC7901 cell. The results demonstrated that the knockdown of HNF4α in SGC7901 slowed cells proliferation, induced S phase arrest and dramatically attenuated gastric cancer cells’ metastasis and invasion. (3) We performed GC cells perturbation experiments through BI6015 (an HNF4α antagonist), AICAR (an AMPK activator), Compound C (AMPK-kinase inhibitor), metformin and BBR. Our findings indicated that BBR downregulated HNF4α while upregulating p-AMPK. Moreover, the inhibition of HNF4α by BBR was AMPK dependent. (4) Then the LV-HNF4α-RNAi SGC7901 cell model was used to detect the downstream of HNF4α in vitro. The results showed that the knockdown of HNF4α significantly decreased WNT5A and cytoplasmic β-catenin, but increased E-cadherin in vitro. Berberine also downregulated WNT5A and cytoplasmic β-catenin, the same as LV-HNF4α-RNAi and BI6015 in GC cells. (5) Finally, the SGC7901 and LV-HNF4α-RNAi SGC7901 mouse-xenograft model to evaluate the effect of BBR and HNF4α gene on GC tumor growth. The result illustrated that BBR and knockdown of HNF4α suppressed tumor growth in vivo, and BBR decreased HNF4α, WNT5A and cytoplasmic β-catenin levels, the same effect as HNF4α knockout in vivo.

Conclusion: BBR not only had proliferation inhibition effect, attenuated the invasion and migration on GC cell lines, but also suppressed the GC tumor growth in vivo. The anti-gastric cancer mechanism of BBR might be involved in AMPK-HNF4α-WNT5A signaling pathway. HNF4α antagonists, such as BBR, could be a promising anti-gastric cancer treatment supplement.
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INTRODUCTION

Gastric cancer is one of the leading deadly malignancies in both sexes worldwide, especially in eastern Asia (Torre et al., 2016). In 2017, it is estimated the number of stomach cancer deaths in China will reach 2.21 million, ranking third in the world and second in China (Balakrishnan et al., 2017; Chen et al., 2018). Recent epidemiologic studies have found that patients with diabetes have a higher risk of gastric cancer, and the long-term use of metformin is associated with a lower risk of gastric cancer compared with the lack of use of metformin (Tseng and Tseng, 2014; Li et al., 2018). It is believed that the occurrence of gastric cancer is related to energy metabolism, blocking these metabolic alterations is now emerging as a new therapeutic approach of cancer, and some of metabolic enzymes involved in the glycolytic pathway are currently considered as new therapeutic targets (Song et al., 2015).

Hepatocyte nuclear factor 4α (HNF4α) is a nuclear transcription factor that binds DNA as a homodimer (Jucá et al., 2017). Multiple HNF4α isoforms exist in humans and are suggested to have different physiological roles in development and transcriptional regulation of target genes. Previous studies have found that HNF4α is a key regulator of a number of genes involved in glucose, cholesterol and fatty acid metabolism, and HNF4α mutations cause monogenic type 2 diabetes of the young (Rhee et al., 2006; Love-Gregory and Permutt, 2007). Recent studies have shown that changes in HNF4α gene expression are associated with many types of cancers, such as hepatocellular carcinoma, renal cell carcinoma, gastric adenocarcinoma, small intestine carcinoma, and colorectal cancer (Darsigny et al., 2010). Moreover, many studies have found that HNF4α is highly expressed in gastric cancer tissues, especially in Asia (Chang et al., 2015; Ma et al., 2017). The expression of HNF4α is seen in primary gastric adenocarcinomas and in metastases of gastric carcinoma to the breast, but is absent in primary breast carcinomas, and in metastases of breast carcinomas to the stomach (Van der Post et al., 2014). What’s the molecular mechanism of HNF4α, a nuclear receptor that activates the expression of genes involved in glucose, fatty acid and cholesterol metabolism, in the development of gastric cancer?

Berberine (BBR) is a natural isoquinoline alkaloid extracted from plants, such as berberis aquifolium, vulgaris, aristata, and tinospora cordifolia (Tabeshpour et al., 2017). BBR was used to be an antibacterial agent in China for a long time. Over the past decade, It has been reported that BBR could also regulate plasma lipid and glucose levels in type 2 diabetes animal models and humans (Kumar et al., 2015; Pirillo and Catapano, 2015; Tabeshpour et al., 2017; Wang H. et al., 2018). Our previous studies have also indicated that BBR can stimulate insulin secretion and modulate lipids in impaired glucose tolerance rats (Leng et al., 2004), reverse free-fatty-acid-induced insulin resistance in 3T3-L1 adipocytes (Yi et al., 2008), even attenuate intestinal mucosal barrier dysfunction and immune barrier damages in type 2 diabetic rats (Gong et al., 2017). And the molecular mechanism which BBR modulates lipid metabolism, inhibits hepatic gluconeogenesis and enhances insulin secretion is targeting HNF4α (Wang et al., 2008; Wei et al., 2016). Recent studies revealed that BBR can inhibit the growth of gastric tumor, the anti-cancer effect of BBR is through inhibiting glucose uptake and reducing the transcription of glucose metabolism relative genes (Wang et al., 2016; Mao et al., 2018). So does Berberine share same molecular target in metabolism regulation and in anti-tumor developing?

In the present study, firstly, we investigated the anti-gastric cancer effect of BBR on GC cell lines. Secondly, the lentivirus infection was used to silence HNF4α in SGC7901 cell to demonstrate whether HNF4α was a key target for anti-gastric cancer. Then, BI6015 (an HNF4α antagonist), AICAR (an AMPK activator), Compound C (AMPK-kinase inhibitor), metformin and LV-HNF4α-RNAi SGC7901 cell model was used to detect the molecular mechanism of BBR in GC cell lines. Finally, we used SGC7901 and LV-HNF4α-RNAi SGC7901 mouse-xenograft models to demonstrate the effect of BBR and HNF4α in vivo. Our results revealed that Berberine, a metabolism-regulated drug, could inhibit GC cells proliferation, migration and invasion and suppress GC tumor growth. The anti-gastric cancer mechanism of BBR might be involved in AMPK- HNF4α-WNT5A signaling pathway and HNF4α is a key molecule target.



MATERIALS AND METHODS

Materials

Berberine chloride (BBR), dimethyl sulfoxide (DMSO) and Compound C were obtained from Sigma-Aldrich, United States. BI6015 (an HNF4α antagonist) and AICAR (AMPK activator) were provided by the TOCRIS Bio-Techne. Metformin was purchased from Tongji Hospital. Cultrex PathClear Basement Membrane Extract (BME) was obtained from RDsystems. Mouse monoclonal Antibodies against human AMPK, p-AMPK, HNF4α, β-catenin, E-cadherin, cyclin D1, MMP-3, and C-myc were obtained from Cell Signaling Technologies (Boston, MA, United States), WNT5A was purchased from Abgent. Another Antibody against HNF4α (sc-374229) was obtained from Santa Cru Biotechnology (Santa Cruz, CA, United States), which was used for immunohistochemistry of mouse tumor tissue.

Cell Culture

Hubei Biossci Biological Co., Ltd., supported the GC cell lines SGC7901 and AGS. The SGC7901 and AGS cells were cultured in RPMI 1640 medium (HyClone, China) with 10% fetal bovine serum (FBS) (SiJiQing, China), 1% penicillin-streptomycin-amphotericin solution at 37°C in a humidified chamber with 5% CO2. When cells were in logarithmic growth phase, they were given drug treatment.

Small Interfering RNA Transfection

Lentiviruses which carried the small interfering human HNF4α RNA (siRNA) were purchased from Gikai Gene and used to transfect cell to silence the expression of HNF4α. Lentiviruses without the siRNA gene were generated as a control and designated as Lenti-GFP. The transfection medium was removed after 12 h, replaced with fresh medium, and the cells then grown in 5% CO2 at 37°C for an additional 48–72 h. Stably transfected cells were selected by puromycin. RT-PCR and western blot analyses were performed to confirm target knockdown by siRNA.

MTT Assay

Cell growth was assessed with a standard 3-(4,5-dimethyl-2-tetrazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT) assay. A total of 5 × 103 cells were seeded in each well of 96-well culture plates. After 8 h, the cells were treated with different concentrations of drugs (Berberine 10∼80 μM, metformin 10∼80 mM). After 24, 48, and 72 h, the culture medium was removed, and 20 μl of a 0.5 mg/ml solution of MTT (Sigma-Aldrich) was added to each well. The plates were then incubated for 4 h at 37°C. The MTT solution was then removed and replaced with 100 μl of DMSO (Wuhan Goodbio Technology Co., Ltd.) per well, and the absorbance at 570 nm was measured using an Enzyme-linked immunoassay (Synergr2 BioTek, United States).

Migration and Invasion Assays

Cells were trypsinized and resuspended in serum-free medium at a concentration of 1 × 105 cells/ml. Approximate 2 × 104 cells were seeded in the upper chamber (Millipore, United States) seated on 24-well plate, and 750 μl complete medium with 10% FBS was added to each well of the plate as the lower chamber. After 16 h of incubation, non-filtered cells were removed using a cotton swab. Migratory cells on the underside of membrane were fixed and stained with 0.1% crystal in five different fields at 200× magnification.

Cell invasion was examined using Corning chamber assays. The bottom of the Transwell membrane was pretreated with 100 μl Cultrex PathClear Basement Membrane Extract (RDsystems) for 2 h at 37°C. Afterward, 5 × 104 cells re-suspended in serum-free 1640 were plated in the upper chamber of a trans-well apparatus (8.0 um pore, Corning), while 750 μl of 1640 with 10% FBS were provided in the lower chamber. After incubation at 37°C for 24 h, cells that migrated to the bottom of the membrane were attached and fixed, stained with 0.5% crystal violet, and cells in the upper chamber were removed with a cotton sticker. The images were acquired using a light microscope. The cells were examined under a fluorescence microscope. (×200, Nikon).

Cell Cycle Analysis by Flow Cytometry

Cell cycle distribution assay by flow cytometry. Cell cycle analysis was determined by PI staining. Briefly, AGS and SGC7901 cells were treated with drugs for 48 h, and then were blended with 13-methyl-palmatrubine. Treated and control cells were harvested, washed twice with phosphate buffered saline (PBS) and fixed with pre-cooled 70% ethanol for 24 h at 4°C. Fixed cells were washed, pelleted, re-suspended in 500 μl PBS containing 50 μg RNase A at 37°C and then stained with 5 μg PI in the dark at room temperature for 30 min. Finally, cell cycle distributions were immediately assessed using a FACSort Flow Cytometer (BD Biosciences, San Jose, CA, United States).

Western Blot Analysis

Cells were washed twice with cold PBS and then were suspended in 100 μl RIPA lysis buffer for 30 min at 4°C, vortexed every 10 min, and then centrifuged at 12000 ×g for 15 min. The supernatants containing the total protein extracts were collected. Protein concentration was measured by the BCA. Sample proteins (60 μg of protein/lane) on a 10% SDS-polyacrylamide electrophoresis gel (SDS–PAGE).The electrophoresis was carried out first at 80 V for 30 min and followed by 120 V for 60 min. The proteins were separated using SDS–PAGE gel and transferred onto NC membranes (0.4 um, Millipore, United States). The transferred NC membranes were incubated for 1 h with 5% non-fat milk blocking buffer, the primary antibody (1:800 or 1:1000) were incubated overnight with gentle agitation at 4°C. The membranes were washed three times and incubated with the second antibody (1:8000 or 1:10000) at room temperature for 1 h and subsequently were visualized with a near-infrared double color laser imaging system (Odyssey, Lincoln, NE, United States).

RNA Isolation and Quantitative PCR Analyses

Total RNA was extracted from cultured cells in the exponential phase of growth using the TRIzol Reagent (Magen, Wuhan) according to the manufacturer’s instructions. cDNA was synthesized from 2 μg of total RNA using the 5X All-In-One RT MasterMix (abm) at 42°C for 15 min and at 85°C for 5 min. Real-time PCR reactions were performed using EvaGreen 2X qPCR MasterMix at 95°C for 10 min, 95°C for 15 s and 60°C for 60 s, 40 cycles. Relative quantity of HNF4α, WNT5A, C-myc, CyclinD1, β-catenin, MMP-3 and E-cadherin were calculated using the ΔΔCt method with GAPDH as reference control. The reproducibility of the measurements was assessed by performing triplicate reactions. The primer sequences are listed in Table 1.

TABLE 1. Primers for RT-PCR assay.
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Xenograft Model Analysis

Animal experiments were carried out according to the institutional guidelines and regulations. All animal studies were approved by the Huazhong University of Science and Technology Institutional Animal Care and Use Committee (S787). We purchased 18 female athymic mice (BALB/c-nude; 4 weeks old; 13–16 g) from Hunan Slake Jingda Experimental Co., Ltd. (Hunan, China). The animals were maintained under specific pathogen-free condition using a laminar airflow rack and had continuous free access to sterilized flood and autoclaved water. Nine mice were inoculated with SGC7901 cells (107 cells per animal) subcutaneously on the right flank regions of the mouse. The rest 9 mice were inoculated with normal control (n = 3), Lenti-GFP (n = 3), and LV-HNF4α-RNAi (n = 3) SGC7901 cells (107 cells per animal), respectively, subcutaneously on the right flank regions of the mouse. Seventy-two hours later, the xenografts were identifiable as a mass of more than 6 mm in maximal diameter in all recipients. The SGC7901 mouse-xenograft models were randomly assigned to three groups (control group, n = 3; BBR group, n = 3; and MET group, n = 3). Mice were gavaged with PBS alone (control), BBR (100 mg/kg/day), MET (250 mg/kg/day) every other day starting on day 3. Tumor volume was calculated every third day as follows: tumor volume (mm3) = [tumor length (mm) × tumor width (mm)2]/2. All animals were sacrificed on day 18 after treatment. All animals were alive during the observation.

Immunohistochemistry Staining

Solid tumors were removed from sacrificed mice and fixed with 4% formaldehyde. Paraffin-embedded tumors tissue were sliced on 4-μm thick and mounted on APES-coated slides. Slides were deparaffinized in xylene and rehydrated in graded ethanol. Endogenous peroxidase activity was quenched with a 3% hydrogen peroxide solution in methanol at room temperature for 30 min, followed by rinsing in pH 6.0 PBS. After antigen retrieval in a water bash set in a 10 mmol/L citrate buffer (pH 6.0) at 94°C for 8 and 10 min, respectively, the slides were immediately cooled for 20 min at room temperature, Non-specific binding sites were blocked by incubation with wash buffer containing 10% normal goat serum at 37°C for 30 min. The sections were then incubated overnight at 4°C with a primary antibodies against HNF4α (at 1:100; Santa Cruz), WNT5A (at 1:80; abs113167 Abgent), and β-catenin (at 1:100; Cell Signaling Technologies). The positive stains were shown as brown color by peroxidase substrate solution DAB, and samples were lightly counterstained with hematoxylin. Specimens were examined under a light microscope.

Statistical Analysis

All data were analyzed by Graph Pad Prism 6 software and expressed as the mean ± SD. Significance among groups was analyzed by one-way analysis of variance (ANOVA), followed by Dunnett’s multiple comparison post-test. A value with P < 0.05 was considered significant.



RESULTS

Effect of Berberine on Cell Proliferation in GC Cells

To address the effect of BBR on gastric cancer cells growth, we evaluated GC cell viability using MTT assay. As shown in Figure 1A, treatment with increasing concentration of BBR (10–80 μM) resulted in growth inhibition of AGS and SGC7901 cells, also in a time-dependent manner (24, 48, and 72 h), although BBR had an unstable inhibitory effect on SGC7901 cells at 24 h (40–60 μM). Metformin (MET, 10–80 mM) was chosen as positive control (Chang et al., 2015). The result showed that MET had same proliferation inhibition effect on AGS and SGC7901, with a time- and dose-dependent manner, expect for SGC7901 cells at 24 h (Figure 1B). Consider reducing the toxicity of drugs to cells and maintaining certain inhibitions against cancer cells, 20 and 30% inhibitory concentration of BBR and MET at 48 h were chosen for the follow-up experiment. The proto-oncogene C-myc is closely related to the proliferation of cancer cells. We detected the changes of proliferative gene C-myc after treating with BBR and MET by western blotting and RT-PCR. As shown in Figures 1C,D, BBR (20 and 30 μM) and MET (30 mM) showed the best inhibitory effect on proto-oncogene C-myc in AGS cells (P < 0.001). In SGC7901 cells, MET (20 mM) showed a best inhibition (P < 0.001). On the whole, treatment with BBR and MET obviously reduced the protein levels of proliferative gene C-myc, compared with untreated AGS and SGC7901 cells. As showed in Figure 1E, the results showed the same inhibiting trend in mRNA levels after treating with BBR and MET. What’s more, the low concentration of BBR and MET had a better effect on inhibiting mRNA expression of proliferative gene C-myc than high concentration in both AGS and SGC7901 cells (P < 0.01).
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FIGURE 1. Effect of Berberine on proliferation in GC cells. Human gastric cancer AGS and SGC7901 cells were treated with BBR and metformin. (A) Effect of BBR on cell inhibition at 24, 48, and 72 h. (B) Effect of MET on cell inhibition at 24, 48, and 72 h. (C) The protein expression of C-myc in AGS and SGC7901 cells 48 h after treatment. (D) The quantification of C-myc protein levels in AGS and SGC7901 cells. (E) The quantification of mRNA expression of C-myc in AGS and SGC7901 cells 48 h after treatment. Data were presented as the means ± SD. N, untreated cells (normal control group); B20, Berberine (20 μM); B30, Berberine (30 μM); M20, Metformin (20 μM); M30, Metformin (30 μM); n = 6 for MTT and n = 3 for western-blot and RT-PCR. ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs. normal control group.



Berberine Induced G0/G1 Phase Cell Cycle Arrest

To investigate how BBR influences cancer cell viability, we stained AGS and SGC7901 with PI and quantified the number of cells in G0-G1, S, G2-M period by flow cytometry. We found that the number of cells in G0-G1 period increased in both AGS and SGC7901 cells after treating with BBR and MET (P < 0.05, P < 0.01, and P < 0.001) (Figures 2A,B and Tables 2, 3). Cyclin D1 is a key protein implicated in the transition of the G0-G1 phase, a decline in Cyclin D1 level indicates a G0-G1 arrest in cells. We examined both the protein and mRNA levels of Cyclin D1 in AGS and SGC7901 cells separately after the treatment of BBR and MET. The results showed both BBR and MET had negative influence on the protein expression of Cyclin D1 in AGS and SGC7901 cells, and there was a dose-dependent inhibition (P < 0.05 and P < 0.01) (Figures 2C,D). As shown in Figure 2E, BBR and MET also downregulated the mRNA level of Cyclin D1 in both AGS and SGC7901 cells, which was consistent with the protein results (P < 0.001).
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FIGURE 2. Berberine induced G0/G1 phase cell cycle arrest. Human gastric cancer AGS and SGC7901 cells were treated with BBR and MET. At 48 h after treatment, the numbers of cells in Go–G1, S, and G2-M phase were calculated by flow cytometry. (A) AGS cells. (B) SGC7901 cells. (C) The protein expression of Cyclin D1 in AGS and SGC7901 cells 48 h after treatment. (D) The quantified western blot of Cyclin D1 in AGS and SGC7901 cells. (E) At 48 h after treatment, the quantified mRNA expression of Cyclin D1 in AGS and SGC7901 cells. Data were presented as the means ± SD. n = 3 for western-blot and RT-PCR. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs. Normal control group.



TABLE 2. Cell cycle ratios of BBR on AGS cell (mean + SD) (%).

[image: image]

TABLE 3. Cell cycle ratios of BBR on SGC7901 cell (mean + SD) (%).
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Berberine Inhibited the Migration and Invasion in GC Cells

Tumor cell invasion and metastasis are the main characteristics of malignant tumor, which are the leading causes of death in patients with malignant tumor. We used the Transwell assay to examine the effect of BBR and MET on GC cells migratory and invasion. As shown in Figures 3A–C, the migration numbers of AGS and SGC7901 cells significantly reduced through the Transwell chamber microspores in the treatment group (P < 0.001). When chamber was coated with Matrigel, which was used to mimic the extracellular matrix (ECM) around tumors and to detect the invasion ability of cells. As shown in Figures 3D–F, The BBR-treated and metformin-treated AGS cells had a significant lower invasion than the untreated cell, the same effect was observed in SGC7901 cells (P < 0.001). With the increase concentration of BBR and MET, the number of gastric cancer cells that invaded and metastasized gradually decreased. Matrix metalloproteinase-3 (MMP-3), known as inducers of EMT, is one of the several MMPs that regulate angiogenesis, invasion and metastasis (Huang et al., 2016; Chu et al., 2018; Simi et al., 2018). It was reported that MMP-3 expression level was negatively correlated with GC development (Xu et al., 2016). We used western-blot and RT-PCR to determine whether BBR can affect the expression of matrix metalloproteinase-3 (MMP-3). The results showed that BBR (20 and 30 μM) and MET (30 mM) had stable inhibitory effect on MMP-3 protein expression in AGS and SGC7901 cells (P < 0.01), MET (20 μM) downregulated the expression of MMP-3 in SGC7901 cells, but had no obvious inhibition in AGS cells (Figures 3G,H). As shown in Figure 3I, there was a obviously decrease in the mRNA levels of MMP-3 in BBR group compared to untreated group (N) in AGS and SGC7901 cells, MET had similar effect on AGS and SGC7901 cells (P < 0.01 and P < 0.001).
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FIGURE 3. Berberine inhibited the migration and invasion of GC cells. Human gastric cancer AGS and SGC7901 cells were treated with BBR and MET. Effect of BBR and MET on migration of GC cells after 48 h treatment. Representative images from experiment (A) and quantification of migration cell number (B: AGS cells; C: SGC7901 cells). Effect of BBR and MET on invasion of GC cells after 48 h treatment. Representative images from experiment (D) and quantification of invasion cell number (E: AGS cells; F: SGC7901 cells). Data were presented as the means ± SD, and representative data from at least three independent experiment are shown. (G) Protein expression of MMP-3 in AGS and SGC7901 cells 48 h after BBR and MET treatment. (H) The quantified western blot of MMP3 in AGS and SGC7901 cells. (I) Quantified mRNA expression of MMP3 in AGS and SGC7901 cells 48 h after BBR and MET treatment. n = 3 for western-blot and RT-PCR. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001 vs. Normal control group.



Knockdown of HNF4α Attenuated Proliferation, Invasion, and Migration in SGC7901 Cell

Having observed the effect of BBR on gastric cancer, next, we explored the molecular mechanism of BBR against gastric cancer. HNF4α has been reported to be related to malignant tumor formation and metastasis (Xiang et al., 2015; Kato et al., 2018; Maan et al., unpublished). We used lentivirus-mediated transduction of SiRNA-HNF4α to silence the expression of HNF4α in SGC7901 cell, RT-PCR and western blot analyses were performed to confirm target gene knockdown by siRNA. The results showed a 10-fold downregulation of HNF4α expression (Figures 4A–C).
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FIGURE 4. Knockdown of HNF4α attenuated proliferation, migration and invasion of SGC7901 cells. Lentivirus-mediated HNF4α siRNA transcript and empty vectors were infected into SGC7901 gastric cancer cells as the Control group and the GFP group respectively. Western-blotting and RT-PCR were used to confirm the knockdown of HNF4α and quantified. (A) Representative western-blot images. (B) Quantification of Western blot results. (C) Quantification of RT-PCR (n = 3). We examined the effect of HNF4α knockout on SGC7901 cells. (D) Cell proliferation (n = 3). (E) Cell cycle (n = 3). (F) Representative images of migration and invasion. (G) Quantification of migration and invasion cell number. Data were presented as the means ± SD, with representative data from at least three independent experiments. ∗∗∗P < 0.05, ∗∗∗∗P < 0.001 vs. Control group. ###P < 0.001 vs. GFP group.



MTT assay was added to detect the proliferation in normal control cells (Control), empty vector control cells (GFP) cells and LV-HNF4α-SGC7901 cells. As shown in Figure 4D, comparing with the Control and GFP, the knockdown of HNF4α in SGC7901 cells significantly reduced the proliferation (P < 0.0001 and P < 0.001). Also, we stained normal control cells, GFP and LV-HNF4α-SGC7901 cells with PI and quantified the number of cells in G0-G1, S, G2-M period by flow cytometry. As shown in Figure 4E and Table 4, we found LV-HNF4α-SGC7901 cells increased S population compared with normal control cells and GFP cells (P < 0.05). Moreover, a Transwell assay was used to detect the role of HNF4α in gastric SGC7901 cell migration and invasion. The results showed that knockdown of HNF4α dramatically attenuated the migration and invasion of SGC7901 cell compared with the control cells (P < 0.001 and P < 0.001) (Figures 4F,G).

TABLE 4. Cell cycle ratios (mean + SD) (%).
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Berberine Regulated HNF4α by Activating AMPK in GC Cells

A research has found metformin, a widely used antidiabetic drug, has antitumor activity through modulated HNF4α (Chang et al., 2015). Recent study has shown BBR modulates lipid metabolism and inhibits hepatic gluconeogenesis by decreasing expression of HNF4α in type 2 diabetic mouse (Wei et al., 2016). Our previous study illustrated BBR prevented fructose-induced insulin resistance by promoting the expression HNF4α in rat livers (Wei et al., 2012). In this study, knockdown of HNF4α in SGC7901 cell line slowed its proliferation, induced S phase arrest, dramatically attenuated gastric cancer cells metastasis and invasion and suppressed the tumor growth in vivo, the same anti-gastric effect as Berberine. Therefore, we examined how HNF4α was regulated by BBR in GC cell line. BI6015 (an HNF4α antagonist) and AICAR (an AMPK activator) were used and served as positive control.

In AGS cell, BBR and MET significantly decreased the protein level of HNF4α (Figures 5A,B). BBR (30 μM), MET (30 mM), and AICAR reduced the mRNA expression of HNF4α (Figure 5D). Although there was no obvious decrease in the protein and mRNA levels of HNF4α after BI6015 treatment (Figures 5B,D). However, in SGC7901 cell, BI6015 decreased the protein and mRNA expression of HNF4α, the same trend in BBR treatment (Figures 5C,E). More thrillingly, the protein levels of HNF4α in BBR group were lower than in BI6015 group (P < 0.05). As we expected, MET and AICAR also decreased the protein expression of HNF4α in SGC7901 cells (Figure 5C).


[image: image]

FIGURE 5. Berberine regulated HNF4α by activating AMPK in GC cells. Two GC cell lines, AGS and SGC7901, were treated with BBR (20 μM and 30 μM), metformin (20 mM and 30 mM), BI6015 (an HNF4α antagonist) and AICAR (AMPK agonist). (A) The protein expressions of AMPK, p-AMPK and HNF4α in AGS and SGC7901 cells 48 h after treatment. (B,C) The quantification of western blot in AGS cells (B) and SGC7901 cells (C). (D,E) The quantified mRNA expression of AMPK and HNF4α in AGS and SGC7901 cells 48 h after treatment. Two GC cell lines, AGS and SGC7901 cells, were treated with BBR (30 μM) for 24 h, and then with compound C (20 μM) or DMSO for another 24 h. (F) The protein expression of AMPK, p-AMPK and HNF4α in AGS and SGC7901 cells after treatment. (G) The quantified western blot of AMPK in AGS and SGC7901 cells. (H) The quantified western blot of p-AMPK in AGS and SGC7901 cells. (I) The quantified western blot of HNF4α in AGS and SGC7901 cells. Data were presented as the means ± SD. n = 3 for western-blot and RT-PCR. T-test, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs. Normal control group. #P < 0.05, ##P < 0.05 vs. BI6015 group.



As for the expression of p-AMPK and AMPK, we used Metformin and AICAR (an AMPK activator) as the positive control, the results showed that BBR (20 μM) increased the protein level of p-AMPK in both AGS and SGC7901 cells (P < 0.05), BBR (30 μM) only upregulated the protein expression of p-AMPK in SGC7901 cell (Figures 5B,C). Also, we observed that BBR (30 μM) group increased the mRNA level of p-AMPK in both AGS and SGC7901 cells, but not BBR (20 μM) group (Figures 5D,E). Although no statistically significant differences were found in the total level of AMPK after BBR-treated (Figures 5A–E).

To explore the interaction between AMPK and HNF4α in gastric cells, we used BBR and Compound C (AMPK inhibitor) to treat two GC cell lines and detected the changes in the protein levels of HNF4α. The results showed, BBR treatment increased p-AMPK expression and decreased HNF4α expression in GC cells, Compound C decreased p-AMPK expression and increased HNF4α expression in GC cells, there was a negative relationship between AMPK and HNF4α in GC cells (Figures 5F,H,I). Compound C weakened the inhibition of HNF4α by BBR, suggesting that HNF4α may be the downstream of AMPK in GC cells. Both BBR and Compound C had no effect on the total AMPK protein level (Figure 5G).

Berberine Targeted the WNT/β-Catenin Signaling Through Regulating HNF4α in GC Cells

WNT signaling plays an important role in gastric cancer development, especially WNT5A, a member of the WNT family of secreted lipid-modified glycoproteins, was closely related to the gastric cancer invasion and metastasis (Kanzawa et al., 2013; Ara et al., 2016). Recent research has found that WNT5A is a direct target gene of HNF4α in GC (Nam et al., 2014). To explore how BBR exerts anti-tumor effect by HNF4α acting on downstream targets, Western blot and Real Time PCR were performed to detect the mRNA and protein levels of WNT signaling after BBR-treated. We used BBR, metformin, AICAR (AMPK activator) and BI6015 (an HNF4α antagonist) to interfere with two GC cells. As shown in Figures 6A–E, BBR and MET (20 mM) decreased the protein and mRNA expression of WNT5A and cytoplasmic β-catenin in both AGS and SGC7901 cells. MET (30 mM) produced the same inhibitory effect in modulating the WNT signaling pathway as MET (20 mM) in GC cells expect the protein expression of WNT5A in AGS cell. To further investigate the downstream of HNF4α in GC cells, we used SiRNA- HNF4α SGC7901 cell model to detect the WNT pathway. Western blot and Real Time PCR separately were used to test the mRNA and protein levels of WNT5A, cytoplasmic β-catenin, E-cadherin and CyclinD1. The WNT/β-catenin, being the canonical WNT pathway, which can induce the expression of CyclinD1 (Larue and Delmas, 2006). E-cadherin, another member of WNT pathway, is lost in some cancers, allowing cellular migration to the stroma (Kobayashi et al., 2018). As shown in Figures 6F,G, comparing with normal control cells and Lenti-GFP cells, the protein expression of WNT5A, cytoplasmic β-catenin, and Cyclin D1 decreased while the expression of E-cadherin increased in LV-HNF4α-SGC7901 cell. In mRNA level, there were obvious low levels of WNT5A, cytoplasmic β-catenin, and Cyclin D1 in LV-HNF4α-SGC7901 cell, and the level of E-cadherin in LV-HNF4α-SGC7901 cells was higher in normal control cells and Lenti-GFP cells (Figure 6H).
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FIGURE 6. Berberine targeted WNT/β -catenin signaling through HNF4α in GC cells. First, two GC cell lines, AGS and SGC7901, were treated with BBR (20 μM and 30 μM), metformin (20 mM and 30 mM), BI6015 (an HNF4α antagonist) and AICAR (AMPK agonist). (A) The protein expression of WNT5A and cytoplasmic β-catenin in AGS and SGC7901 cells 48 h after treatment. (B,C) The quantified western blot of WNT5A and cytoplasmic β-catenin in AGS and SGC7901 cells. (D,E) The quantified mRNA expression of WNT5A and cytoplasmic β-catenin in AGS and SGC7901 cells 48 h after treatment. Next, an siRNA-HNF4α SGC7901 cell model was used to detect the WNT pathway. (F) The protein level of WNT5A, cytoplasmic β-catenin, E-cadherin and Cyclin D1 in Control, GFP and LV-HNF4α SGC7901 cell lines. (G) The quantified western blot of WNT5A, cytoplasmic β-catenin, E-cadherin and Cyclin D1. (H) The quantified mRNA level of WNT5A, cytoplasmic β-catenin, E-cadherin and Cyclin D1 in Control, GFP and LV-HNF4α SGC7901 cell lines. Data were presented as the means ± SD. n = 3 for western-blot and RT-PCR. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs. Control group.



Knockdown of HNF4α Suppressed Xenograft Tumor Growth in vivo

BALB/c nude mouse models with xenografted human SGC7901 cells, Lenti-GFP and LV-HNF4α-SGC7901 cells were employed to evaluate the effect of HNF4α on tumor growth in vivo. Eighteen days after inoculation, the body weight remained consistent between these groups (Figure 7A). the average final tumor weight and volume in the LV-HNF4α group were 0.01 g and 6.268 mm3, respectively, which was significantly lower than those in normal control group (0.253 g, 234.0571 mm3) and Lenti-GFP group (0.133 g, 71.928 mm3) (P < 0.05) (Figures 7B–D). There was no statistical difference in tumor weight and volume between normal control group and Lenti-GFP group. Those results suggested that knockdown of HNF4α suppressed gastric cancer tumor growth in vivo.
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FIGURE 7. Effect of HNF4α on SGC7901 xenograft tumor growth in vivo. The normal control, Lenti-GFP, and LV-HNF4α SGC7901 cells were injected subcutaneously into the right scapular region of nude mice. (A) Body weight. (B) The average tumor volume is shown as the mean ± SD (mm3). (C) Tumor weight. (D) The tumors removed from mice are shown. (E) Representative images from immunohistochemical staining of HNF4α, WNT5A and β-catenin in tumors from each group (50x Lenti). (F–H) The quantified immunohistochemistry of HNF4α, WNT5A and β-catenin. Data were expressed as the means ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs. normal control group.



We used immunohistochemistry to exam the HNF4α, WNT5A and cytoplasmic β-catenin expression in gastric cancer tumors of mice. The results showed that the expression of HNF4α decreased in LV-HNF4α group, but did not decrease in normal control group and Lenti-GFP group. The WNT5A and cytoplasmic β-catenin expression were decreased in LV- HNF4α group, which was consistent with previous cell experiments (Figures 7E–H) (P < 0.0001).

Berberine Suppressed Xenograft Tumor Growth in vivo

The SGC7901 cells were injected subcutaneously into BALB/c nude mouse, normal saline, Berberine and metformin were treated, respectively. During the 18 days treatment, the weight of each group was not statistically significant (Figure 8A). As shown in Figures 8B–D, 250 mg/kg MET (SGC-M) significantly suppressed the tumor growth in vivo compared with normal control group (SGC-N). The average final tumor weight and volume in the SGC-M group were 0.023 g and 68.168 mm3, respectively, which was significantly lower than those in SGC-N group (0.297 g, 278.213 mm3) (P < 0.001 and P < 0.01). There was also a reduction in tumor weight and volume in the BBR (100 mg/kg) group (SGC-B) compared with normal control group, the average final tumor weight and volume were 0.143 g and 163.955 mm3 (P < 0.01 and P < 0.05).
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FIGURE 8. Effect of BBR on SGC7901 xenograft tumor growth in vivo. The SGC7901 cells were injected subcutaneously into the right scapular region of nude mice, and were given normal saline, Berberine or metformin treatment. (A) Body weight. (B) The average tumor volume is shown as the means ± SD (mm3). (C) Tumor weight. (D) The tumors removed from mice are shown. (E) Representative images from immunohistochemical staining of HNF4α, WNT5A and β-catenin in tumors from each group (50× magnification). (F–H) The quantified immunohistochemistry of HNF4α, WNT5A and β-catenin. Data were expressed as the means ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs. normal group.



To further investigate the insight mechanism of BBR on gastric cancer tumor in vivo, immunohistochemistry was used to detect the HNF4α, WNT5A and cytoplasmic β-catenin expression in xenografted tumors. As shown in Figures 8E–H, the BBR (100 mg/kg) and MET (250 mg/kg) decreased the HNF4α, WNT5A and cytoplasmic β-catenin expression comparing with the normal control group (P < 0.0001). There was no difference between BBR group and MET group in HNF4α, WNT5A and cytoplasmic β-catenin expression.



DISCUSSION

Berberine (BBR), an isoquinoline alkaloid isolated from Berberis vulgaris, used to be an antibacterial agent in China for a long time. Over the past decade, It has been reported that BBR could also regulate plasma lipid and glucose levels in type 2 diabetes animal models and humans (Kumar et al., 2015; Pirillo and Catapano, 2015; Tabeshpour et al., 2017; Wang H. et al., 2018). Our previous studies have indicated that BBR can stimulate insulin secretion and modulate lipids in impaired glucose tolerance rats (Leng et al., 2004), reverse free-fatty-acid-induced insulin resistance in 3T3-L1 adipocytes (Yi et al., 2008), even attenuate intestinal mucosal barrier dysfunction and immune barrier damages in type 2 diabetic rats (Gong et al., 2017). In this study, we found that BBR had proliferation inhibition effect on AGS and SGC7901 gastric cancer cell lines in a time and dose-dependent manner. We also detected the proto-oncogene expression of C-myc, which frequently upregulates in human cancers and accelerates cell proliferation (Dang, 2012). The results showed that BBR downregulated the mRNA and protein expression of C-myc in both GC cell lines, suggesting BBR has potential anti-gastric cancer effect as previous researches have shown (Zhang et al., 2014; Li et al., 2016; Yang et al., 2018).

The balance between cell cycle and cell proliferation often deregulated in cancers (Gérard and Goldbeter, 2014). Then, we detected the effects of BBR on GC cell cycle. After BBR treatment, the number of cells in G0-G1 period increased, and the protein and mRNA expression of CyclinD1 decreased significantly in both AGS and SGC7901 cells. Cyclin D1 is a key protein implicated in the transition of the G0-G1 phase, which allows cells to enter the G1 phase of the cell cycle and promotes cell proliferation (Gérard and Goldbeter, 2014; Wang Q. et al., 2018). The decreased expression of Cyclin D1 indicates a G0-G1 arrest in cells. So the flow cytometry, western blot and RT-PCR results all showed that BBR induced G0-G1 phase arrest in AGS and SGC7901 gastric cancer cell lines.

The depth of tumor invasion and lymph node metastasis are considered as the most important prognostic predictors of gastric cancer (Deng and Liang, 2014). It is essential to explore the mechanisms of invasion and metastasis to improve the survival rate for cancer patients (Zhu et al., 2018). We used the Transwell assay to examine whether BBR affected GC cells’ migration and invasion or not. With the increased dose of BBR, the number of gastric cancer cells that invaded and metastasized dramatically decreased. MMP-3, known as inducers of EMT, is one of the several MMPs that regulate angiogenesis, invasion and metastasis (Huang et al., 2016; Chu et al., 2018; Simi et al., 2018).It was reported that MMP-3 expression level was negatively correlated with GC development (Xu et al., 2016). We also found that BBR had stable inhibitory effect on matrix metalloproteinase-3 (MMP-3) protein and mRNA expressions in AGS and SGC7901 cells, which suggested that BBR inhibited the migration and invasion to prevent GC development through downregulating MMP-3 in AGS and SGC7901 GC cells.

Previous researches reported that Metformin (MET) inhibited gastric cancer cells metastatic traits and slowed gastric tumor growth (Courtois et al., 2017; Valaee et al., 2017). In the present study, we also found that BBR, a widely used antibacterial drug, had multiple anti-tumor efficacy on AGS and SGC7901 GC cell lines as MET. We know BBR shares many features in metabolism regulation with MET. Recent researches have demonstrated that MET acted directly on cancer cells by targeting tumor metabolism, and inhibited the migration and invasion of the esophageal carcinoma cell line EC109 (Daugan et al., 2016; He et al., 2018). Among patients with T2DM, some clinical evidences have shown those who took metformin therapy have a lower risk of GC than those who didn’t (Zhou et al., 2017; Li et al., 2018). Moreover, it was reported that the anti-gastric cancer effect of metformin was related with the HNF4α inhibition through AMPK signaling (Chang et al., 2015). AMPK directly or indirectly inhibits HNF4α and its downstream HIF-1α, which is consistent with a proposed role for AMPK in suppressing the ‘Warburg effect’ anaerobic metabolism characteristic of the malignant phenotype (Kato et al., 2018).

Hepatocyte nuclear factor 4α is a nuclear receptor that activates the expression of genes involved in endoderm development and glucose, fatty acid and cholesterol metabolism (Darsigny et al., 2010). Previous studies suggested HNF4α is a potential direct or indirect target for pharmacological drugs that act on the intestinal epithelium, which is a primary site of metabolic control (Cattin et al., 2009). Recent studies have found that HNF4α is related to malignant tumor formation and metastasis (Xiang et al., 2015; Kato et al., 2018; Maan et al., unpublished). It was significantly upregulated in multidrug-resistant GC cells (Ma et al., 2017). To assess the function of HNF4α in GC cells, we used siRNA to silence the expression of HNF4α and tested the proliferation, cell cycles, migration and invasion in SGC7901 cell. We found that knockdown of HNF4α in SGC7901 cell line slowed its proliferation, induced S phase arrest and dramatically attenuated gastric cancer cells’ metastasis and invasion. It demonstrated that HNF4α was involved in the growth, invasion and metastasis capacity of gastric cancer. HNF4α gene could serve as a “proto-oncogene” in gastric cancer development.

Our previous studies have indicated that BBR modulates lipid metabolism and inhibits hepatic gluconeogenesis by targeting HNF4α in type 2 diabetic rats (Gao et al., 2008; Wang et al., 2008; Yan et al., 2008). Is the anti-gastric cancer effect of Berberine related with tumor metabolism? How is HNF4α regulated by BBR in GC cell line? We performed GC cell perturbation experiments through BI6015 (an HNF4α antagonist), AICAR (an AMPK activator), metformin, and Berberine. The results showed that BBR downregulated the expression of HNF4α in two GC cells. Given that AMPK mediated the phosphorylation of HNF4α, and prevented transcription factor HNF4α from entering the nucleus to form dimer and DNA binding to improve the degradation of HNF4α (Leclerc et al., 2001). We also observed that BBR (20 μM) upregulated the protein level of phosphor-AMPK (p-AMPK) and BBR (30 μM) upregulated the mRNA level of total AMPK in GC cells,MET increased the mRNA expression of AMPK in GC cells, although no statistically significant differences were found in the total protein level of AMPK after BBR and MET treatment. To further confirm the AMPK may be the potential upstream of HNF4α in GC cells, we used Compound C (AMPK-kinase inhibitor) and BBR to treat two GC cells. We found that BBR downregulated the protein level of HNF4α and Compound C upregulated the expression of HNF4α, Compound C reversed the effect of BBR on the HNF4α, suggesting inhibition of HNF4α by BBR was AMPK dependent. There was a negative correlation between p-AMPK and HNF4α. That means, BBR upregulated the protein of p-AMPK and Compound C downregulated the expression. This phenomenon indicated that HNF4α may be the downstream of AMPK and BBR could regulate the AMPK/HNF4α pathway in gastric cancer cells.

WNT/β-catenin signaling is important for cancer progression, including tumor initiation, tumor growth, cell senescence, cell death, differentiation and metastasis (Anastas and Moon, 2013). It was also reported that HNF4α-WNT5A regulation was the cross-talk between the AMPK metabolic pathway and the WNT signaling pathway (Nam et al., 2014). WNT5A, a member of the WNT family, played an important role in gastric cancer invasion and metastasis (Kanzawa et al., 2013; Ara et al., 2016). Knockdown of WNT5A reduced the metastasis ability of gastric cancer cells (Hanaki et al., 2012). Then, we explored how BBR acted on WNT/β-catenin signaling pathway in GC cell lines. Our study demonstrated that BBR downregulated the protein and mRNA levels of WNT5A and cytoplasmic β-catenin in AGS and SGC7901 cell lines. To further identify the relationship between HNF4α and WNT signal pathway. SiRNA- HNF4α SGC7901 cell model was used to detect the expression of WNT pathway. The results showed that knockdown of HNF4α decreased significantly the protein and mRNA expression levels of WNT5A, cytoplasmic β-catenin and cyclinD1 in vitro, and increased significantly the expression of E-cadherin comparing with control cells. HNF4α was reported to compete with β-catenin for binding to TCF4, regulating Epithelial-to-mesenchymal transition (EMT) (Yao et al., 2016). Loss of E-cadherin is regarded as a major conventional marker of the EMT (Alotaibi et al., 2015; Yamashita et al., 2018). Our study validated that WNT5A was a downstream target gene of HNF4α and showed that knockdown of HNF4α decreased the expression of WNT5A and cytoplasmic β-catenin in GC cell line, which is consistent with the study of Chang et al. (2015). But studies have illustrated, in small intestine and colon cancer, loss of HNF4α activated the WNT/β-catenin signaling pathway. In these cancer tissues, HNF4α was low expressed compared with adjacent normal tissues (Cattin et al., 2009; Yao et al., 2016).

Meanwhile, we analyzed that effect of BBR and HNF4α on gastric cancer tumor in vivo. Our results showed that BBR and knockdown of HNF4α suppressed the growth of SGC7901 in nude mice, HNF4α played a critical role in gastric cancer development and might serve as a potential therapy biomarker. Consistent with in vitro experiments, BBR downregulated HNF4α, WNT5A, and cytoplasmic β-catenin expression in somatic tumor tissues, the same effect as knocking out HNF4α gene.

Taken together, in the present study, we demonstrated that BBR, an anti-diabetes herb monomer, not only had proliferation inhibition effect on GC cell lines through downregulating cell cycle protein CyclinD1, attenuated the invasion and migration of GC cells by decreasing MMP-3, but also suppressed the growth of gastric tumor. The anti-gastric cancer mechanism of BBR might be involved in AMPK-HNF4α-WNT5A signaling pathway. BBR could modulate HNF4α through AMPK signaling. Moreover, HNF4α could regulate WNT-β-catenin-E-cadherin signaling to attenuate the growth, invasion and metastasis of gastric cancer. Therefore, HNF4α, a nuclear receptor that activated the expression of genes involved in glucose, fatty acid and cholesterol metabolism, was also involved in the development of gastric cancer. HNF4α antagonists, such as BBR, could be a promising anti-gastric cancer treatment supplement.
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Gluconeogenesis, generates glucose from small carbohydrate substrates, and drives the metabolic flux in parallel but opposite to glycolysis. The cytoplasmic isoform of phosphoenolpyruvate carboxykinase (PCK1 or PEPCK-C), a rate-limiting enzyme in gluconeogenesis, initiates the gluconeogenesis process and is reportedly dysregulated in multiple types of cancer. Gluconeogenesis mainly occurs in the liver during fasting, and previous studies have demonstrated that PCK1 acts as a tumor suppressor in hepatocellular carcinoma (HCC); however, the role of PCK1 in cancer progression remains incompletely understood. In the current study, we found that PCK1 expression was decreased in HCC as compared to adjacent normal liver tissues, and low PCK1 expression correlated with poor patient prognosis. Furthermore, overexpression of PCK1 suppressed reactive oxygen species (ROS) production and nuclear translocation of Nrf2 in hepatoma cells. In addition, thioredoxin reductase 1 (TXNRD1), an antioxidant enzyme regulated by the Nrf2/Keap1 pathway, was downregulated upon overexpression of PCK1 in HCC cell lines. Furthermore, we verified this axis using nude mouse xenograft model. Finally, we found that auranofin, a TXNRD1 inhibitor, enhanced the sensitivity of PCK1-knockout hepatoma cells to sorafenib-induced apoptosis. Taken together, our findings suggest that PCK1 deficiency promotes hepatoma cell proliferation via the induction of oxidative stress and the activation of transcription factor Nrf2, and that targeting the TXNRD1 antioxidant pathway sensitizes PCK1-knockout hepatoma cells to sorafenib treatment in vitro.

Keywords: phosphoenolpyruvate carboxylase kinase 1, thioredoxin reductase 1, hepatocellular carcinoma, reactive oxygen species, nuclear factor erythroid 2-related factor 2


INTRODUCTION

Hepatocellular carcinoma (HCC), the fifth most common cancer worldwide and the third cause of cancer-related mortality (1), is liable to developing malignant and drug-resistant tumors, with high risk of recurrence. A thorough understanding of the molecular pathogenesis of HCC and novel therapeutic strategies are highly needed. Metabolic reprogramming is a hallmark of cancer (2). In normal cells, energy is obtained primarily through mitochondrial oxidative phosphorylation. However, tumor cells undergo glycolysis even in the presence of oxygen, known as the “Warburg effect,” which supports tumor growth by accumulating glycolytic intermediates for anabolic biosynthesis (3).

The changed glucose metabolism endows tumor cells with metabolic flexibility for biosynthesis requirements. The dysregulation of gluconeogenesis and glycolysis causes a metabolic reprogramming that might be essential for supporting the growth, proliferation, and survival of tumor cells. Meanwhile, emerging evidence is linking altered expression of gluconeogenic enzymes, in particular, phosphoenolpyruvate carboxykinase (PCK, also known as PEPCK, EC number 4.1.1.32), with tumorigenesis (4). PCK1, as the first rate-limiting enzyme of gluconeogenesis, catalyzes the conversion of oxaloacetate (OAA) to phosphoenolpyruvate (PEP), and its dysfunction has been related to diabetes, obesity, insulin resistance, fatty liver, and other metabolic diseases (5, 6). Elevated expression of PCK1 has been reported to benefit tumor growth in certain cancers by maintaining anabolic metabolism (7, 8). In contrast, in HCC, PCK1 is downregulated (9), and a functional study indicated that forced PCK1 expression retards hepatoma cell proliferation (10), however, the underlying mechanism remains to be clarified.

Reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), hydroxyl radical (HO•), and superoxide anion ([image: image]), are formed by the partial reduction of oxygen and are generated as normal byproducts of numerous cellular processes (11). Under physiological conditions, ROS are maintained at low levels, and act as signaling molecules to activate cell proliferation and survival pathways (12). However, excessive ROS production induces oxidative stress, causing cell death or apoptosis, and plays an important role in tumor initiation and progression (13). The nuclear factor erythroid 2-related factor 2 (Nrf2)/Kelch-like ECH-associated protein 1 (Keap1) signaling pathway is one of the crucial defense systems against oxidative stress in tumor tissues and cells (14). ROS production induces Nrf2 translocation from the cytoplasm to nucleus, where it forms heterodimers with small MAF proteins and binds the antioxidant response element (ARE) in the promoters of target genes to activate their transcription to protect against oxidative stress.

Thioredoxin reductase 1 (TXNRD1), an antioxidant enzyme regulated by Nrf2, catalyzes reduction of the active site disulfide of thioredoxin 1 (Trx1), and several other substrates and plays a key role in antioxidant defense, redox regulation, cell proliferation, and cell signaling events (15). TXNRD1 is highly expressed in many cancers, and has been linked with tumor development (3, 13, 16). Recent studies aimed to suppress TXNRD1 as a novel therapeutic target in the treatment of cancers by using various molecules, such as microRNA-124 (17), auranofin (18), and gambogic acid (19). Mechanically, the Trx1 system senses and responds to ROS generated by cellular respiration, metabolism, and immune response, and then regulates the redox status, function, and activity of its target signal pathway (20). However, it is not clear whether PCK1 modulates the expression of TXNRD1 by influencing the ROS levels.

In this study, we aimed to investigate the role of PCK1 in HCC development in vitro and in vivo. We explored whether PCK1 plays a role in oxidative stress and Nrf2/Keap1 pathway. We also investigated the antitumor effect of auranofin combined with sorafenib in PCK1 knockout hepatoma cells in vitro. Our results implicate that PCK1 acts as a tumor suppressor in HCC and combination therapy of sorafenib and TXNRD1 inhibitors may be a novel strategy for HCC treatment.



MATERIALS AND METHODS


Patient Samples

Surgically resected samples of HCC tumor tissues and adjacent non-tumorous tissues were obtained from 28 patients at the Department of Hepatobiliary Surgery of the Second Affiliated Hospital of Chongqing Medical University (Chongqing, China). Twenty-eight freshly collected paired HCC tissues were frozen immediately and stored in liquid nitrogen for further research. The patients enrolled in this study did not receive preoperative radiotherapy or chemotherapy.



Cell Cultures and Drug Treatment

The human hepatoma cell line PLC/PRF/5 was obtained from the American Type Culture Collection (Manassas, VA, USA). Huh7 cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cell lines used in this study were recently authenticated by short tandem repeat profiling (Beijing Microread Gene Technology Co., China). Cells were cultured in Dulbecco's modified Eagle's medium (Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (Gibco, Rockville, MD, USA), 100 IU penicillin, and 100 mg/ml streptomycin at 37°C in a humidified atmosphere containing 5% CO2.

For cell proliferation assay, immunoblotting, and apoptosis-inducing factor studies, cells were plated in triplicate and incubated with sorafenib (5 μmol/L, Cat# S7397; Selleck, Houston, TX, USA), auranofin (0.6 μmol/L, Cat# HY-B1123; MedChem Express, Princeton, NJ, USA), or both sorafenib and auranofin for 72 h and then collected for analysis.



Plasmid Constructs and Adenovirus Production

The full-length cDNA of PCK1 (coding sequence of NM_002591) was subcloned from plasmid pOTB7-PCK1 (Cat# FL07339; GeneCopoeia, Guangzhou, China) and inserted into the shuttle vector pAdTrack-TO4 (kindly gifted by Dr. Tong-Chuan He, University of Chicago, USA). Primers are shown in Table S1. Adenoviral recombinant AdPCK1 was generated using the AdEasy system, as described previously (7). Green fluorescent protein-expressing analogous adenovirus (AdGFP) was used as a control.



RNA Extraction and Reverse Transcription Real-Time (RT-q)PCR

Huh7 cells were infected with AdPCK1 or AdGFP for 36 h. Total RNA was extracted from cultured cells or fresh tissue samples using TRIzol reagent (Invitrogen, Rockville, MD, USA), following the manufacturer's instructions. The RNA was reverse transcribed using Moloney murine leukemia virus reverse transcriptase (Promega) and random hexamers (Promega, Madison, WI, USA). SYBR Green was used for quantitative PCR in a CFX Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The relative mRNA levels were calculated using the 2−ΔΔCt method. Each in triplicate. All primers are shown in Table S1. The actin beta gene (ACTB) was used as reference gene for normalization in both cells and tissues.



Western Blotting Analysis

Cells and tissue samples were harvested and treated with lysis buffer (Beyotime, Shanghai, China) containing 1 mM phenylmethylsulfonyl fluoride (Beyotime). Protein concentrations were determined using a BCA protein assay kit (Beyotime). Comparable amounts of proteins were subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrotransferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were probed with antibodies against PCK1 (1:1000; Cat# BS6870; Bioworld, Atlanta, GA, USA), TXNRD1 (1:500; Cat# 15140; Cell Signaling), or NRF2 (1:1000; Cat# 12721; Cell Signaling). Secondary antibodies conjugated to horseradish peroxidase were purchased from Abcam (Cambridge, MA, USA). Protein bands were visualized using Super Signal West Pico Chemiluminescent Substrate Kit (Millipore) and quantified using ImageJ software (National Institutes of Health, Bethesda, MA, USA, http://imagej.nih.gov/ij/). GAPDH (Cat# AF0006; Beyotime), β-actin (Cat# BL005B; Biosharp), laminB1 (Cat# AP6001; Bioworld), and β-tubulin (Cat# AP0064; Bioworld) were used as normalization controls. Nuclear and cytoplasmic extracts of cells were collected using a Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime). All experiments were repeated three times independently.



Immunohistochemistry

Paraffin-embedded liver tissue samples were obtained from the same 28 patients described above, and then sliced and deparaffinized according to standard procedures. The slides were incubated with anti-PCK1 antibody at 4°C overnight. After washing with PBS, the sections were incubated with secondary anti-rabbit IgG (ZSGB-BIO, Beijing, China) and stained with 3,3'-diaminobenzidine (ZSGB-BIO). For immunohistochemical assessment, the staining images of 3 pairs of HCC and adjacent non-tumor tissues were quantified using integrated optical density (IOD) by Image-Pro Plus 6.0 software.



RNA-Sequencing (RNA-Seq) and Expression Analysis

For RNA sequencing, Huh7 cells were infected with AdGFP (n = 3) or AdPCK1 (n = 3) for 36 h. Total RNA was extracted using Trizol reagent (Invitrogen), and quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) and a Bioanalyzer 2,200 (Agilent Technologies, CA, USA). Then, 5 μg RNA with a RNA Integrity Number (RIN) above 8.0 was used for cDNA library construction. RNA-seq and bioinformatic data analysis were performed by Shanghai Novel Bio Ltd. Briefly, strand-specific RNA-seq libraries were prepared using the Total RNA-seq (H/M/R) Library Prep Kit (Vazyme Biotech, Nanjing, China) and were sequenced on an Ion Torrent Proton Sequencer (Life Technologies, Carlsbad, CA, USA) according to Ion PI Sequencing 200 Kit v2.0 (Life Technologies). Raw reads in FASTQ format were subjected to quality control using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). RNA-seq reads were aligned to the reference genome using Bowtie (http://bowtie-bio.sourceforge.net). Uniquely mapped reads were used for further analysis. Gene expression levels are expressed as RPKM (reads per kilobase per million reads) and differences in gene expression were calculated with rSeq (http://www-personal.umich.edu/~jianghui/rseq).

The RNA-seq data generated in this study have been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus database (GEO, http://www.ncbi.nlm.nih.gov/geo) under accession number GSE117822.



CRISPR/Cas9-Mediated Knockout of PCK1

The CRISPR/Cas9 plasmids lentiCRISPR v2, pMD2.G, and psPAX2 were kindly provided by Prof. Ding Xue from the School of Life Sciences, Tsinghua University (Beijing, China). Single-guide RNAs (sgRNAs) targeting human PCK1 were designed by using the E-CRISP online tool (http://www.e-crisp.org/E-CRISP/designcrispr.html). The DNA oligonucleotides were annealed and cloned into the lentiCRISPR v2 vector digested with BsmBI (Thermo Fisher Scientific, Waltham, MA, USA). HEK293T cells were co-transfected with PCK1 sgRNAs or empty lentiCRISPR v2 as a control, envelop plasmid pMD2.G, and packaging plasmid psPAX2 using Lipofectamine 2,000 (Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer's protocol. Medium containing lentiviral particles and 5 μg/mL polybrene were used to infect PLC/PRF/5 cells. Two days post infection, cells were selected in medium containing 2 μg/mL puromycin. Then, the cells were trypsinized from the plates and seeded into a 96-well plate (1 cell/well, theoretically). The culture medium was replaced with fresh, puromycin-containing medium every 2 days until drug-resistant single colonies were identified by western blot analysis. For genotyping, clonal cell genomic DNA was extracted with Genomic DNA Purification Kit (Genloci Biotechnologies Inc, Jiangsu, China) according to the manufacturer's instructions. The genomic region flanking the gRNA target site was amplified by touch down PCR, and then subsequently cloned into the pMD19-T TA cloning vector (Takara, Kyoto, Japan) and sequenced (Figure S1). PCK1 knockout efficiency was confirmed by western blotting. PCK1-knockout cells and control cells were defined as KO 1/KO 2 cells and parental cells, respectively. All primers are shown in Table S1.



Cell Proliferation Assay

The IncuCyte ZOOM Live-Cell Imaging system (Essen BioScience, Ann Arbor, Michigan, USA) was used for monitoring cell proliferation. Cells were seeded in 96-well plates at 1 × 103 cells/well and were cultured for 5 days. The plate was scanned and phase-contrast images were acquired in real time every 24 h post treatment, and quantified time-lapse curves were generated by IncuCyte ZOOM software. The medium was replaced with fresh medium containing the respective reagents at 3-day intervals.



Cell Apoptosis Assay

Cells were seeded at a density of 1.0 × 106 cells/mL and treated with different reagents. After washing twice with PBS, the cells detached with trypsin, collected by centrifugation and incubated with reagents from the Annexin-V-FITC Apoptosis Detection Kit (Biotool, Shanghai, China) according to the manufacturer's protocol. Then the cells were analyzed by FACS Vantage SE flow cytometer (BD Biosciences, San Jose, CA, USA). The experiment was repeated three times independently.



Measurement of NADP/NADPH

NADPH and NADP+ levels were measured using a NADP/NADPH Assay Kit (ab65349, Abcam, Cambridge, UK) according to the manufacturer's instructions. Cell lysates were extracted with provided buffer, then mixed with NADP cycling solution and with the NADPH developer. The absorbances of NADP and NADPH were measured at OD450 nm, and the concentrations were calculated by comparison with the standard curve.



ROS Assay

Huh7 cells were infected with AdGFP or AdPCK1 in 6-well plates. Frozen tumors were sectioned at 10 μm. Tissues sections, infected Huh7, KO, and parental cells were incubated with 5μM of CellROX Deep Red Reagent (Thermo Fisher Scientific) for 30 min. The tissues and cells were washed 3 times with PBS and then, the nuclei were stained with 1 μg/mL DAPI (Sigma, St. Louis, MO, USA) for 3 min. The fixed tissues and cells were imaged under a confocal laser-scanning microscope (Leica, Heidelberg, Germany). The proportions of ROS-positive to total tissues or cells were determined by fluorescence microscopy in five random fields (magnification, 50× or 200×) in three wells.



Xenograft Tumor Formation Assay

For the subcutaneous xenograft tumor model, 18 BALB/c nude mice (male, 5–6 weeks of age) were randomly divided into Mock, AdGFP and AdPCK1 groups (6 mice per group). MHCC-97H cells were mock-infected or infected with AdGFP, AdPCK1 for 24 h, collected and subcutaneously injected into the flanks of nude mice (1 × 105 cells/injection). Tumor volumes were measured at 4-day intervals and calculated as length [cm] × (square of width [cm])/2. Mice were sacrificed after 4 weeks, and tumor tissues were removed for assessment. The protocol of animal experiments was approved by the Institutional Animal Care and Use Committee at Chongqing Medical University, and adhere to National Regulations for the administration of laboratory animal.



Statistical Analysis

Data are presented as the mean ± standard deviation (SD). Survival rates were calculated using the Kaplan-Meier method and statistical significance was evaluated using the log-rank test. Statistical significance was determined using Student's t-test when comparing 2 groups or one-way analysis of variance (ANOVA) when comparing more than 2 groups. Statistical analysis was conducted using GraphPad Prism 7.0 software (La Jolla, CA, USA). P-values < 0.05 were considered statistically significant.




RESULTS


PCK1 Expression Is Downregulated in HCC

To clarify the function of PCK1 during the carcinogenesis of HCC, we first analyzed PCK1 expression levels in an independent cohort of 373 HCC samples (including 50 paired HCC tissues and para-tumor tissues) from The Cancer Genome Atlas (TCGA) database. The data showed that PCK1 expression was significantly lower in tumor tissues than in normal liver tissues (Figure 1A). In addition, we interpreted 72 cases as “PCK1 High” or “PCK1 Low” depending on the PCK1 expression level. Survival curve analysis demonstrated that patients with low expression of PCK1 had lower overall survival than patients with high expression of PCK1 (median survival, 835 vs. 1,630 days; Figure 1B). We further detected the PCK1 expression levels in 20 pairs of HCC and adjacent non-cancerous tissues from patients at the second affiliated Hospital of Chongqing Medical University. PCK1 mRNA levels were downregulated in HCC tissues compared to adjacent normal tissues (P < 0.01, Figure 1C). In addition, PCK1 protein levels were markedly lower in 16 out of the 20 HCC tissues (85%, Figure 1D). Immunohistochemical staining showed that PCK1 expression levels were significantly lower in HCC than in para-tumor tissues (P < 0.01, Figure 1E). Collectively, these data indicated that PCK1 is generally downregulated in HCC tissues, which is correlated with poorer prognosis.


[image: image]

FIGURE 1. PCK1 is generally decreased in hepatocellular carcinoma (HCC) tissues and correlates with poorer patient prognosis. (A) Expression of PCK1 in patients with HCC in the TCGA Liver Hepatocellular Carcinoma (LIHC) dataset. (B) Kaplan Meier survival curve based on data for 142 HCC patients in the TCGA dataset, divided into two groups by PCK1 expression levels in tumors. N represents paratumor tissues. T represents tumor tissues. (C) RT-qPCR analysis of PCK1 expression in 20 paired HCC and adjacent non-tumorous tissues (P < 0.001). (D) PCK1 protein levels in 20 paired primary HCC tissues and adjacent non-tumor tissues determined by western blotting. β-actin was used as a loading control. (E) Representative immunohistochemistry (IHC) images of PCK1 in HCC and adjacent non-tumor tissues. Immunostaining intensity was measured using ImagePro Plus 6.0 software. (**P < 0.01); magnification: 400×, 200×. Statistical analysis of PCK1 protein levels from 4 pairs of HCC and adjacent non-tumor tissues as determined by IHC staining. The cropped blots are used in the figure and full length blots are presented in Figure S2.





PCK1 Represses TXNRD1 Expression in Hepatoma Cells

Huh7 PCK1-overexpressing as well as PLC/PRF/5 PCK1-knockout cell lines were used to investigate the potential function of PCK1 in hepatoma cell proliferation. RNA-seq analysis demonstrated that the expression of 498 genes was significantly changed in AdPCK1- vs. AdGFP-infected Huh7 cells. Among these differentially expressed genes, TXNRD1, encoding a critical antioxidant enzyme, was remarkably downregulated (P < 0.05, Figure 2A and Table S2). Suppression of both TXNRD1 mRNA and protein expression was verified in PCK1-overexpressing Huh7 cells by RT-qPCR and immunoblot analysis (Figures 2B,C). In PCK1-KO PLC/PRF/5 cells, both TXNRD1 mRNA and protein levels were enhanced (Figures 2B,D). In addition, we examined the protein levels of PCK1 and TXNRD1 in eight cases of paired HCC and adjacent non-cancerous tissues. Downregulation of PCK1 (8/8) and upregulation of TXNRD1 (6/8) in HCC tissues were observed by immunoblotting (Figure 2E). These results indicated that PCK1 significantly downregulated TXNRD1 expression in hepatoma cells, and that the expression levels of PCK1 were negatively correlated with TXNRD1 expression in HCC tissues.
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FIGURE 2. PCK1 represses TXNRD1 expression in hepatoma cells and hepatic tissues. (A) Volcano plot of RNA-seq data from Huh7 cells infected with adenoviruses expressing PCK1 (AdPCK1) vs. Huh7 cells infected vector control (AdGFP). In total, 498 genes were differentially expressed (fold change >1.5 or < 0.667; FDR < 0.05). TXNRD1 is downregulated in PCK1-overexpressing hepatoma cells. (B) RT-qPCR analysis of mRNA levels of TXNRD1 in Huh7 cells infected with AdPCK1 or AdGFP. Total mRNA was isolated at 36 h after infection. Elevated mRNA expression of TXNRD1 in PCK1-KO (endogenous PCK1 was knocked out in PLC/PRF/5 cells by CRISPR-Cas9) compared to parental cells. Data are shown as the mean ± SD (n = 3 independent experiments; **P < 0.01 by Student's t-test). (C) Western blot analysis of TXNRD1 in Huh7 cells infected with AdPCK1 or AdGFP. (D) Protein levels of TXNRD1 were detected by western blot analysis in PCK1-KO cells and parental cells. (E) PCK1 and TXNRD1 protein levels in eight cases of paired primary hepatocellular carcinoma tissues and adjacent non-tumor tissues. GAPDH was used as a loading control. The cropped blots are used in the figure and full length blots are presented in Figure S3.





PCK1 Suppresses Oxidative Stress in Hepatoma Cells

Previous studies have indicated TXNRD1 plays an important role in redox homoeostasis, and its expression could be induced by ROS production. (11, 13, 21) Furthermore, NADPH/NADP+, which is necessary for redox balance, can be regulated by the pentose phosphate pathway (PPP) (22). Thus, we examined NADPH/NADP+ ratio and ROS levels in hepatoma cells upon PCK1 expression. As expected, the ratio of NADPH/NADP+ was increased in PCK1-overexpressing hepatoma cells (Figure 3A), while decreased in PCK1-KO PLC/PRF/5 cells (Figure 3B), compared to control cells. Specifically, we found that the ROS production was significantly reduced in PCK1-overexpressing Huh7 cells, while compared to parental cells, higher production of ROS was detected in PCK1-KO PLC/PRF/5 cells (Figures 3C,D). As Nrf2 is a key transcription factor in triggering ROS-induced gene expression, (13, 23) the regulatory effect of PCK1 on Nrf2 cellular distribution was also investigated. Immunoblot results revealed a remarkably increased cytoplasmic but decreased nuclear level of Nrf2 in PCK1-overexpressing Huh7 cells (Figure 3E). In contrast, the nuclear levels of Nrf2 were elevated in PCK1-KO cells compared to parental cells (Figure 3F). These results suggested that overexpression of PCK1 suppresses both ROS production and the nuclear translocation of Nrf2.
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FIGURE 3. PCK1 suppresses oxidative stress in liver cancer cells. Relative ratios of NADPH to total NADP in PCK1-overexpressing cells (A), and PCK1-KO cells (B) were measured by using an NADP/NADPH quantification kit (Abcam). Fluorescent labeling of ROS (red) in the cytoplasm, nuclei were stained with DAPI (blue). Scale bar = 10 μm. ROS levels in PCK1-overexpressing cells (C), and PCK1-KO cells (D) were detected, and the relative fluorescence intensities were determined after normalization to mock-infected or parental cells. Data are represented as the mean ± SD (n = 3, technical replicates; **P < 0.01 by Student's t-test). (E) Protein expression of Nrf2. Huh7 cells were treated as described in Figure 2. Two days post infection, nuclear and cytoplasmic fractions were obtained and analyzed by western blotting. LaminB1 and β-tubulin were used as internal loading controls. (F) Nuclear accumulation of Nrf2 in PCK1-KO cells. Nuclear and cytoplasmic fractions were obtained and analyzed by western blotting. LaminB1 and β-tubulin were used as internal loading controls for western blotting. The cropped blots are used in the figure and full length blots are presented in Figure S4.





PCK1 Exerts Antitumor Effect by Inhibiting ROS Level and TXNRD1expression in vivo

The antitumor effect in vivo was evaluated in MHCC-97H xenograft tumor in nude mice. All mice developed xenograft tumors at the injection site. Twenty days after injection, we noticed that the tumors were much smaller in the PCK1-overexpression group than in the mock and the empty vector group (Figure 4A). As shown in Figure 4B, overexpression of PCK1 significantly reduced the growth rate of MHCC-97H tumor growth compared with the mock and GFP control group by measuring tumor volume every 4 days (*P < 0.05, AdPCK1 group vs. AdGFP group, Figure 4B). In addition, the average tumor size was smaller in the PCK1-overexpression group than that in the control group (Figure 4C). We also found that ROS production was significantly reduced in PCK1-overexpression group (Figure 4D). Furthermore, western-blot analysis was used to analyze the expression levels of PCK1 and TXNRD1 in the xenograft tumor tissues. Immunoblotting results revealed higher expression of PCK1 and lower expression of TXNRD1 in tumor tissues derived from the PCK1-overexpressing hepatoma cells than in GFP control group (Figure 4E). Together, these results suggested that PCK1 could inhibit hepatoma cell growth in vivo by decreasing ROS level and TXNRD1 expression.
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FIGURE 4. PCK1 inhibits tumor growth and oxidative stress in xenograft tumors. MHCC-97H cells were infected with AdGFP or AdPCK1 or mock-infected for 24 h, then subcutaneous injected into nude mice (n = 6). (A) Representative image of tumor in all groups (presented two tumors each group). (B) The growth curve of subcutaneous xenograft tumor. Tumor volumes were measured every 4 days and calculated as length × (square of width)/2 (repeated-measures analysis of variance, *P < 0.05 compared to AdGFP group, error bars represent mean ± SD, n = 6). (C) Tumor size of subcutaneous xenografts after dissected. (D) ROS monitored by immunofluorescent labeling (red) and nuclei by DAPI (blue) staining in xenografts. Scale bar = 200 μm. (E) Expression of PCK1 and TXNRD1 checked by western blot assay in xenograft tumor samples. Semi-quantitative densitometry graphs of immunoblots (arbitrary densitometry units) for PCK1 and TXNRD1 levels normalized to β-actin expression are shown. (*P < 0.05, **P < 0.01, AdPCK1 group vs. AdGFP group). The cropped blots are used in the figure and full length blots are presented in Figure S5.





Auranofin Enhances the Sensitivity to Apoptosis Induced by Sorafenib Treatment via Inhibition of TXNRD1 in PCK1-KO Cells in vitro

To explore a potential treatment strategy for HCC, we tested the apoptosis-inducing effect of sorafenib (the first drug approved for advanced HCC treatment) in combination with auranofin (an inhibitor of thioredoxin reductase) in vitro. PCK1-KO PLC/PRF/5 cells were treated with 0.6 μmol/L auranofin or 5 μmol/L sorafenib, alone or in combination. The cell proliferation rate was increased in PCK1-KO cells as compared to parental cells. Furthermore, combined treatment with sorafenib and auranofin induced a synergistic inhibitory effect on cell proliferation in PCK1-KO cells (Figure 5A). In addition, excess ROS accumulation were observed in PCK1-KO cells treated with auranofin plus sorafenib (Figure 5B). Apoptosis is one of the most important factors affecting cell proliferation. To investigate the effects of sorafenib and auranofin on apoptosis, we detected the protein levels of Caspase3/9, Cleaved caspase 3/9, Bax and Bcl-2, and analyzed the Bax/Bcl-2 ratio, which indicates apoptosis occurrence. PCK1-KO cells treated with sorafenib exhibited increased Cleaved caspase3, Cleaved caspase9 and Bax levels, while cells treated with auranofin plus sorafenib showed significantly increased these proteins expression as compared to cells treated with sorafenib alone. The Bax/Bcl-2 ratio was markedly increased in the PCK1-KO cell exposed to combination treatment as compared to parental cells or each PCK1-KO exposed to single treatments. Furthermore, the protein levels of TXNRD1 were decreased in cells treated with auranofin plus sorafenib, compared to those in PCK1-KO cells treated with auranofin alone (Figure 5C). Flow-cytometric analysis revealed that treatment with auranofin or sorafenib induced cell apoptosis. Cells treated with auranofin plus sorafenib showed significantly higher apoptosis (P < 0.001; Figures 5D,E). Taken together, these in vitro data suggested auranofin could increase the sensitivity of PCK1-KO cells to sorafenib.
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FIGURE 5. Auranofin enhances the sensitivity to sorafenib-induced apoptosis via inhibition of TXNRD1 in PCK1-KO cells in vitro. (A) Cell proliferation curves. PCK1-KO hepatoma cells were treated with 0.6 μmol/L auranofin or 5 μmol/L sorafenib alone or in combination. Cells were plated into 96-well plates at 1 × 103 cells/well and were counted every 24 h in triplicate. Data are presented as the mean ± SD; *P < 0.05 vs. Sorafenib alone. (B) ROS were monitored by fluorescent labeling (red) and nuclei were stained by DAPI (blue) in cells treated with sorafenib and auranofin alone or in combination. Scale bar = 10 μm. (C) Protein expression of Caspase3/9, Cleaved caspase3/9, Bax, Bcl2, TXNRD1, and PCK1. PCK1-KO hepatoma cells were treated as in Figure 4A for 48 h and the proteins were isolated and analyzed by western blotting. GAPDH expression served as an internal control. (D) Flow-cytometric analysis of apoptosis was performed after treatments with sorafenib and/or auranofin. (E) Quantification of cell death detected in Figure 4C. Cell apoptosis as detected by PI staining. Values represent the mean percentage of dead cells ± SD from three samples (*P < 0.05,***P < 0.001). (F) Schematic illustration showing the PCK1–NADPH–ROS-TXNRD1 axis. In HCC, decreased PCK1 suppressed the generation of NADPH via pentose phosphate pathway (PPP). Subsequently, ROS, which is quenched by NADPH, was increased, further promoted nuclear translocation of Nrf2 and the expression of TXNRD1. The cropped blots are used in the figure and full length blots are presented in Figure S6.






DISCUSSION

Metabolic reprogramming is a hallmark of cancer, plays an important role in tumor proliferation, metastasis and drug-resistance by providing essential cellular components such as energy equivalents, redox cofactors and biomass building blocks. (24–27) Our results demonstrated that PCK1 was significantly decreased in HCC tumor tissues compared with adjacent normal tissues, which was verified by analysis of data obtained from the TCGA database. Furthermore, lower PCK1 expression correlated with poorer prognosis. Consistent with previous studies (4, 9), our data suggest a tumor-suppressor function of PCK1 in HCC.

However, elevated PCK1 expression has also been found in other types of cancers, such as melanoma (8), breast cancer (26), and colorectal cancer (7), where it supports anabolic pathways and cell proliferation. The distinct expression profile of PCK1 in HCC tissues compared to other solid tumors can be explained by the fact that in the liver, which accounts for approximately 90% of gluconeogenesis, the upregulation of gluconeogenesis by PCK1 results in the suppression of hepatoma proliferation. Specifically, PCK1-induced promotion of gluconeogenesis enhances energy consumption and attenuates energy production, including glycolysis, and mitochondrial respiration, which results in ATP depletion. Decreased aerobic glycolysis and mitochondrial respiration pathway also suppresses the generation of metabolic intermediates as building blocks for cells (28). Forced PCK1 expression in glucose-starved hepatoma cells reportedly induces tricarboxylic acid cycle cataplerosis, leading to energy crisis, oxidative stress, and cell apoptosis (4).

In cancer cells, excess ROS are generated through increased anabolism, decreased catabolism, or mitochondrial dysfunction. Previous studies have shown that glucose metabolism-related enzymes, such as PKM and FBP1 (29–31), can participate in the regulation of ROS production. In our study, low expression of PCK1 resulted in elevated intracellular ROS level in vitro and in vivo. PCK1 plays a crucial role in hepatic anabolism and catabolism (4, 22, 32). Thus, PCK1 is likely to regulate the ROS level through altering the metabolism of HCC. Ko et al. reported that PCK1 deletion in myeloid cells increases the intracellular ROS level (33). Ma et al. reported that 3-MPA, an inhibitor of PCK1, could increase ROS in CD8+ memory T cells through the abrogation of the PCK1-glycogen-pentose phosphate pathway (PPP) (34). Since NADPH is a key product of PPP, and plays an essential role in the ROS generation via glutathione (GSH) system, we hypothesized that glucose-6-phosphate which indirectly catalyzed by PCK1 is channeled to PPP. Our results demonstrate that PCK1 overexpression increases the ratio of NADPH/NADP+, and further decreases ROS production. However, it has been reported that forced PCK1 expression in glucose-starved HCC cells induces a high ROS level (4). Thus, the specific mechanism of PCK1 affecting ROS through metabolic regulation under different culture conditions requires further investigation.

Our data further showed that overexpression of PCK1 abrogated the nuclear translocation of Nrf2 and the expression of its downstream gene TXNRD1. The transcription factor Nrf2 is considered a major transcriptional regulator in the defense against ROS (35, 36). TXNRD1 is a critical antioxidant enzyme that catalyzes the NADPH-dependent reduction of thioredoxin to regulate cellular redox homeostasis (37, 38). TXNRD1 is upregulated in many human malignancies, and inhibition of the TXN pathway causes hepatoma cell death (17, 39–41). Furthermore, auranofin, a TXNRD1 inhibitor, has been reported to induce apoptosis and to enhance the anticancer activities of chemotherapeutic agents (16, 42, 43). In line herewith, we observed that TXNRD1 may be related to drug resistance of hepatoma cells. Sorafenib, a multi-kinase inhibitor, is the first-line therapy for patients with advanced HCC (1). However, considering the sorafenib resistance crisis in HCC, the development of new combination therapies with sorafenib is urgently required. Recent studies reported that synergistic combination of sorafenib and uracil-tegafur or octreotide can improve the sensitivity toward sorafenib in the treatment of HCC (44, 45). This study confirmed that sorafenib in combination with auranofin exhibits a stronger pro-apoptotic effect in vitro.

In conclusion, our study demonstrated that PCK1 is significantly downregulated in HCC, and PCK1 deficiency decreases NADPH/NADP+ ratio, increases cellular ROS levels, which results in activation of Nrf2 and expression of TXNRD1(Figure 5F). In addition, auranofin enhances the sensitivity to sorafenib via inhibition of TXNRD1 in PCK1-knockout cells in vitro. Our finding provides new insights into the mechanism of antioxidant enzyme gene TXNRD1 mediated by altered metabolism in liver cancer, and might offers a potential therapy for HCC.
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Glioblastoma multiforme (GBM) is a fatal malignancy of the central nervous system, commonly associated with chemoresistance. The alkylating agent Temozolomide (TMZ) is the front-line chemotherapeutic agent and has undergone intense studies on resistance. These studies reported on mismatch repair gene upregulation, ABC-targeted drug efflux, and cell cycle alterations. The mechanism by which TMZ induces cell cycle arrest has not been well-established. TMZ-resistant GBM cells have been linked to microRNA (miRNA) and exosomes. A cell cycle miRNA array identified distinct miRNAs only in exosomes from TMZ-resistant GBM cell lines and primary spheres. We narrowed the miRs to miR-93 and -193 and showed in computational analyses that they could target Cyclin D1. Since Cyclin D1 is a major regulator of cell cycle progression, we performed cause-effect studies and showed a blunting effects of miR-93 and -193 in Cyclin D1 expression. These two miRs also decreased cell cycling quiescence and induced resistance to TMZ. Taken together, our data provide a mechanism by which GBM cells can exhibit TMZ-induced resistance through miRNA targeting of Cyclin D1. The data provide a number of therapeutic approaches to reverse chemoresistance at the miRNA, exosomal and cell cycle points.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common adult primary brain tumor. In addition, GBM is also the most lethal brain cancer with a 5-year survival rate of ∼8% (Naydenov et al., 2011). GBMs uniformly acquire resistance to the front-line alkylating chemotherapeutic agent, Temozolomide (TMZ) (Jiang et al., 2011). Multiple mechanisms of TMZ resistance have been previously described such as an increase in the Multiple Drug Resistance (MDR) efflux, base pair excision, gene methylation and cell cycle arrest (Johannessen and Bjerkvig, 2012).

Cell cycle progression requires the concerted activity of a number of factors both positive and negative (Louis, 2006). Cyclin D1 is a G1 phase protein that facilitates the progression of cells into S phase. The expression and degradation of Cyclin D1 is highly regulated to coordinate the temporal role of Cyclin D1 (Freemantle et al., 2007). Since microRNAs (miRs) have been linked to chemoresistance, we studied if miRNAs, through the regulation of Cyclin D1, affected the response of GBM cells to TMZ.

miRNA are small RNA molecules (18–22 base pairs) that regulate protein expression by binding to the non-coding regions of mRNA to inhibit translation (Sen et al., 2014). Increasing evidence has shown roles for miRNAs in development, differentiation and malignancy (Di Leva et al., 2014). In addition, miRNAs have been shown to have a key role in the acquisition and maintenance of chemoresistance (Tezcan et al., 2014). miRNAs can also target multiple regulators of cell cycle progression including Cyclin D1 (Zhao et al., 2014; Huang et al., 2015).

Exosomes are endosomal in origin and can function as a mediator of contact-independent communication among cells (Pant et al., 2012). The exosomes contain RNA including non-coding miRNA, DNA and proteins (Thery et al., 2002). Due to their ability to mediate intercellular communication, exosomes could also serve as vehicles for miRNA-based therapy (Munoz et al., 2013). An understanding of how miRNAs affect GBM pathophysiology will offer opportunities for novel therapeutic approaches. This study shows describes roles for two miRNAs, miR-93 and -193, in regulating Cyclin D1 expression. We also demonstrated that the regulation of Cyclin D1 by these two miRNAs led to TMZ resistance in GBM cells.



MATERIALS AND METHODS

Cell Lines

U87 and T98G cells were purchased from American Type Culture Collection (ATCC; Manassas, VA) and then expanded as per manufacturer’s instructions.

Reagents and Antibodies

All tissue culture media were purchased Life Technologies Gibco (Grand Island, NY), fetal calf serum (FCS) from Hyclone Laboratories (Logan, UT), TMZ from Sigma Aldrich (St. Louis, MO) and, anti-Cyclin D1, anti-β-actin, HRP-anti-rabbit and HRP-anti-mouse IgG from Cell Signaling (Danvers, MA).

Real-Time RT-PCR

RNA was extracted with Trizol reagent (Invitrogen). Reverse transcription with 200 ng of cDNA was performed with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) in accordance with the manufacturer’s recommendation. Real-time PCR was performed on 7300 Real-Time PCR System (Life Technologies Applied Biosystems, Grand Island, NY) using the following cycling profile: an initial incubation of 50°C for 2 min, 95°C for 10 min, 40 cycles at 95°C for 15 s and 60°C for 60 s. All primers were purchased from Sigma. The relative expression was calculated using the 2(–Delta Delta C(T)), as previously described (Lim et al., 2011).

Western Blot

Temozolomide resistant GBM cells were prepared as previously described (Munoz et al., 2014b). Briefly, GBM cells were incubated with 200 μM of TMZ or vehicle (control). At different times during treatment with TMZ, whole cell extracts were isolated with M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Danvers, MA). The cell extracts (10 μg) were analyzed by western blots, as previously described (Park et al., 2013). Briefly, the samples were electrophoresed on 12% SDS-PAGE gels (Bio-Rad, Hercules, CA). The proteins were transferred onto PVDF membranes (Perkin Elmer, Boston, MA). The membranes were incubated overnight with primary antibodies at a final dilution of 1/1000. Primary antibodies were detected during a 2-h incubation period with HRP-conjugated IgG at 1/2000 final dilution. HRP activity was detected by chemiluminescence using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Danvers, MA). Membranes were stripped with Restore Stripping Buffer (Thermo Fisher Scientific) prior to being reprobed with other antibodies.

Short Interference RNA (siRNA) Targeted Knockdown

Dicer1 targeting-siRNA pooled duplexes (Dharmacon, Lafayette, CO) knocked down Dicer1 in GBM cells using methods, previously described (Munoz et al., 2014c). Briefly, GBMs (104) were seeded in 12-well plates. After 24 h, 30 nM siRNA was delivered into the cells using Lipofectamine RNAiMax (Life Technologies). Control cells were transfected from non-targeting siRNA duplexes (Dharmacon).

miRNA Analyses

Stem Cell miRNA Profiling Panel with 95 miRNAs were purchased from System Biosciences (Palo Alto, CA). The analyses followed manufacturer’s protocol. Total RNA was isolated from exosomes using Trizol® and then analyzed by qPCR. Since nuclear U6 internal control would not be detected in exosomes we selected the miRNAs with absolute changes between vehicle and TMZ-resistant cells. In this regard, the selected miRs were undetectable in vehicle-treated cells and detectable in with TMZ resistance.

Cell Cycle Analyses

Cell cycle analyses were performed by labeling with propidium iodide (PI) or 7-AAD, as described (Lim et al., 2011). GBM cells (106) were washed in PBS and then resuspended in 0.1% hypotonic sodium citrate solution containing 5 μg/ml PI and 200 μg/ml DNase-free RNase A. Cells were incubated for 30 min at room temperature and then immediately acquired on FACSCalibur (Becton Dickson, San Jose, CA) and then analyzed with the ModFit software (Verity Software House). 7-AAD labeling were done with 1 μg/mL for 20 min. After this, the cells were washed and then immediately analyzed as for PI labeling.

Caspase Activity

GBM cells (104) were studied for caspase activity using Vybrant® FAM Caspase-3 and -7 Assay Kit (Thermo Fisher Scientific). The method was performed according to the manufacturer’s protocol. The cells were evaluated by flow cytometry using the FACS Calibur (Becton Dickinson).

Exosome Isolation and Characterization

Exosomes were isolated using a multi-step process. First, large particles were removed by sequential centrifugation up to 50,000 g (Lim et al., 2011). The remaining particles were pelleted by ultracentrifugation (Sorvall mTx 150, Thermo Fisher Scientific, Springfield, NJ) at 100,000 g for 18 h. The recovered vesicles were analyzed for tetraspaninins (CD63 and CD81) by western blot and flow cytometry. The latter method used CD63 magnetic bead isolation. The exosomes were captured onto the beads and then labeled with CD63-FITC and anti-CD81-APC (BD Biosciences).

The recovered particle size was verified by Nanoparticle tracking analysis (NTA) using a NanoSight NS300 instrument (Amesbury, United Kingdom) as described (Bliss et al., 2016). The data were analyzed with the NTA software (NANOSight version 2.3) using dilutions with deionized water.

Statistical Analyses

Data were analyzed using the students t-test using two comparable groups (control/experimental). A p value of less than 0.05 was considered significant.



RESULTS

Analyses of GBM Cell-Derived Exosomes

Prior to testing the role for exosome-containing miRNA in TMZ-resistance, we studied the exosomes by phenotype and size to ensure no contamination with other microvesicles such as apoptotic bodies. Exosomes were isolated from the culture media of GBM cells, treated with vehicle (DMSO) or with TMZ (induced resistant cells). The latter was achieved with 200 μM TMZ for 72 h, as described (Munoz et al., 2014a). Due to the endosomal origin of exosomes, they were characterized for two tetraspanin proteins, CD63 and CD81. Western blot showed bands for CD63 and CD81 with a relatively light band for vehicle-treated U87-derived exosomes (Figure 1A). A second set of analyses used metallic microbeads with bound anti-CD63 to capture all exosomes (Figure 1B, top). The exosomes were detected by double labeling with anti-CD63-FITC and anti-CD81-APC. Flow cytometric analyses indicated expressions of CD63 and CD81, although with varied fluorescence intensities (Figure 1B, lower panels). The size of exosomes were analyzed by NTA, which showed a narrow histogram with average size of 100 nm, indicating homogeneity of the exosome size (Figure 1C; Beach et al., 2014).
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FIGURE 1. miRNA profile in TMZ resistant GBM cells (U87 and T98G). (A) Exosomes were collected from vehicle- and TMZ-treated GBM cells and then analyzed for CD63 and CD81 by western blot. The membrane was stripped and reprobed for β-actin. (B) The carton (top) demonstrates how exosomes were immunoprecipitated with microbeads conjugated to anti-CD63. The microbeads were incubated with exosomes from vehicle- or TMZ-resistant GBM cells. After this, the beads were incubated with anti-CD81-PE and anti-CD63-FITC. Control beads were incubated with isotype control. The beads were analyzed by flow cytometry: red, negative/isotype control, blue untreated, yellow TMZ-treated). (C) Additional analyses of the exosomes were done by NTA. A represented histogram is shown demonstrating the average size of 100 nm. (D) The miRNAs from the arrays in TMZ-resistant cells and naïve (untreated and vehicle treatment) GBM cells. The results are presented as 2ΔCT (n = 3, ±SD).



Selected miRNAs in TMZ-Resistant Exosomes

Next, we asked if the contents of exosomes might begin to explain the cyclin state of GBM resistance. We compared the exosomal miRNAs from TMZ-resistant U87 and T98G cells with vehicle (DMSO)- treatment using a PCR-based array with 95 miRNAs linked to cell cycle. We selected those that showed an absolute increase from vehicle for each cell line. Next, we narrowed the selection for those that showed consistency in both cells lines. This resulted in five miRNAs (miR-19b, 23a, 93, 193b, and 373) (Figure 1D). The left bar was included to show that these five miRNAs were undetected in the untreated and vehicle-treated GBM cells (#ND = not detected).

We next validated the array studies by real-time PCR using RNA from naïve (untreated and vehicle treatment) and TMZ-resistant U87 and T98G cells. The resistant cells were acquired by treating with 200 μM TMZ for 72 h. In addition to the five miRNAs shown in Figure 2A, we also included miR23b. The values obtained with exosomes from vehicle and untreated GBM cells were similar and were arbitrarily assigned values of 1. The changes in miRNAs from TMZ-resistant exosomes were presented as fold change over vehicle/untreated exosomes. MiR-19b, 23a/b, 93, 193b, and 373 expressions ranged between 2 and 8 folds (Figure 2A). Based on these results, we experimentally assigned these miRNAs as the signature profile for TMZ-resistant GBM cells.
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FIGURE 2. Validation of miRNAs from TMZ-resistant GBM cells and identifying the target. (A) Real time PCR was performed for the miRNAs shown to be increased in array studies (Figure 1D). Real-time PCR for miR-19, -23a/b, -93, -193 and -373 was performed with RNA from vehicle-treated and TMZ-resistant U87 and T98G cells. The values for vehicle were assigned 1 to calculate fold changes in the TMZ-resistant GBM cells (n = 4 ± SD). (B) Real time PCR was performed for the miRNAs studied in “A” using RNA from low-passage BT164 (TMZ resistant) and BT145 (TMZ naïve). The results are presented as the ratio of normalized Ct values of BT164/BT145 (n = 4, ±SD). ND = none detected. (C) Ingenuity® miRNA analyses identified specific miRNAs as targets for CCND1 (Cyclin D1). (D) The miRNAs, identified in “C,” are shown for predictive binding sites on the 3′UTR of cyclin D1 (CCND1).



Narrowing the Signature miRNA Profile in Early Passage Primary GBM Cells

U87 and T98G cells were long-term passaged cells that were artificially established as chemoresistance GBM cells. We therefore asked whether the identified profile of miRNA was similar to low-passage GBM cells from patients. We used two primary cells that were established as neurospheres from GBM patients. These cell lines were previously described (Munoz et al., 2014a). BT145 was derived from a patient that never received TMZ therapy and BT164, from a patient refractory to TMZ treatment. Both cell lines retained similar properties in culture with regard to TMZ sensitivity.

RNA from neurosphere cultures (BT145 and BT164) were analyzed by TaqMan® qPCR for miR-19b, 23a/b, 93, 193b, and 373. The results showed >2 fold increases in miR-93b, 193 and 373 in BT164 cells (TMZ resistant) as compared to BT145 cells (TMZ sensitive) (Figure 2B). MiR-19 was <2 fold in BT164/BT145 cells. MiR-23a and MiR-23b were undetected in both cell lines. Based on these results, further analyses on TMZ resistance focused on miR-93b, 193 and 373.

Predicted Function for miR-93b, 193 and 373

We used Ingenuity® miRNA target analyses from reports in the literature and identified miR-19, 23a/b, 93b, 193 and 373 as individual target of CCND1 (Cyclin D1) (Figure 2C; Supplementary Material). We therefore mapped these miRNAs on the CCND1 3′ UTR of Cyclin D1 (CCND1) using TargetScan®. The analyses revealed a cluster of miR-93 and miR-193 in the 3′ UTR of CCND1 (Figure 2D). We next examined previous information from >500 Agilent arrays from The Cancer Genome Atlas (TCGA) and also noted increases in miR-93b and miR-193 (Munoz et al., 2014a). Based on these we narrowed the number of miRNAs to -93 and -193 in further studies.

Decreased Cyclin D1 in TMZ-Resistant GBM Cells

The results shown in Figure 2 predicted miR-23, -93 and 193 as targets of Cyclin D1. However, we did not pursue studies on miR-23 since it was not detected in primary resistant GBM spheres. First, we studied the expression of Cyclin D1 in vehicle and TMZ-resistant GBM cells by real-time PCR and western blot. Real time PCR showed a significant (p < 0.05) reduction in Cyclin D1 mRNA in TMZ-treated cells (Figure 3A). Western blots also showed a significant (p < 0.05) reduction in Cyclin D1 in the TMZ-resistant GBM cells as compared to untreated/naïve GBM cells (Figure 3B, normalized densities in lower panel). In summary, the results showed decreased expression of Cyclin D1 in TMZ-resistant GBM cells.
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FIGURE 3. Decrease in Cyclin D1 in TMZ resistant GBM cells and cycling quiescence. (A) Real time PCR was performed with RNA from vehicle- and TMZ-treated U87 and T98G for Cyclin D1 mRNA. The normalized values for vehicle treatment are assigned 1 and the treated cells are presented as fold change (±SD, n = 4). (B) Western blots were performed with cell extracts from vehicle and TMZ-treated U87 and T98G for Cyclin D1. The blot was stripped and reprobed for β-actin. The normalized band densities are presented as the mean ± SD of three different experiments. (C) U87 and T98G cells were labeled with 7-AAD in three independent experiments. The figure shows representative histograms. ∗ p < 0.05 vs. vehicle treatment.



Cell Cycle Analyses of Naïve and TMZ-Resistant GBM Cells

The decrease in Cyclin D1 at the levels of mRNA and protein did not indicate function. We therefore performed cell cycle analyses using Propidium Iodide (PI) DNA labeling. Vehicle-treated U87 showed 57.3% cycling (G2+S+M), which was reduced to 14.4% in the TMZ-resistant cells (Figure 3C). Vehicle-treated T98G cells showed 48.3% cycling cells (G2+S+M), which was reduced to 32.9% in the TMZ-resistant cells. Since TMZ generally resulted in cells in G2 phase of the cell cycle, we repeated the cell cycle analyses with 7-AAD labeling. In three independent experiments, the percentages of cells in G2 phase of the cell cycle after TMZ treatment doubled as compared to vehicle (Figure 3C). In summary, the results indicated a correlation between TMZ resistant with reduced expression of Cyclin D1.

Dicer1 Knockdown in TMZ Resistant GBM Cells Prevented a Decrease in Cyclin D1

The studies shown in Figure 3 did not prove that the miRNAs were involved in the reduction of Cyclin D or even cycling quiescence. Prior to studies on the specific miRNAs, we first asked if miRNAs are involved in cycling quiescence of TMZ resistant GBM cells. This was addressed by knockdown of Dicer, which is a type III RNase and a key enzyme in the maturation of miRNAs (Adams and Eischen, 2014; van den Beucken et al., 2014). We established resistant GBM cells in which Dicer 1 was knocked down, as previously described (Munoz et al., 2014a). U87 and T98G cells were transfected with control oligonucleotides or Dicer-targeting siRNA and then treated with 200 μM TMZ for 72 h.

Real time PCR for cyclin D1 indicated ∼2-fold increase in the Dicer1 knockdown/TMZ-resistant U87 and T98G cells over control siRNA (Figure 4A). The values for control Dicer siRNA were normalized to 1 (Figure 4A). Western blot for Cyclin D1 indicated a significant (p < 0.05) increase (∼3 fold) in band densities in the knockdown/TMZ-resistant GBM cells, as compared to control siRNA (Figure 4B). Since dicer is needed for maturation of pre-miRs, its knockdown supported a role for miRNA in controlling the expression/decease of Cyclin D1 in TMZ-resistant GBM cells.
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FIGURE 4. Cyclin D1 in TMZ-resistant, Dicer knockdown GBM cells. U87 and T98G cells were transfected with Dicer siRNA or control siRNA. After this, the cells were treated with 200 μM TMZ for 72 h and then analyzed for Cyclin D1 mRNA by real time PCR (A) and western blot (B). Normalized band densities for three western blots (±SD) are shown in the graph of “A.” ∗p < 0.05 vs. control siRNA.



Pre-miR-93 and -193 Reduced Cyclin D1 in GBM Cells

MiR-93 and -193 were increased in exosomes from TMZ-resistant cell lines and in resistant GBM spheres from a patient (short-term passage cells) (Figure 2). Furthermore, miR-93 and -193 were also increased in primary GBM tissues, based on the data deposited in TCGA [13]. Since TMZ led to a decrease in cycling cells (Figure 3C), and Dicer knockdown caused an increase in the levels of Cyclin D1 (Figure 4), we asked if miR-93 and -193 could decrease the expression of cyclin D1 in U87 and T98G cells.

U87 and T98G cells were transfected with control precursor (pre)-miR, pre-miR-93 or pre-miR-193. Real-time PCR validated the efficiency of transfection, as indicated by >500-fold increase of the transfected pre-miRNAs over control pre-miRs, whose values were assigned 1 (Figure 5A). Real time PCR for Cyclin D1 indicated a significant (p < 0.05) decrease in Cyclin D1 mRNA in the pre-miR-93 and pre-miR-193 transfectants (Figure 5B).
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FIGURE 5. Cyclin D1 expression in miR-93/-193 GBM transfectants treated with TMZ. (A) Real time PCR for control miR, miR-93 and miR193 with RNA from U87 and T98G, transfected with the respective pre-miRs. The results are presented as the mean (±SD, n = 3) fold change of control. The controls for both primers are set at values of 1. (B) The transfectants in “A” were studied for cyclin D1 and the results are presented as mean fold change (±SD, n = 3) over the transfectants with control pre-miR. The control pre-miR was assigned values of 1. (C) The transfectants in “A” were treated with 200 μM TMZ. After 72 h, the viable cells were studied for Cyclin D1. An additional control with untransfected cells was included in the blot. The mean (±SD, n = 3) normalized band densities are shown in the graphs. ∗ p < 0.05 vs. control miR.



Next, we investigated if pre-miR-93 and pre-miR-193 can decrease Cyclin D1 protein in the TMZ-treated GBM cells by western blots. U87 and T98G were transfected with pre-miR-93, pre-miR-193, control pre-miR or untransfected. After this, the cells were treated with 200 μM TMZ for 72 h. The cell extracts were then studied for Cyclin D1. As compared to untransfected and cells transfected with control miRNA, there was a significant (p < 0.05) decrease in Cyclin D1 protein in the pre-miR-93 and pre-miR-193 transfectants (Figure 5C, normalized band densities shown below for three independent experiments). In summary, this section showed pre-miR-93 and -193 as mediators of cyclin D1 expression.

MiR-93 and -193 Enhanced TMZ-Mediated Cycling Quiescence of GBM Cells

TMZ treatment increased miR-93 and -193 levels with concomitant decrease in the cycling of GBM cells (Figures 2, 3). Also, transfection with miR-93 and -193 decreased Cyclin D1 (Figure 5). We therefore asked if miR-93 and -193 can decrease GBM cell cycle, and whether this can be enhanced by TMZ.

U87 and T98G cells were transfected with pre-miR-93, pre-miR-193 or control pre-miRNA, and then treated with vehicle or 200 μM TMZ. At 72 h, the cells were studied for cycling phase by PI or 7-AAD labeling. Vehicle-treated U87 cells, transfected with control pre-miRNA showed 15.3% cells in cycling phase (G2+S+M), which was increased to 56.6% by TMZ, indicating arrest (Figure 6A). Transfection with pre-miR-93 led to a change in 59.1 to 13.7% cycling with TMZ (Figure 6C, left panels). Similar studies with pre-miR-193 reduced cell cycling from 41.7 to 11.1% following TMZ treatment (Figure 6C, right panels).
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FIGURE 6. Cell cycle phase of TMZ-treated GBM cells, transfected with pre-miRs. U87 (A and C) and T98G (B and D) cells were transfected with control pre-miRs, pre-miR-93 or pre-miR-193. The cells were treated with vehicle or 200 μM TMZ. After 72 h the cells were analyzed for cell cycle by propidium iodide (miR-93 and -193) treatment and 7-AAD for control miR. The results represent three independent experiments.



Studies with T98G showed similar changes with regards to cell cycle. Vehicle-treated T98G cells, transfected with control pre-miRNA, showed 19.4% cycling (G2+S+M), which was increased to 58% by TMZ treatment (Figure 6B). Vehicle-treated pre-miR-93 transfectants resulted in 41.8% cycling cells and this was reduced to 12.9% by TMZ (Figure 6D, left panels). Similarly, pre-miR-193 with vehicle showed 43.2% and decrease to 11% cycling in TMZ-treated cells (Figure 6D, right panels). In summary, in the presence of TMZ, miR-93 and -193 independently enhanced cell cycle quiescence of GBM cells.

MiR-93 and miR-193 Induced Chemoresistance in GBM Cells

Thus far, we showed miR-93 and -193 could enhance cell cycle quiescence in GBM cells and this correlated with a decrease in Cyclin D1 (Figures 5, 6). In this set of studies, we asked if the increases in miR-93 and -193 could contribute to TMZ resistance. To address this question, we studied the cells for total and cleaved caspase 3. U87 and T98G were untransfected or transfected with control pre-miR, miR-93 or miR-193. The cells were treated with 200 μM TMZ for 72 h or with vehicle. Cell lysates were analyzed for total and cleaved caspase 3 by western blot. The percent caspase 3 activity was calculated as the band densities of cleaved caspase 3/(cleaved + total caspase 3).

Treatment of untransfected GBM cells with TMZ showed intense caspase activity and this was comparable to control pre-miR (Figure 7A, two left diagonal bars). Parallel studies with pre-miR-93 and -193 transfectants showed marked decrease in band densities (Figure 7A, two right diagonal bars). This decrease was not noted for vehicle-treated cells (Figure 7B, open bars).
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FIGURE 7. Active caspase 3 in TMZ and pre-miR-93 and -193 transfected GBM cells. (A) U87 and T98G cells were untransfected for transfected with control pre-miR, pre-miR-93 or -193. The cells were treated with vehicle or 200 μM TMZ for 72 h. Whole cell extracts were analyzed in western blots for total caspase 3 and cleaved caspase 3. The normalized band densities were presented as the % caspase activity ((cleaved caspase/total + cleaved caspase) × 100%) (lower graphs). (B) U87 and T98G were transfected with control pre-miR, pre-miR-93 or -193. The cells were treated with vehicle or 200 M TMZ for 72 h. The cells were labeled intracellularly for cleaved caspase 3 (open histogram) and total caspase (solid histogram).



Next, caspase 3 activity was studied by fluorescent DEVD (Caspase cleavage sequence). The analyses used the Vybrant® FAMTM caspase-3 and -7 assay. GBM cells were transfected with control pre-miR, pre-miR-93 or pre-miR-193 and then treated with 200 μM TMZ. After 72 h, the cells were analyzed by flow cytometry. The results showed reduced caspase 3 activity in U87 and T98G cells, transfected with pre-miR-93 and -193 and treated with TMZ (green histogram) as compared to vehicle (solid purple histogram) (Figure 7B). Taken together, the two approaches used to study caspase activity in GBM cells transfected with miR-93 and miR-193 indicated induced TMZ resistance.



DISCUSSION

GBM has continued to present with a poor prognosis for patients despite surgical intervention, chemo- and radiotherapy. Resistance to chemotherapy occurs uniformly and the mechanisms underlying this resistance are an area of extensive research (Spinelli et al., 2012). Yet, no therapies circumventing TMZ resistance have progressed to clinical therapy and improved patient outcome. This may be partially due to the diverse and numerous mechanisms employed by GBM cells to resist TMZ therapy. We have previously described three mechanisms of resistance in GBM cells treated with TMZ, increased intracellular communication (Munoz et al., 2014a), miRNA regulation of Sonic Hedgehog signaling (Munoz et al., 2014a), and EGFR regulation of the MDR1 gene (Munoz et al., 2014a). This study analyzed the changes in the miRNA content of exosomes from TMZ resistant GBM cells and then determine how this regulated Cyclin D1. These findings reveal yet another mechanism by which GBM cells resist TMZ, similar to another report (Chen et al., 2016).

Recently exosomes have become an important area of research (Beach et al., 2014). Exosomes serve as a functional method of contact-independent communication between cells and can function as a tool for cellular-based therapy (Munoz et al., 2013). Thus, we isolated exosomal miRNA from vehicle and TMZ- treated GBM cells. A miRNA array was then performed and validated with both whole cell RNA samples and neurosphere lines derived from TMZ-sensitive and –resistant patient samples (Figure 1). At that time four miRNAs were identified as solely present in TMZ resistant cells (Figure 2). When compared to data from TCGA, miR-93 and -193 were upregulated in >500 TCGA samples. Interestingly, miR-93 has been shown to regulate AKT signaling in Cisplatin-resistant Ovarian Cancer cells (Fu et al., 2012) and miR-193 has been shown to be upregulated in TMZ- resistant GBM cells, but no target has been identified (Hiddingh et al., 2014). Also, similar to our findings, miR-93 have been shown to promote the malignancy of GBM partly via TMZ resistance (Chen et al., 2016). This was an interesting report as it confirms our findings shown a link between miR-93 and Cyclin D.

miRNA Pathway analyses with Ingenuity® revealed published data showing regulation of Cyclin D1 by miR-93 and miR-193 (Chen et al., 2010; Yu et al., 2011). We then looked at expression of Cyclin D1 RNA and protein in TMZ treated GBM cells and noted a significant (p < 0.05) reduction in its expression as compared to vehicle (DMSO)-treated cells (Figures 3A,B). Cell cycle analyses by flow cytometry also showed retention of the cells in G1/0 phase following TMZ exposure (Figure 3C). miRNA biosynthesis requires cleavage by the RNase type III, Dicer1. To evaluate a role for miRNA regulation of Cyclin D1, Dicer1 was knocked down by targeting siRNA. Dicer1 knockdown restored Cyclin D1 expression in TMZ treated cells, indicating a role for miRNA in the cycling quiescence of TMZ-treated GBM cells. Dicer1 knockdown has also been shown to increase GBM sensitivity to TMZ (Munoz et al., 2014a). We then transfected GBM cells with precursor miRNA-93 and -193 and this caused resulted in a significant (p < 0.05) decrease in Cyclin D1 with concomitant cycling quiescence (Figures 5C, 6). These two miRNAs also protected the GBM cells from cell death, despite the presence of TMZ (Figure 7A). Taken together, these experiments showed a role for miRNA in the regulation of Cyclin D1 in TMZ-exposed GBM cells.

miRNAs have become an area of research with great potential. miRNA not only regulate important cellular processes, but also offer an avenue of therapeutic intervention (Shibata et al., 2015). This study shows how two miRNAs, working in concert, to target Cyclin D1 to induce cycling quiescence of GBM cells. Cellular proliferation is a hallmark trait of cancer; yet, cancers cells have shown reduction of cell cycle progression as a method to evade chemotherapies depending on DNA synthesis such as alkylating agents (Miwa et al., 2015). Thus, the findings in this paper allow for the development of miRNA targeting therapy as an option to overcome this mechanism of TMZ resistance in GBM, a malignancy known to show uniform resistant to TMZ and poor patient outcome. Non-coding RNA such as miRNA can be used in clinical application via several methods. They can be expressed in mesenchymal stem cells for delivery to the tumor as exosomes. Additionally, they can be packaged into nanoparticle or even in microvesicles. The limitation of this paper is the omission of in vivo studies, which will be corrected in ongoing research.
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Background: Glioblastoma (GBM) is the most aggressive primary brain tumor in adults and is associated with a median overall survival (mOS) of 16–21 months. Our previous work found a negative association between advanced aging and the survival benefit after treatment with immunotherapy in an experimental brain tumor model. Given the recent phase III clinical success of immunotherapy in patients with many types of cancer, but not for patients with GBM, we hypothesize that aging enhances immunosuppression in the brain and contributes to the lack of efficacy for immunotherapy to improve mOS in patients with malignant glioma. Herein, we compare epidemiological data for the incidence and mortality of patients with central nervous system (CNS) cancers, in addition to immune-related gene expression in the normal human brain, as well as peripheral blood immunological changes across the adult lifespan.

Methods: Data were extracted from the National Cancer Institute’s surveillance, epidemiology, and end results (SEER)-, the Broad Institute’s Genotype Tissue Expression project (GTEx)-, and the University of California San Francisco’s 10k Immunomes-databases and analyzed for associations with aging.

Results: The proportion of elderly individuals, defined as ≥65 years of age, has predominantly increased for more than 100 years in the United States. Over time, the rise in elderly United States citizens has correlated with an increased incidence and mortality rate associated with primary brain and other CNS cancer. With advanced aging, human mRNA expression for factors associated with immunoregulation including immunosuppressive indoleamine 2,3 dioxygenase 1 (IDO) and programmed death-ligand 1 (PD-L1), as well as the dendritic cell surface marker, CD11c, increase in the brain of normal human subjects, coincident with increased circulating immunosuppressive Tregs and decreased cytolytic CD8+ T cells in the peripheral blood. Strikingly, these changes are maximally pronounced in the 60–69 year old group; consistent with the median age of a diagnosis for GBM.

Conclusion: These data demonstrate a significant association between normal human aging and increased immunosuppression in the circulation and CNS; particularly late in life. Our data raise several hypotheses including that, aging: (i) progressively suppresses normal immunosurveillance and thereby contributes to GBM cell initiation and/or outgrowth; (ii) decreases immunotherapeutic efficacy against malignant glioma.

Keywords: aging, biomarker, IDO, immunosuppression, PD-L1, immunotherapy, Treg, IDH


INTRODUCTION

Glioblastoma (GBM) is the most common primary malignant brain tumor in adults. Despite the aggressive standard of care regimen that includes maximal surgical resection followed by radiation therapy and chemotherapy with temozolomide, and more recently tumor treating fields, the median overall survival (mOS) remains at 16–21 months post-diagnosis, with just 43% of patients surviving for 2 years post-diagnosis (Stupp et al., 2005, 2009, 2017; Johnson and O’Neill, 2012). A major factor contributing to the poor GBM patient prognosis is the potent immunosuppression, found systemically and locally in the brain tumor microenvironment (Chongsathidkiet et al., 2018). High intratumoral expression of immunosuppressive mediators including programmed cell death protein-1 (PD-1) and indoleamine 2,3 dioxygenase 1 (IDO), is prognostic for decreased GBM patient survival (Wainwright et al., 2012; Nduom et al., 2016; Zhai et al., 2017). Immune checkpoint inhibitor treatment has demonstrated a survival benefit in patients with non-small cell lung carcinoma (Antonia et al., 2016), renal cell cancer (Motzer et al., 2015), end-stage melanoma (Larkin et al., 2015), and other aggressive malignancies arising outside of the central nervous system (CNS). In contrast, this benefit has yet to translate into patients with GBM in phase III clinical trials to-date (Bristol-Myers Squibb, 2017; Filley et al., 2017).

Age is one of the primary risk factors for cancer, with individuals ≥65 years of age accounting for 60% of newly diagnosed malignancies and 70% of all cancer-related deaths (Ries et al., 2006). A similar report highlighted an age adjusted cancer mortality rate for persons ≥65 at ∼16 times higher than the mortality rate for those <65 (Berger et al., 2006). Care for these individuals is challenging due to the number of diseases elderly subjects are at high risk for, which also raises the likelihood of presenting multiple comorbidities during advanced aging (Yancik et al., 1998, 2001). Similarly, the incidence and mortality rate of GBM increases during advanced aging with a median diagnosis at 64 years old (Young et al., 2017). Aging is a complex process that affects nearly all aspects of the immune system (Nikolich-Zugich, 2018). In general, advanced aging decreases immune system effectiveness, as is evidenced in elderly individuals who receive the influenza vaccine (McElhaney and Dutz, 2008). Aging also negatively impacts apoptotic cell clearance (Aprahamian et al., 2008), the numbers of naïve T cells (Cambier, 2005), and the wound healing response (Wick et al., 2010). T cell senescence increases with progressive aging through the induction of p16 (Liu et al., 2009). Aging also affects T cell receptor (TCR) signaling in CD4+ T cells, due in part to decreased miR-181a; a microRNA highly expressed in normal T cells (Adachi and Davis, 2011; Li et al., 2012; Chen et al., 2013). Both aged mice (Rossi et al., 2005) and human (Pang et al., 2011) hematopoietic stem cells (HSC) possess a myeloid-biased differentiation potential as compared with HSC from young subjects. Moreover, macrophages from donor subjects with advanced age possess decreased capacity for antigen presentation as compared to young donors (Davila et al., 1990; Gon et al., 1996). Neuro-immune interactions are also affected by aging in the brain (Carson et al., 2006) that include a significant upregulation of MHCII and CD11b on microglia (Rogers et al., 1988; Perry et al., 1993), as well as an accumulation of brain-resident dendritic cells (Bulloch et al., 2008; D’Agostino et al., 2012; Kaunzner et al., 2012). However, it is not yet clear as to whether aging possesses a distinct impact on immunosuppressive gene expression across select tissues that contribute to a microenvironment permissive for oncogenesis, tumor progression, and/or resistance to immunoregulatory-based therapies.

Our laboratory previously demonstrated a negative impact of advanced age on the survival of animals engrafted with syngeneic experimental brain tumors (Ladomersky et al., 2016). C57BL/6 mice intracranially injected with murine GL261 glioma cells at 72–74 weeks old, which is similar in humans to a time frame associated with the median age of a GBM patient diagnosis (Fox et al., 2007; Dutta and Sengupta, 2016), have a decreased mOS as compared to animal subjects with an age of 6–8 weeks old (27.5 and 21.5 days, respectively, P = 0.029, n = 10–12/group); the latter of which is similar in age to a human teenager. The negative impact of advanced aging was coincident with increased immunosuppressive IDO1 gene expression in the normal, non-malignant mouse brain. More recently, we discovered that a substantial proportion of C57BL/6 mice intracranially injected with GL261 at 6–8 weeks of age experience long-term survival when simultaneously treated with radiation (RT), anti-PD-1 mAb, and IDO1 enzyme inhibitor (Ladomersky et al., 2018). The brain tumor survival benefit provided by this treatment, however, was negatively affected by animal subjects with advanced age as compared with young subjects (Ladomersky et al., 2018). Importantly, there was no significant difference in tumor infiltrating leukocyte populations between the young and aged subjects within treatment groups. To our knowledge, this is the first preclinical primary brain cancer study to demonstrate a negative impact of aging on survival after treatment with immunotherapy.

Further supporting the hypothesis that, advanced aging mediates suppression of immune system efficacy against a tumor challenge event, previous work showed that splenocytes isolated from young, but not old immunized subjects, were able to eradicate subcutaneous tumors in mice (Schreiber et al., 2012). Specifically, immunodeficient recombination activating gene knockout mice (Rag−/−) were subcutaneously engrafted 8101 cells arising from mice treated with UV-irradiation, and possessing a somatic mutation in the T cell-recognized antigen RNA helicase, p68. Splenocytes isolated from 5 month old mice and immunized with live 8101 cells, but not those from immunized 29 month old mice, eradicated 8101 cell-based tumors post-adoptive transfer into Rag−/− mice. Interestingly, melanoma patients ≥62 years of age show increased responsiveness to anti-PD-1 mAb treatment as compared with younger human subjects (Kugel et al., 2018). Recapitulating this clinical observation, 10 month old animal subjects, which roughly correlate to the human age of 38–47 years and engrafted with murine BSC9AJ2 melanoma cells, show decreased tumor growth as compared to 2 month old engrafted mice after treatment with anti-PD-1 mAb (Kugel et al., 2018). This highlights an interesting dichotomy suggesting that, the productivity of an anti-tumor immune response during treatment with immunotherapy likely depends on both the cancer type and age of the host. These combined findings may suggest that GBM is an outlier when considering its place in cancer immunology and immunotherapy. Accordingly, we previously found an inverse association between high CD3ε and CD8α gene expression with GBM patient survival (Zhai et al., 2017), which is a diametrically opposite finding as compared with non-small cell lung cancer and melanoma (Zeng et al., 2016; Zhai et al., 2018).

In our current study, we explored the associations between human: (i) aging; (ii) levels of gene expression associated with immunoregulation inside the brain; (iii) immunological changes in the peripheral blood; and (iv) incidence and mortality of patients with primary brain and other CNS tumors. Epidemiological analyses of GBM patient characteristics were compared across the Surveillance, Epidemiology, and End Results (SEER) database, age-dependent gene expression levels of normal human brain from the GTEx database, and age-associated changes in normal human peripheral blood leukocytes from the 10k Immunomes database. Our study confirms the striking observation that the brain cancer mortality rate is actively rising, with a particular enrichment among the elderly population in the United States. The incidence of GBM is 3.4× higher among individuals ≥65 years old, as compared to those <65, while the mortality rate for individuals ≥65 years old with GBM is 7× higher as compared to GBM patients <65. Gene expression levels of immunosuppressive IDO1 increased in the normal human brain and was maximal among individuals aged 60–69 years old. As compared to younger subjects, there was a maximal incidence of circulating immunosuppressive regulatory T cells (Tregs) and a significantly decreased cytolytic CD8+ T cell population among the 60–69 year old age group. Our study found a cumulative peak index for immunosuppressive and/or immunoregulatory mediators during the time frame associated with the median age of a GBM patient diagnosis. These data raise the intriguing possibility that aging suppresses mechanisms of immunosurveillance and responsiveness to immunotherapy, which is associated with the increasing number of elderly patients with brain cancer and the failure of immunotherapy to benefit GBM patients in phase III clinical trials to-date, respectively.



MATERIALS AND METHODS

Data

Life Expectancy Data

Life expectancy data were analyzed from the Center for Disease Control and Prevention. Data were accessed through the National Center for Health Statistics portal1. The filename used was Life expectancy at birth and at age 65, and at age 75, by sex, race, and Hispanic origin: United States, selected years 1900–2016.

Surveillance of Epidemiology and End Results Database (SEER)

All population, incidence, and mortality data from the SEER database were accessed through SEER∗Stat (Version 8.3.52). Population-level data were accessed through a Frequency Session. Variables examined were: (1) Age recode with <1 year olds; and (2) year. Incidence and mortality data were accessed through a Rate Session. Variables examined for incidence include: (1) age recode with <1 year olds; (2) year of diagnosis; (3) histology recode – broad groupings; (4) histology recode – brain groupings; and (5) COD to site recode. The COD to site recode was used to analyze the mortality rate of GBM. Variables examined for mortality include: (1) age recode with <1 year old; (2) year of death; and (3) cause of death recode. All rate data were crude/non-age-adjusted. Data were accessed on 12-05-2018.

NCI 2018 Estimates

Estimated incidence and mortality data were retrieved from the NCI Cancer Stat Facts website3. The top 16 causes of cancer were analyzed for both incidence and mortality. Comparison across the 16 cancers for the mortality to incidence ratio estimate were calculated by dividing the estimated mortality with the estimated incidence in the year 2018. Cost data were accessed through the NCI Cancer Prevalence and Cost of Care Projections website4. Cost per patient was calculated by taking the 2018 estimated total charges for each type of cancer and dividing it by the 2018 estimated incidence of each cancer type.

TCGA

Survival data for GBM patients were analyzed from the cancer genome atlas. The data were accessed using the UCSC Xena portal. Data were accessed on 02-01-2019.

10k Immunomes

Normal human peripheral blood cell data were analyzed from the 10k Immunomes database. The data were accessed through the UCSF portal5. All data analyzed were CyTOF data plotted by age. Data were accessed on 06-22-2018.

GTEx

Gene expression data for normal human tissues were analyzed from the GTEx database. Data were accessed through the dbGaP portal. All data were represented as log-transformed fragments per kilobase of transcript per million mapped reads (FPKM). These data were then plotted by subject age.

Statistical Analysis

10k Immunomes and TCGA expression data are represented as the mean ± SEM. GTEx data are represented by each individual value. The statistical significance of differences in cell counts (CyTOF) and gene expression (log-transformed FPKM) between two groups was determined by Student t-test. Differences among multiple groups were assessed using ANOVA with post-hoc Tukey test. The statistical significance of TCGA survival data was determined by Log-rank test. Data were analyzed using Prism software (GraphPad Software). A P-value less than 0.05 was considered significant.



RESULTS

The Rate of Cancer Incidence Increases With Age

Over the past 40 years in the United States, improved healthcare systems and enhanced awareness of proper nutrition and exercise have led to substantial increases in mean life expectancy, rising from 72.6 years of age in 1975, to 78.8 years of age in 2015 (Figure 1A). Coincident with the increasing life expectancy in the United States, the proportion of elderly (≥65 years) individuals is rising. The elderly age group represented 10.6% of the total population in 1975, and increased to 14.9% in 2015 (Figure 1B). Both the incidence and mortality rates associated with cancer diagnoses are higher among the elderly population as compared to individuals <65 years of age (Figures 1C,D). In the year 1975, the incidence and mortality rate within the elderly population for all malignancies was 1,732/100,000 people and 942/100,000, respectively, whereas in the year 2015, the incidence rate for all malignancies in the elderly population was 1,876/100,000 and the mortality rate was 879/100,000. Compared to the population <65, these incidence and mortality rates were 9.6 and 12.1 times higher, respectively, in 1975, and 7.1 and 13.6 times higher, respectively, in 2015. The slight decrease in mortality rate between 1975 and 2015 is most likely due to improved detection and treatment techniques in select cancers. However, due to the increasing elderly population, the absolute numbers of cancer related mortalities in this population has risen from 214,173 in 1975, to 419,389 in 2015. Together, these data suggest an association between the aging population and an absolute increase of cancer-related deaths in the elderly population of the United States.
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FIGURE 1. Progressive aging is associated with an increased rate of cancer incidence and mortality. (A) Life expectancy from the Center for Disease Control and Prevention (CDC) database for an average lifespan in the United States between the years 1975 and 2015. (B) Population data from the Surveillance, Epidemiology, and Ends Results (SEER) database representing the total number of elderly human subjects (ages ≥65) divided by the total population in the United States for the years 1975, 1995, and 2015. (C) Incidence and (D) mortality rates from the SEER database for all malignancies in the years 1975, 1995, and 2015. Rates are defined as number of cases and deaths, respectively, divided by the population in each age category and multiplied by 100,000 people (per 100,000).



Brain Cancer Diagnoses Pose a Growing Challenge to the United States Healthcare System

Primary brain tumors arising from a transformed cell within the CNS is a relatively rare form of cancer, with the 16th highest rate of incidence among all cancers, and an estimated 23,880 new patient diagnoses in 2018 (Figure 2A). Dwarfing this number is the estimated 266,120 new diagnoses for patients with breast cancer in the year 2018. The overall ratio of estimated breast cancer incidence, as compared with brain cancer, is 11:1. In contrast, the estimated mortality rate for patients diagnosed with CNS cancer is 16,830 in 2018 (Figure 2B), and is 40,920 for individuals diagnosed with breast cancer. The overall ratio of breast cancer-associated mortalities, as compared to mortality due to CNS cancer, is only 2.4:1. Aggressiveness of cancer diagnoses can also be calculated with the mortality-to-incidence ratio (MIR), which is determined by dividing overall mortality with the number of new diagnoses in a given year (Choi et al., 2017). CNS cancer as a group possesses the third highest MIR of 0.70, which is only exceeded by pancreatic and liver cancer, with MIR scores of 0.80 and 0.72, respectively (Figure 2C). Leading all other groups, treatment for CNS cancers is the most costly on a per patient basis, with an average cost estimated to be $225,364 in 2018 (Figure 2D).
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FIGURE 2. Brain and other CNS cancer is associated with a high mortality/incidence ratio and is expensive to treat. The estimated total (A) incidence and (B) mortality rate for the top 16 cancer types according to NCI Cancer Stat Facts. (C) The calculated mortality to incidence ratio (estimated mortality/estimated incidence) for the top 16 cancer sites according to NCI Cancer Stat Facts. The dotted line represents an average across all 16 cancer types. (D) Cost (United States dollars) per patient for each of the top 16 cancer types. Dotted line represents the average for all 16 cancer types. NR, Not reported.



Brain Cancer Incidence/Mortality Is Rising and Enriched in the Elderly

Although there has only been a small change in the incidence and mortality rates of all malignancies (Figures 1C,D) from 1975 to 2015, analysis of incidence data for brain and other CNS cancer shows a different trend (Figure 3A). The incidence rate has increased overall from 5.4/100,000 in 1975, to 7.0/100,000 in 2015. The overall increase, however, is primarily attributable to the elderly population. In 1975 the incidence rate for individuals with brain and other CNS malignancies ≥65 years of age was 14.2/100,000, which increased nearly 37% to 19.4/100,000 in 2015. In that same time span, the incidence rate for those <65 years of age only slightly increased from 4.4/100,000 in 1975 to 5.0/100,000 in 2015. When comparing other malignancy types including breast, pancreatic, and lung, a similar trend of increased incidence was observed. Breast cancer incidence rates increased from 47.4/100,000 to 78.0/100,000 in the total population over the same time span, and from 192.4/100,000 to 242.6/100,000 among the elderly population (Figure 3B). Pancreatic cancer incidence rates rose more slightly, from 9.4/100,000 to 14.5/100,000 in the total population and from 63.3/100,000 to 68.8/100,000 among the elderly over the past 40 years (Figure 3C). The incidence of melanoma increased from 6.8/100,000 to 28.4/100,000 in the total population and from 16.7/100,000 to 97.7/100,000 within the elderly population from 1975 to 2015 (Figure 3D). Overall, more people were diagnosed with malignancies in 2015 as compared with 1975.


[image: image]

FIGURE 3. Incidence rate for brain, breast, pancreatic, and melanoma malignancies over time. Incidence rates for (A) brain and other CNS, (B) breast, (C) pancreatic, and (D) melanoma malignancies analyzed from the SEER database for the years 1975, 1995, and 2015. Rates defined as number of cases divided by the population in each age category multiplied by 100,000 people (per 100,000).



Similar to the increased rate of incidence, the overall mortality rate among individuals with brain and other CNS cancers increased in the total population from 3.8/100,000 in 1975 to 5.1/100,000 in 2015 (Figure 4A) The mortality rate for individuals with brain and other CNS malignancies ≥65 years old was 11.6/100,000 in 1975, and increased by 56% to 18.1/100,000 in 2015. In contrast, the mortality rate for individuals <65 years of age rose slightly from 2.8/100,000 in 1975 to 2.9/100,000 in 2015. The overall mortality rate for individuals with breast cancer decreased from 15.1/100,000 in 1975 to 13.1/100,000 in 2015, and from 66.8/100,000 to 52.9/100,000 among individuals ≥65 years of age during the same time periods, respectively (Figure 4B). The overall mortality rate for individuals with pancreatic cancer rose from 9.0/100,000 to 13/100,000 from 1975 to 2015, but only increased slightly from 56.2/100,000 to 63.0/100,000 among individuals ≥65 years of age during the same time periods, respectively (Figure 4C). The overall mortality rate increased for patients with melanoma from 1.8/100,000 to 2.8/100,000 from 1975 to 2015 and increased from 6.2/100,000 in 1975 to 12.2 in 2015 among individuals ≥65 years of age during the same time periods, respectively (Figure 4D).
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FIGURE 4. Mortality rate for brain, breast, pancreatic, and melanoma malignancies over time. Mortality rates for (A) brain and other CNS, (B) breast, (C) pancreatic, and (D) melanoma malignancies analyzed from the SEER database for the years 1975, 1995, and 2015. Rates defined as number of deaths divided by the population in each age category multiplied by 100,000 people (per 100,000).



When analyzing the MIR as a function of aging, there were differences in trends among the malignancies analyzed. While the overall MIR for individuals with brain cancer increased slightly from 0.70 in 1975 to 0.73 in 2015 (Figure 5A), there is a larger increase from 0.82 in 1975 to 0.93 in 2015 among individuals ≥65. In contrast, the overall MIR for individuals with breast cancer decreased over the same time span from 0.32 in 1975 to 0.17 in 2015 (Figure 5B), with a similar decrease of 0.35 in 1975 to 0.22 in 2015 among individuals ≥65. The overall MIR for individuals with pancreatic cancer was 0.96 in 1975 and slightly decreased to 0.90 in 2015 (Figure 5C), whereas this figure is relatively unchanged within the elderly population at 0.89 in 1975 to 0.90 in 2015. The overall MIR for individuals with melanoma decreased from 0.26 to 0.10 in 2015, and from 0.37 to 0.12 among individuals ≥65, respectively (Figure 5D). Taken together, these data show substantially different trends of aggressiveness, historically and currently, with brain cancer and other CNS cancers demonstrating a substantial increase in overall incidence, mortality, and MIR among the elderly portion of the United States population.


[image: image]

FIGURE 5. Mortality to incidence ratio for brain, breast, pancreatic, and melanoma malignancies over time. The calculated mortality to incidence ratio of (A) brain and other CNS, (B) breast, (C) pancreatic, and (D) melanoma malignancies for each year calculated from SEER incidence and mortality data. Instances where the ratio is over 1.0 are due to the lag time between diagnosis and mortality in GBM and pancreatic cancer.



The Incidence and Mortality of Individuals With GBM Is Progressively Enriched With Aging

Glioblastoma (GBM; grade IV) is the most common primary malignant brain tumor in adults and accounts for 54% of malignant glioma diagnoses (Wen and Kesari, 2008). Among total glioma incidence, the rate of a GBM diagnosis is substantially higher as compared with grade II and grade III glioma (Figure 6A). The rate of a GBM patient diagnosis and mortality is enriched among the elderly population (Figure 6) and the MIR for individuals ≥65 years of age is 1.00.
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FIGURE 6. The incidence and mortality rates for glioblastoma (GBM) patients are enriched among the elderly population. (A) SEER incidence rates (per 100,000) for grade II glioma, grade III glioma, and GBM (grade IV glioma; all left axis) compared to the percent of the total population represented for each age group. Grade II and III glioma incidence rates calculated by SEER were >0.015 (per 100,000) for each age category. (B) The SEER mortality rate for GBM as compared to the percent of the total population represented for each age group. Incidence and mortality data is represented as a summation for the years 2011–2015.



Not only is GBM enriched among the elderly population, but the prognosis for these patients is substantially worse as compared with individuals <65 years of age. We analyzed overall survival and expression data from the cancer genome atlas (TCGA) for individuals with GBM who possessed corresponding patient data, expression data, and a reported IDH status (n = 144). There were only 8 patients within the dataset reporting the presence of mutant IDH (mIDH), all of which were <65 years of age. There is a significantly shorter mOS of 11.3 months among individuals ≥65 years of age as compared with individuals <65 years of age (14.5 months; P = 0.019) (Figure 7A). In contrast, mOS for the eight individuals with mIDH GBM is a striking 27.9 months. Intratumoral gene expression levels for the immunosuppressive enzyme, IDO1, is similar for individuals <65 and ≥65 with wild-type IDH status, and significantly decreased among mIDH GBM (Figures 7B,C) as was previously reported (Zhai et al., 2017). While a majority of individuals with wild-type IDH GBM were diagnosed later in life, 50 percent of individuals with mIDH GBM were diagnosed before the age of 35 (Figure 7D). Not surprisingly, overall survival time decreased with progressively increasing age among individuals with GBM (Figure 7E). Taken together, the data indicate that individuals with a wild-type IDH GBM, which constitute the majority of new diagnoses, possess substantial comorbidity with advanced aging.
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FIGURE 7. Prognosis is worse for individuals with GBM ≥65. Analysis of GBM data for individuals with corresponding patient data, gene expression (HiSeq) data, and a reported mIDH1/2 status from the TCGA. (A) Survival data of individuals with wild-type IDH1/2 <65 (n = 84), ≥65 (n = 52), and those with mIDH1/2 (n = 8). IDO1 gene expression (B) dot plot and (C) bar graph of individuals with wild-type IDH1/2 <65 (blue), ≥65 (red), and those with mIDH1/2 (green). (D) The percentage of GBM diagnoses within each age category for individuals with wtIDH1/2 (blue) and mIDH1/2 (green). (E) Survival time in days of individuals diagnosed in each age category. ∗P < 0.05.



The Median Age of a GBM Patient Diagnosis Is Coincident With Enhanced Global Immunosuppression

Although GBM is generally considered as a disease initiated by genetic mutations, it may also arise due to immunological dysfunction (Shurin, 2012); although it is not clear which event(s) precede(s) the other in contributing to GBM cell initiation/outgrowth. While immunosuppression is routinely analyzed in GBM patients following a diagnosis (Beatty and Gladney, 2015), few studies have prospectively investigated the correlation between progressive aging and the level of immunosuppression in human subjects. With the hypothesis that the suppression of the normal immune system contributes to the microenvironment necessary to facilitate GBM cell initiation, the 10k Immunomes database was profiled for immune system status among healthy human subjects. There were substantial changes in the peripheral immune system associated with aging. While there were no noticeable trends among total lymphocytes (Figure 8A) and CD19+ B cell (Figure 8B) levels, analysis of T cell subpopulations revealed an interesting phenotypic trend. As demonstrated in Figure 8C, CD4+ T cell levels are maximal in the 60–69 age range. Drilling down into the CD4+ T cell subset revealed that the maximal increase was primarily attributable to the increase of immunosuppressive regulatory T cells (Tregs; CD3+CD4+FoxP3+) within the same 60–69 age group (Figure 8D). Strikingly, the cytotoxic CD8+ T cells coincidently decreased with progressive aging (Figure 8E). Since a high CD8+ T/Treg ratio is associated with improved overall survival, (Yue et al., 2014; Shang et al., 2015) and because there is a decreased CD8+ T/Treg ratio during advanced aging of normal human healthy individuals that is maximal in the 60–69 age group, the data collectively demonstrate a trend for increased immunosuppression in the peripheral blood coincident with the median age of a GBM patient diagnosis.
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FIGURE 8. The peripheral blood CD8+ T/Treg ratio decreases with progressive aging in healthy human subjects. 10k immunomes CyTOF data from the peripheral blood of healthy patients analyzed for (A) total lymphocytes, (B) B cells, (C) CD4+ T cells, (D) CD8+ T cells, (E) Tregs (CD4+CD25+FoxP3+), and (F) CD8+ T/Treg ratio. Data was analyzed among age groups including 20–29 (n = 110), 30–39 (n = 14), 40–49 (n = 76), 50–59 (n = 78), 60–69 (n = 72), 70–79 (n = 57), 80+ (n = 127). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001.



We previously demonstrated that immunosuppressive IDO1 is significantly increased in the normal healthy brain of 72–74 week old mice as compared with young 6–8 week old counterparts; independent of tumor burden (Ladomersky et al., 2016, 2018). To determine whether this observation is generalizable to humans, RNA-sequencing data from the GTEx database was analyzed for mRNA expression levels of established immunoregulatory genes in normal human brain (Figure 9A). Similar to our analysis of increased IDO1 expression levels in the brain of mice during advanced aging, IDO1 is also increased in the normal human brain among the 60–69 age group as compared to human subjects in the 50–59 age group (P = 0.02; Figure 9A; Supplementary Figure S1). Although this trend remained when comparing the 60–69 age group to other age cohorts, it did not achieve statistical significance due to insufficient human samples for comparison. Similar to increased IDO1 mRNA expression, gene expression for immunosuppressive PD-L1 was also highest in the 60–69 year old age group as compared with the 20–29 year old age group (P = 0.01). Unexpectedly, CD11c mRNA levels, a marker traditionally associated with immune sentinel dendritic cells, was also increased in the 60–69 age group as compared with human subjects in the 50–59 age group (P = 0.02; Figure 9A). Interestingly, samples containing the highest IDO1 gene expression (Figure 9A; green) also showed high PD-L1 and CD11c levels, possibly suggesting an immunosuppressive phenotype with dendritic cell accumulation in those samples. In contrast to the enrichment of select immunosuppressive factors significantly increased in the normal human brain, IDO1 mRNA levels do not significantly change in pancreatic, skin, or thyroid tissues across age groups (Figure 9B; Supplementary Figure S2), nor any other human tissue analyzable in the GTEx database. Collectively, these data confirm that systemic and brain-specific immunoregulatory factors favoring immunosuppression are maximal during the time frame associated with the median age of a GBM patient diagnosis.
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FIGURE 9. Gene expression for immunosuppressive and immunoregulatory factors increase in the normal human brain with aging. (A) GTEx gene expression analysis of IDO1, TDO2, CD3ε, PD-L1, CTLA-4, and CD11c in the brain. Data was analyzed among age groups including 20–29 (n = 38), 30–39 (n = 19), 40–49 (n = 123), 50–59 (n = 386), 60–69 (n = 549), 70–79 (n = 37). Green circles across gene panels share the same sample IDs. (B) GTEx gene expression analysis of IDO1 in the normal human pancreas (n = 167), skin (n = 812), and thyroid (n = 280). ∗P < 0.05.





DISCUSSION

The Director of the National Cancer Institute, Dr. Normal E. Sharpless, M.D., formerly an investigator within the National Institute of Aging, has highlighted the importance of the relationship between cancer and aging (Sharpless, 2018). Cancer is a disease enriched among the elderly and is often associated with deficits in normal immunosurveillance (Dunn et al., 2004; Zhong et al., 2016). Aging is associated with progressive immunological changes throughout the body, including involution of the thymus, a critical site for pre-T cell education and development into mature naïve T cells, a shift of the circulating T cell repertoire from a naïve to memory phenotype, an absolute decrease in the number of naïve T and B cells, a reduction in cytokine signaling, and reduced uptake of antigens and/or microbes by dendritic cells. To further understand the immunological changes that occur during aging, and whether these differences provide for preventative or therapeutic applications to individuals that will be diagnosed with malignant primary brain cancer, we comprehensively studied multiple bioinformatic database repositories for aging-related associations between GBM patient incidence and mortality, changes in the peripheral immune response of normal healthy human subjects, and gene expression throughout the normal healthy human body for immunoregulatory factors. Accordingly, the scientific premise of our investigation aimed to identify meaningful relationships between the ages of a GBM patient diagnosis, with differences in the immune system that are potentially therapeutically targetable.

During our investigation, we discovered that the United States rate of incidence and mortality for brain and other CNS malignancies has been rising over the past 40 years, and due to its enrichment among the elderly population, may reflect the increased number of individuals that have a higher propensity for brain cancer diagnoses as compared with younger subjects (Figures 1, 3, 4, 5). This differs from the trend for all malignancies, where the incidence and mortality rates decline between the years 1995 and 2015 (Figures 1C,D). This may be due to an increase in the number of effective therapies for treating other types of cancer, as well as improved prevention and detection techniques for high incidence malignancies including breast cancer and melanoma. According to a 2018 projection by the NCI (see text footnote 3), brain and other CNS malignancies have the third highest mortality:incidence (MIR) ratio when comparing across major cancer subtypes, which reflects a high degree of aggressiveness. Strikingly, brain cancer and other CNS malignancies were predicted to be the most expensive cancer on a per patient basis in the year 2018 (Figure 2). Further investigation of glioma incidence data revealed that GBM diagnoses are highly enriched among the elderly. When the mortality data was accounted for, the MIR for individuals with GBM between the years 2011–2015 was 1.00 (Figure 6). Analysis of TCGA data revealed that not only are the elderly at a higher risk for GBM, but this cohort of individuals also have a significantly worse prognosis when diagnosed with GBM (Figure 7). Further evaluation revealed a peak GBM patient incidence/mortality rate that corresponded to the maximal levels of immunosuppressive IDO1 and PD-L1 mRNA expression in the CNS, as well as immunosuppressive peripheral Treg abundance (Figures 8, 9). Interestingly, the CD4+FoxP3− T cells were less affected by aging (Figure 8). A hypothesis for the increased immunosuppressive markers in the 60–69 age group, but not among even older age groups, is that only a subset of individuals experience this increase. It’s also possible that the transient increase in local immunosuppression synergizes with peripheral mechanisms during a timeframe of substantial hormonal imbalance (i.e., menopause). Interestingly, CD11c mRNA expression also increased in the elderly human brain, which may be associated with the accumulation of brain-resident cells (Bulloch et al., 2008; D’Agostino et al., 2012; Kaunzner et al., 2012).

Since cancer is enriched among the elderly, combined with the increasing size of the population with advanced age (Figures 1A,B), it was surprising to find that not all malignancies had an associated increased mortality rate when comparing data between 1975 and 2015. Several hypotheses may explain the rise in mortality of primary malignant brain cancer as compared to other malignancies including: (i) the lack of effective treatment options for patients diagnosed with incurable brain tumors as compared to therapeutic improvements for non-CNS malignancies; (ii) a steady enrichment in factors that promote the development of more malignant primary brain tumors; (iii) a more aggressive natural history in established primary brain tumors; (iv) an absolute increase in the number of elderly individuals that have a higher chance for developing primary malignant glioma; (v) an increase over time of elderly patients diagnosed with malignant brain tumors due to more aggressive patient work ups providing for a larger pool of individuals contributing to the mortality statistics; or (vi) a combination of all stated potential conferring factors.

The CNS is a potently immunosuppressive and immunospecialized organ, as compared with peripheral tissues (Carson et al., 2006). Through normal human subject gene expression analysis, we found increased immunosuppressive IDO1 in the brain that was maximally enhanced in the 60–69 year old subgroup, which is complementary to our previous work demonstrating increased IDO1 in the normal brain of mice during advanced aging (Ladomersky et al., 2016, 2018). Unexpectedly, IDO1 enzyme activity was not increased in the aged brain, questioning the functionality of the increased brain IDO1 expression. Recent studies in our laboratory and others have hypothesized that the immunosuppressive function of IDO1 may be, in-part, independent of its associated enzyme activity (Pallotta et al., 2011; Wainwright et al., 2012; Zhai et al., 2017). Although additional studies are required to fully understand the relationship between increased human brain IDO1 expression and advanced aging, a hypothesis that currently fits the available data is that IDO1 expression increases CNS immunosuppression through non-enzyme activity. Whether the basal increase of brain IDO1 expression contributes to the microenvironment required for GBM cell initiation is also an intriguing consideration.

Another factor for considering the effects of aging on immunosuppression and GBM onset is the differences between primary, or de novo GBM, and secondary GBM; the latter of which develops from lower grade II or III glioma. Primary GBM represents a majority of all malignant glioma cases (>90%) (Ohgaki and Kleihues, 2007). Primary GBM is routinely associated with mutation of PTEN (Ohgaki et al., 2004), EGFR amplification (Ekstrand et al., 1992), and p16INK4a deletion (Biernat et al., 1997). Secondary GBM, which accounts for <10% of GBM diagnoses, tends to arise in younger individuals and is characterized by the presence of mutated isocitrate dehydrogenase (mIDH) and TP53 (Kohanbash et al., 2017). The median age of diagnosis for patients with a secondary GBM is ∼45 years old (Ohgaki and Kleihues, 2005). The different ages at which primary and secondary GBMs arise may reflect different microenvironmental CNS conditions that contribute to GBM cell initiation. Highlighting this plurality, GBM presenting with a mIDH is often associated with immune cell exclusion and almost totally absent of tumor cell-killing cytolytic CD8+ T cells (Kohanbash et al., 2017). Despite the minimal infiltration of immune cells, the presence of mIDH is associated with a favorable prognosis in GBM, as compared with primary GBM that predominantly contain wild-type IDH (Yan et al., 2009).

Our comprehensive analysis across multiple databases provides a unique perspective for assessing the risk of GBM in the elderly. While the data show interesting trends, a prospective analysis of a large patient cohort is warranted to validate the hypotheticals proposed by our current study. Some of these considerations will be built into an upcoming prospective phase I/II trial evaluating newly diagnosed GBM patients, before and after treatment with standard radiation, nivolumab (anti-PD-1 mAb) and BMS986205 (IDO1 enzyme inhibitor), led by our group. Further analysis of TCGA survival data allows for a valuable comparison of prognostic criteria between elderly and younger individuals, but still does not account for major differences of tumor biology. Future studies aimed at evaluating aging-related mechanisms and increased immunosuppression will allow for a validation of whether there are therapeutically targetable changes that potentially prevent brain tumor incidence and/or enhance the effectiveness of immunotherapeutic treatments.

Taken together, these data suggest that immunosuppressive changes in the brain are affected by processes mediated by aging and may contribute to the significantly increased brain cancer mortality rate enriched within the elderly population. The median age of a GBM diagnosis coincides with an immunosuppressive phenotype in the peripheral blood and inside the brain parenchyma. Potentially, subsets of individuals with altered expression of immunoregulatory genes possess an enhanced risk for developing GBM. A high priority must be placed on determining whether these gene expression changes contribute to tumor cell initiation and/or progression, as well as the ability to detect increases in CNS immunosuppression through a peripheral (i.e., outside of the CNS) biomarker. Further research in this area will not only allow for a better understanding of elderly GBM patient treatment, but also potentially contribute to the ability of identifying individuals at a higher risk for developing the terminal disease.
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Exosomes are nanovesicles produced by a number of different cell types and regarded as important mediators of cell-to-cell communication. Although bronchoalveolar lavage fluid (BALF) has been shown to be involved in the development of tumors, its role in lung cancer (LC) remains unclear. In this article, we systemically studied BALF-derived exosomes in LC. C57BL/6 mice were injected with Lewis lung carcinoma cells and exposed to non-typeable Haemophilus influenza (NTHi) lysate. The analysis showed that the growth of lung tumors in these mice was significantly enhanced compared with the control cohort (only exposure to air). Characterization of the exosomes derived from mouse BALF demonstrated elevated levels of tumor necrosis factor alpha and interleukin-6 in mice exposed to NTHi lysates. Furthermore, abnormal BALF-derived exosomes facilitated the development of LC in vitro and in vivo. The internalization of the BALF-derived exosomes contributed to the development of LC tumors. Collectively, our data demonstrated that exosomes in BALF are a key factor involved in the growth and progression of lung cancer.

Keywords: exosomes, lung cancer, bronchoalveolar lavage fluid, non-typeable Haemophilus influenza, tumor necrosis factor alpha


INTRODUCTION

Lung cancer (LC) is a serious public health problem and a major cause of cancer-related death worldwide. Owing to the difficulties in the early detection of LC, the mortality rate among patients remains high, with a 5-year survival rate of merely 18% after diagnosis (1). Pulmonary adenocarcinoma is the major histological type of lung tumors (2). Emerging evidence indicates that the tumor microenvironment (TME) is closely associated with tumor progression (3). Studies investigating the communication between the TME and tumor cells have mostly been limited to soluble factors produced by inflammatory cells in the TME, which may contribute to the development of cancer (4, 5). A growing body of evidence suggests that exosomes mediate cell-to-cell communication (6, 7), and play an important role in tumor progression and metastasis (8–10).

Exosomes are nanoscale vesicles with a size ranging from 30 nm to 150 nm (11–13). In 1983, Johnstone identified these vesicles termed exosomes in culture supernatant and regarded them as a waste product released by erythrocytes (14). Exosomes are secreted by various living cells, including macrophages (15), dendritic cells (16), B cells (17), platelets (18), and tumor cells (19). In addition, exosomes have been found in body fluids, such as saliva (20), urine (21), breast milk (22), plasma (23), and the bronchoalveolar lavage fluid (BALF) (24). Increasing evidence indicates that exosomes play a key role in disease development in vivo. Recently, research suggested that BALF-derived exosomes may contribute to inflammation by increasing the level of cytokines (such as interleukin-13, interferon-γ) and the production of leukotriene C4 (24, 25). In addition, Edward et al. demonstrated that exosomes found in breast milk at different periods of time can promote the epithelial-mesenchymal transition of breast cancer cells (26). However, the role of BALF-derived exosomes in LC remains poorly understood.

In the present study, we investigated the contribution of BALF-derived exosomes to the progression of LC using in vitro and in vivo models.



MATERIALS AND METHODS


Cell Culture and Reagents

Mouse Lewis lung carcinoma (LLC) cells were purchased from the American Type Culture Collection and cultured in Dulbeccos's modified Eagle's medium (DMEM) (Hyclone Laboratories, Inc., South, UT, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Grand Island, NY, USA), 100 U/mL penicillin and 100 U/mL streptomycin (Hyclone Laboratories, Inc., South, UT, USA), and maintained in a humidified 5% CO2 atmosphere at 37°C.



Construction of Mouse Lung Cancer Model

C57BL/6 male mice (aged 6–8 weeks) were purchased from Shanghai Experimental Animal Slack limited Ltd, qualified SCXK (Shanghai, China) 2012-0002, and maintained at the pathogen-free Central Animal Facility of the Tongji Hospital of Tongji University. Animal experiments were strictly performed according to the Guidelines for the animal care and use issued by the Animals of the National Institutes of Health in Bethesda, MD, USA. All experiments involving animals were approved by the Ethics Committee of Tongji Hospital of Tongji University. A mouse model of LC was generated as previously described (27) with some modifications. In brief, 2 × 105 LLC cells per mouse were injected through the tail vein. After 1 week, the mice were exposed to non-typeable Haemophilus influenza (NTHi) lysates or filtered air. The mice were exposed to NTHi lysates for 20 min per time, once per week, for 3 weeks. After anesthesia, the animals were sacrificed, and the lungs were removed and fixed for further experiments.



Measurement of Inflammatory Cells

Bronchoalveloar lavage fluids (BALF) were collected from mice as previously described (28, 29). The total number of leukocytes in the BALF of mice was counted using a hemocytometer, 50 μL of BALF were centrifugated at 12000 rpm, 4 min by cytospin (Thermo-Fischer, Waltham, MA, USA) to determine the percentage of leukocyte populations through Wright-Giemsa staining.



Exosome Isolation and Labeling

After tracheal intubation of the mice, the lungs were gently lavaged thrice with 1 mL of ice cold, sterile phosphate-buffered saline (PBS). The fluids collected from mice were maintained at −80°C and immediately processed for exosome isolation.

Exosome isolation was performed through differential ultracentrifugation as previously described (28, 29). The concentration of protein in exosome pellets was measured using the bicinchoninic acid assay (Beyotime, Shanghai, China). For the in vitro uptake experiment, exosomes were labeled using a PKH67 green fluorescent cell linker mini kit (Sigma Aldrich, St. Louis, MO, USA) according to the instructions provided by the manufacturer. Ten random fields were counted. For the in vivo uptake study, the labeling procedure was identical to that used in the in vitro analysis. The labeled exosomes were delivered into the mice, and 18 h later the lungs were removed and embedded in OCT compound, and stored at −80°C. Photographs were captured using an immunofluorescence microscope (Nikon, Tokyo, Japan).




PREPARATION OF NTHI LYSATES

The NTHi lysate was produced from Haemophilus haemolyticus as previously described (30). First, the NTHi was inoculated on chocolate agar for 24 h in 5% CO2 at 37°C. Then they were grown in 1 L of brain-heart infusion broth (Sigma-Aldrich, St. Louis, MO) containing 3.5 μg/mL NAD (Sigma-Aldrich, St. Louis, MO). Next, the medium was centrifuged at 2500 × g for 10 min at 4°C, washed and resuspended in 20 mL PBS. The culture was transferred to the 100 mm dish and ultraviolet irradiated. Last, the culture was transferred to a 50 mL tube and sonicated three times for 30 s. The concentration of protein was quantified by a bicinchoninic assay (Beyotime, Shanghai, China) and then adjusted to 2.5 mg/mL in PBS and frozen at −80°C.


Transmission Electron Microscopy (TEM)

A 10 μL aliquote of the exosome suspension was added onto a 200-mesh carbon-coated copper grid for 1 min. Subsequently, the grid was negatively stained with 2% uranyl acetate for 1 min. The sample was observed using a FEI Tecnai G2 spirit transmission electron microscope (Thermo-Fischer, Waltham, MA, USA).



Nanosight Particle Tracking Analysis (NTA)

For NTA, the size distribution of the purified exosomes was analyzed using the NanoSight LM10 system (Malvern Instruments Ltd. Malvern, UK). In brief, exosome suspension was diluted in PBS. Subsequently, the software of the NanoSight LM10 system was used to determine the concentration and particle size of exosomes.



Western Blotting Analysis

Western blotting analysis was carried out as previously described (31). Briefly, exosomes were lysed by radio immunoprecipitation assay buffer (RIPA) (CST, Boston, USA) containing protease and phosphatase inhibitor cocktails (Roche). Equal amounts of exosomes were loaded on a 10% SDS polyacrylamide gel. The antibodies used for western blot are as following: CD63, CD9, HSP70, and TSG101 purchased from Santa Cruz (Santa Cruz Biotechnology, Inc., Texas, USA), Calnexin (Abcam plc, Cambridge, UK), PCNA (CST, Boston, USA) HRP-conjugated goat anti-rabbit (Santa Cruz Biotechnology, Inc., Texas, USA) or rabbit-anti-mouse (Dako, Carpinteria. CA, USA) was used as secondary antibody.



Cell Proliferation Assay

A cell proliferation assay was performed using the cell count kit-8 (DojinDo, Tokyo, Japan). In brief, 1,000 LLC cells were seeded into a 96-well plate and treated with exosomes (5 μg/mL) for 0, 24, 48, and 72 h. Absorbance at 450 nm was measured using a microplate reader (ThermoFisher Scientific, Waltham, MA, USA).



Cell Migration and Invasion Assay

Invasion and migration assays were performed using a 24-well transwell insert, with 8 μm pores, with or without pre-coated Matrigel (Corning, USA). The LLC cells were trypsinized and washed thrice with serum-free DMEM. A total of 2 × 104 cells were suspended in 100 μL of serum-free DMEM and added to the upper inserts. Exosomes (10 μg/mL), or PBS (control) were added to wells containing DMEM with 2% FBS. The invasion assay was performed in a similar manner, with minor modification. The LLC cells were co-cultured with exosomes (10 μg/mL) or PBS for 24 h, and subsequently trypsinized and washed for the migration assay. A total of 2 × 104 cells were suspended in 500 μL of serum-free DMEM and added to the upper inserts. Seven hundred fifty microliter DMEM containing 10% FBS (750 μL) was added to the wells. After 24 h, the LLC cells on the upper surface of the chamber were removed using a cotton swab, whereas those at the lower membrane surface were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Ten random fields were counted.



Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) in the exosomes obtained from mouse BALF were measured using ELISA kits (USCN Life Science & Technology, Missouri City, TX, USA) according to the instructions provided by the manufacturer. In brief, before the ELSIA assay, we used RIPA lysis buffers to lysis exosomes and then we adjusted the concentration of exosome. The remaining steps follow the instructions.



Animal Experiments

LLC cells (2 × 105 cells per mouse) were injected into C57BL/6 mice via the tail vain. One week later, purified exosomes (5 μg) or PBS were delivered into the mice twice per week for 2 weeks. All mice were sacrificed 4 weeks after injection. Tumor volume (mm3) was calculated as (a2 × b)/2, where “a” and “b” represent the width and length, respectively.



Histology and Immunohistochemistry

Lungs were fixed in 10% formalin and embedded in paraffin. Tumor tissues were cut into 4 μm thick sections and stained using a hematoxylin and eosin (H&E) kit, according to the instructions provided by the manufactures. For the immunohistochemical experiment, tumor tissue was incubated with primary antibodies against proliferating cell nuclear antigen (PCNA) overnight at 4°C. Subsequently, the tumor tissues were washed using PBS, and the analysis was performed using the GTvision IHC kit (Gene Tech, Shanghai, China) according to the instructions provided by the manufacture.



Statistical Analysis

Values are presented as means ± standard error of the mean (SEM). Student's t-test (two-sided) was applied for the analysis of differences between two groups. P < 0.05 denoted statistical significance. All data were analyzed using the SPSS 22 statistical software (SPSS Inc, Chicago, IL, USA).




RESULTS


NTHi Lysates Promote Lung Tumor Growth

Inflammation plays a key role in tumor progression (32). We established a metastatic mouse model of LC to better understand the mechanism through which NTHi lysates induce the development of lung neoplasma. Mice were exposed to either 2.5 mg/mL NTHilysates (Figure 1A) or clean air. After 3 weeks, we found that the mice exposed to NTHi lysates exhibited a significant increase in lung tumor growth compared with those exposed to air. H&E staining demonstrated that the tumor nodules were significantly increased, and the diameter of the tumor was larger in mice exposed to NTHi lysates vs. air-exposed mice (Figure 1B). The maximum diameter and number of lung tumor nodules greatly increased in mice treated with NTHi lysates compared with those observed in mice exposed to air (Figures 1C,D). In addition, we found that the number of total leukocyte cells, neutrophils, and macrophages in the BALF increased in mice exposed to NTHi compared with those reported in those exposed to air (Figures 2A–C). However, the number of lymphocytes remained unchanged (Figure 2D). Significant differences were also found in exosomal protein concentration after NTHi exposure vs. air exposure due to the large increase in cell numbers (Figure 2E).
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FIGURE 1. Exposure to NTHi lysate promotes the development of lung tumor. (A) Scheme of experimental protocols for the promotion of NTHi-induced lung cancer. (B) Lung appearance and histology in WT mice 3 weeks after initiation of the NTHi lysate exposure protocol. Scar bar = 100 μm. (C,D) The number of tumor nodules and the maximal tumor diameter detectable on the surface were determined. Results are means ± SEM (n = 7), *P < 0.05.
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FIGURE 2. Analysis of the cells and exosomal protein concentration in the bronchoalveolar lavage fluid (BALF). (A) Total cell numbers in the BALF of mice exposed to NTHi lysate or air. (B–D) The composition of cells was evaluated through cytospin preparations. The number of (B) neutrophils, (C) macrophages, and (D) lymphocytes in the BALF of mice exposed to NTHi lysate or air. (E) Concentration of exosomal protein (μg) from BALF of NTHi- and air-induced mice. Results are means ± SEM (n = 5), *P < 0.05, **P < 0.01, ***P < 0.001.





Characterization of Exosomes From the BALF of Mice

Exosomes in the BALF of mice exposed to NTHi lysates or air were purified through differential ultracentrifugation— an established method for the isolation of exosomes (31). The morphology of exosomes was analyzed using TEM. Both BALF-derived air-Exos (i.e., exosomes obtained from mice exposed to air) and NTHi-Exos (i.e., exosomes obtained from mice exposed to NTHi) were typical rounded vesicles ranging from 30 to 150 nm in size (Figure 3A). Western blotting analysis demonstrated that the exosomes were positive for the hallmark exosome proteins, including CD63, CD9, Hsp70, and Tsg101 (28, 29) (Figure 3B). The NTA showed that the peak sizes of air-Exos and NTHi-Exos were 63 nm and 41 nm, respectively (Figure 3C). Collectively, these data indicated that BALF-derived vesicles exhibit the general features associated with exosomes.
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FIGURE 3. Characterization of exosomes from the BALF of mice exposed to NTHi lysate or air. (A) Transmission electron microscopy images of NTHi-Exos and air-Exos. (B) Western blotting analysis of exosomal markers CD63, CD9, Hsp70, Tsg101, and negative biomarkers Calnexin. (C) Nanoparticle tracking analysis determined the size distribution of NTHi-Exos and air-Exos. Results are presented as means ± SEM of three independent experiments.





Proinflammatory Cytokines Were Upregulated in NTHi-Exos

Subsequently, we investigated the cytokine content (i.e., TNF-α and IL-6) of exosomes released in response to exposure to NTHi lysates. The results showed that the levels of TNF-α and IL-6 were upregulated in NTHi-Exos compared vs. air-Exos (Figures 4A,B).
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FIGURE 4. The expression of TNF-αand IL-6in exosomes from the BALF. (A) The levels of TNF-α and (B) IL-6 were analyzed using ELISA. Results are means ± SEM (n = 5, *P < 0.05).





NTHi-Exos Promote the Proliferation, Migration, and Invasion of LLC Cells

We labeled the exosomes obtained from the BALF of mice using the green fluorescent marker PKH67 and co-cultured them with LLC cells for 24 h to determine the uptake of exosomes by LC cells. The results showed that LLC cells can uptake exosomes (Figure 5A). Meanwhile, we found that the percentage of LLC cells engulfing NTHi-exo is much higher than that of Air-exo (Figure 5B). In order to examine whether BALF-derived NTHi-Exos or air-Exos exerted an effect on LLC cells, we investigated the effect of BALF-derived NTHi-Exos and air-Exos on their proliferation, migration, and invasion. LLC cells co-cultured with NTHi-Exos exhibited higher proliferation rates than those co-cultured with air-Exos or control (Figure 6A). In addition, LLC cells treated with NTHi-Exos showed higher motility than those treated with air-Exos or control (Figure 6B). Similar to the results of migration, cellular invasion was also enhanced in response to the NTHi-Exos condition (Figure 6C). These results revealed that BALF-derived NTHi-Exoscan promote the proliferation, migration, and invasion of LLC cells.
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FIGURE 5. Internalization of exosomes from the BALF of mice exposed to NTHi lysate or air. (A) LLC cells demonstrated uptake of labeled-exosomes (green fluorescent dye), images are taken at 24 h co-culture with LC cells. Scar bar = 100 μm. (B) the percentage of positive LLC cells engulfing labeled-exosomes (n = 10). Results are presented as means ± SEM. (*P < 0.05).
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FIGURE 6. Roles of exosomes from the BALF of mice exposed to NTHi lysate or air. (A) Cell proliferation assay was performed in LLC cells incubated with PBS, air-Exosor NTHi-Exos (n = 4). (B) Migration assay was performed in LLC cells co-cultured with PBS, air-Exos or NTHi-Exos (n = 10). (C) Invasion assay was performed in LLC cells co-cultured with PBS, air-Exos or NTHi-Exos (n = 10). Scar bar = 200 μm. Results are presented as means ± SEM of three independent experiments. (*P < 0.05, **P < 0.01, ***P < 0.001).





NTHi-Exos Promote LC Growth in vivo

We used a metastatic mouse model of LC for animal experiments to further examine the role of BALF-derived exosomes on tumor growth in vivo. We delivered PKH67-labeled exosomes into C57BL/6 mice using a new intubation method (33). After 18 h, we observed that the exosomes were internalized by tumor cells (Figure 7A). Subsequently, according to the experimental flow chart (Figure 7B), mice were sacrificed 4 weeks later, and the lungs were removed for further analysis. H&E staining showed that the tumor nodules were significantly increased, and the diameter of the tumors was larger in mice treated with NTHi-Exos than in mice treated with air-Exos or control (Figure 7C). The results showed that the number of tumor nodules and volume of the tumors in mice treated with NTHi-Exos were significantly larger vs. those observed in mice treated with air-Exos or control (Figures 7D,E). Moreover, the expression level of PCNA—a marker of proliferation—was highly increased in mice treated with NTHi-Exos (Figures 7F,G). These results suggest that NTHi-Exos can facilitate tumor growth in vivo.
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FIGURE 7. NTHi-Exos promote tumor growth in vivo. (A) Tumor cells demonstrated uptake ofPKH-67 labeled exosomes from the BALF. Scar bar = 100 μm. (B) Scheme of experimental protocols for animal experiment. (C) Microscopic and macroscopic analysis of lung cancer after injection of exosomes or PBS control (n = 5) Scar bar = 100 μm. (D–E) Lung tumor nodules and volume detectable on the surface were determined. (F) Western blotting analysis of PCNA protein levels in excised lung tumors treated with NTHi-Exos, air-Exos, and PBS control. (G) Immunohistochemical analysis of PCNA protein levels in tumor tissues. Scar bar = 200 μm. Results are presented as means ± SEM of three independent experiments. *P < 0.05.






DISCUSSION

The present study identified and characterized BALF-derived exosomes from mice. The data obtained using TEM, NanoSight NTA, and western blotting analysis, clearly demonstrated that BALF-derived exosomes exhibit the typical size, morphology, and markers associated with exosomes. Interestingly, we found that, in mice treated with NTHi lysates, BALF-derived exosomes enhanced the growth, migration, and invasion of LLC cells. Chronic obstructive pulmonary disease (COPD) is an important risk factor for lung cancer, and bacterial pathogens frequently colonize in COPD patients, which always induce chronic inflammation of lung. NTHi—a small Gram-negative bacterium—is most often localized in the airways of patients with chronic obstructive pulmonary disease (30). Therefore, we used NTHi lysates to induce chronic inflammation to investigate how bacterial pathogens contribute to the development of lung cancer. Evidence has shown that inflammation induced by NTHi resulted in lung tumor progression in KRAS-dependent mouse models and Gprc5a-knockout mouse models (34, 35). In the present study, we stimulated mice with NTHi lysates to simulate the microenvironment of chronic obstructive pulmonary disease. Our analysis yielded a similar phenomenon regarding the progression of lung cancer (Figure 1). The development of tumors in mice stimulated by NTHi-induced inflammation was faster than that observed in mice exposed to air.

Exposure to NTHi lysates led to a significant increase in the number of inflammatory cells and the expression of inflammatory factors in the BALF of mice (36). Moreover, in our study, there was a large increase in the number of inflammatory cells in the BALF of mice following exposure to NTHi, especially neutrophils (Figure 2). Notably, the production of exosomes was highly increased in mice exposed to NTHi lysates. We hypothesize that the increase in exosomes is the result of the observed increase in inflammatory cells infiltrating the lungs.

We showed that exosomes from the BALF of mice can be detected in a mouse model of LC. TEM and NanoSight NTA demonstrated that these exosomes were similar to those reported in previous studies, in terms of morphology and size. Notably, the size of BALF-derived exosomes in this study was slightly smaller than those previously reported (i.e., 41–63 nm vs. 100–150 nm, respectively) (Figure 3C). However, these values were consistent with those reported by other groups (12, 29). Furthermore, consistent with previous studies (29), BALF-derived exosomes contained the hallmark protein components of exosomes, such as tetraspanin CD63, CD9, Hsp70, and Tsg101 (Figure 3B). Collectively, these data clearly demonstrate that exosomes were successfully isolated from the BALF of mice.

Recently, several groups have shown that exosomes play key roles in cancer progression and metastasis (37). To our knowledge, few studies have shown the relationship between BALF-derived exosomes and LC. Different from previous studies in animals and patients, which have focused on the role of single populations or mixed populations of exosomes in BALF in the inflammatory disease of the lung (24, 38), we focused on whether BALF-derived exosomes can have an effect on lung carcinoma. Therefore, we investigated the functional role of BALF-derived exosomes in LLC cells and animals. We found that BALF-derived exosomes are easily internalized by LLC cells (Figure 5A). Our data suggest that the mixed exosomes in the BALF of NTHi-exposed mice can activate LLC cells, resulting in higher cell viability, motility, and invasiveness (Figure 6). Moreover, our in vivo analysis yielded similar results. With regard to the molecular level—macroscopic or microscopic—the development of tumor in the mice treated with NTHi-Exos was faster than that observed in mice treated with air-Exos or control (Figures 7C,B,E). The expression level of PCNA was highly increased in the mice treated with NTHi-Exos (Figures 7F,G). We have tested the LLC cells treated directly with NTHi lysate. However, the results showed that there is no effect in migration and invasion of LLC cells stimulated with NTHi lysate (2.5, 5, and 10 μg/μL) (Figure S1). These results suggest that NTHi-Exos can facilitate tumor growth in vivo.

Although the mechanism involved in this process remains unknown, exosomes are able to modify the microenvironment by potentiating inflammation (24, 25, 39), which plays a critical role in the development of carcinoma (4). Meanwhile, we found that the levels of TNF-α and IL-6 in exosomes were significantly elevated (Figure 4). These cytokines are important inflammatory factors involved in the progression of tumor formation. Therefore, we speculate that BALF-derived exosomes affect the TME through their proinflammatory cargo, leading to initial tumorigenesis and tumor progression. Of note, exosomes were pelleted at a speed of 100,000 g (31), it is possible that debris from NTHi co-isolated with the exosomes. The tumor progression may be the result of the co-stimulatory effect.

This study clearly demonstrated that purified exosomes from BALF-derived mice exposed to NTHi lysates can facilitate the growth and progression of LC in vitro and in vivo. Importantly, our findings further stress the role of exosomes as key elements in the course of lung tumor development and as potential new therapeutic targets.
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Aims and Hypothesis: NEDD9 is highly expressed in gastric cancer and has a significant involvement in its pathogenesis. However, the mechanism behind hypoxia-promoted cancer cell migration and its regulation because of NEDD9 is still unknown. The aim of this study is to investigate the involvement of NEDD9 in gastric cancer cell migration under hypoxia and explore the underlying potential molecular mechanisms.

Methods: Cell motility was measured by wound healing and transwell assay. NEDD9 and MICAL1 expressions were examined by western blot analysis. Interaction between NEDD9 and MICAL1 was assessed by immunohistochemistry and co-immunoprecipitation assay, respectively. Cells were transfected with plasmids or siRNA to upregulate or downregulate the expression of NEDD9 and MICAL1. Rac1, Cdc42, and RhoA activation was assessed by pulldown assay.

Results: The mRNA and protein level of NEDD9 increased as a result of hypoxia in gastric cancer cell lines BGC-823 and SGC-7901 while decreased levels of NEDD9 caused reduced cell migratory potential in response to hypoxia. Hypoxia also caused the enhancement of MICAL1 expression. Furthermore, it was revealed that there is a positive correlation between NEDD9 and MICAL1 protein while hypoxia played role in increasing their interaction. Under hypoxic conditions, silencing of NEDD9 caused reduction in the stability of MICAL1 protein, while depletion of MICAL1 also inhibited the migration of NEDD9-overexpressing gastric cancer cells. In addition, silencing of NEDD9 or MICAL1 expression reversed the increased GTP forms of Rac1 and Cdc42 in hypoxic cells. However, only the upregulation of Rac1-GTP level was observed in gastric cancer cells that were already overexpressed by MICAL1.

Conclusion: In all, it is concluded that MICAL1 is regulated by NEDD9 that facilitates hypoxia-induced gastric cancer cell migration via Rac1-dependent manner.

Keywords: MICAL1, NEDD9, migration, gastric cancer, Rac1


INTRODUCTION

Neural precursor cell expressed developmentally downregulated protein 9 (NEDD9) also known as HEF1, Cas-L, CASS2 is a member of the Crk-associated substrate (CAS) protein family. NEDD9 was first described to be expressed in the brain of the mouse in embryonic stage—where its expression was seen developmentally downregulated (Kumar et al., 1992). As a non-catalytic scaffolding protein containing multiple docking sites, NEDD9 is involved in connecting external stimulus signals with downstream signaling molecules. Therefore, it plays a critical role in assembling signaling cascades and regulating multiple cellular processes including tumor progression (Nikonova et al., 2014; Shagisultanova et al., 2015).

It has been documented that NEDD9 is strongly associated with development of multiple types of cancer (Jin et al., 2014; Wang et al., 2014; Zhou et al., 2017). NEDD9 is overexpressed in gastric cancer tissues (Liu et al., 2014). The upregulation of NEDD9 can lead to malignant transformation of normal human gastric epithelial cells (Feng et al., 2015). Growing evidence suggests that overexpression of NEDD9 can increase the risk of metastasis of cancer cells. For example, NEDD9 is highly enriched in focal adhesion and interacts with FAK and Src, which can initiate cell migration and invasion (Sima et al., 2013; Bradbury et al., 2014). Upregulation of NEDD9 is reported to activate Rac1 GTPase and drive mesenchymal-mode movement of cancer cells (Sanz-Moreno et al., 2008). In addition, NEDD9 is positively correlated with the expression of mesenchymal-type marker proteins such as vimentin and Zeb, while E-cadherin is opposite (Feng et al., 2015). NEDD9 is also involved in canonical Wnt/β-catenin pathway-mediated colonic cell migration and cancer progression (Li et al., 2011). Understanding the NEDD9 regulatory pathway in cell migration will provide not only new insights into cancer metastasis but also therapeutic targets for gastric cancer. However, the mechanism underlying the effect of NEDD9 on gastric cancer cell motility has not been fully investigated.

Hypoxia is a powerful selective driver of aggressive tumor behavior (Bertout et al., 2008). One of the key regulators of cellular response to hypoxia is the increased expression level of hypoxia-inducible factor 1α (HIF-1α). Stable HIF1α expression can modulate cellular metabolism and increase angiogenesis (Hockel and Vaupel, 2001). NEDD9 has been identified as a novel HIF-1α-regulated gene which can mediate hypoxia-induced colorectal cancer cell migration (Kim et al., 2010). In addition, NEDD9 was also found selectively induced in neurons after transient global ischemia (Sasaki et al., 2005). However, involvement of NEDD9 with gastric cancer cell motility and relative mechanisms under hypoxic condition is still unknown. Molecules interacting with Cas L (MICALs) are redox enzymes that are crucial for cytoskeleton dynamics (Vanoni, 2017; Yoon and Terman, 2018). Our previous work identified a novel link between MICAL1 and RAB upon EGF stimulation and found that MICAL1 was essential for maintaining invasive phenotype of breast cancer cells (Deng et al., 2016b). Unfortunately, the regulator(s) of MICAL1 in gastric cancer is still unclear. NEDD9 was identified to interact with MICAL1 by far western screening analysis (Suzuki et al., 2002) providing a basis for further exploring the role of MICAL1 in NEDD9-induced alteration of cancer cell function.

The present study is a continuation of our previous study where we have proven that MICAL1 exerts a significant growth and invasion-promoting effects on breast cancer cells (Deng et al., 2016b, 2018). The results here demonstrated that hypoxia promoted gastric cancer cell migration by positively regulating the expression of NEDD9 and its subsequent binding to MICAL1. In addition, NEDD9/MICAL1 also promotes cell migration in Rac1-dependent manner. These findings revealed a novel relationship between NEDD9 and MICAL1 in the context of hypoxia-induced gastric cancer cell migration.



MATERIALS AND METHODS

Ethics Statement

All immunohistochemistry assays with human tumor specimens were conducted under the institutional guidelines of Jiangsu Province.

Cell Culture

Human gastric cancer cell lines (BGC-823, SGC-7901) and HEK-293T cells were obtained from the Cell Biology Institute of Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, high glucose) (Hyclone, Thermo Scientific, Waltham, MA, United States) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco, Carlsbad, CA, United States) and antibiotics (100 U/mL streptomycin and 100 μg/mL penicillin) (Invitrogen, Carlsbad, CA, United States) in a humidified incubator at 37°C with 5% CO2. Cells were grown on coverslips for fluorescence staining and on plastic dishes for protein extraction.

For hypoxia, cells were exposed to a continuous flow of a humidified mixture of 1% O2, 5% CO2, and 94% N2 at 37°C for the indicated time.

Plasmids and siRNAs

Human full-length NEDD9 cDNA was amplified from pBluescriptR-NEDD9 plasmid (Youbio, Hunan, China) using the following primer set, sense: 5′-AAGGGTACCGAGCTGGATCCATGAAGTATAAGAATCTTATGGCA-3′ and antisense: 5′-TGCTGGATATCTGCAGAATTCTCAGAACGTTGCCATCTC-3′. In these primers, BamHI and EcoRI restriction site sequences have been underlined. The full-length MICAL1 DNA was amplified from pOTB7-MICAL1 plasmid using the following primer set, sense: 5′-CCCAAGCTTGCCACCATGGCTTCACCTACCTCCA-3′, antisence: 5′-CCAACTCGAGGCCCTGGGCCCCTGTCCCCAAGGCCA-3′. In these primers, HindIII and XhoI restriction site sequences have been underlined. The PCR products were cloned into the pCMV-C-HA vector (Clontech, Palo Alto, CA, United States). All constructions were ensured by sequencing. The cells were grown in six-well plates until approximately 80% confluence, and then transiently transfected with those plasmids by using FuGENE HD Transfection Reagent (Promega, Madison, WI, United States) according to the manufacturer’s instructions.

The siRNAs were synthesized and purified by GenePharma (Shanghai, China), and the siRNAs specifically targeting NEDD9 were as follows: #1, 5′-GAGGCGUUCAGUUUCUUGAdTdT-3′, #2, 5′-CCAAGAACAAGAGGUAUAUd TdT-3′, and #3, 5′-GAUGGGAUCAACCGAUUGUdTdT-3′. siRNAs specifically targeting MICAL1 were as follows: 5′-CUCGGUGCUAAGAAGUUCUdTdT-3′. Cells were transfected with siRNA using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, United States) according to the transfection method provided by the manufacturer. After transfection with plasmid or siRNA for 36 h, the cells were cultured in hypoxia, and then treated with cycloheximide (CHX) (Sigma, St. Louis, MO, United States) at the indicated time points.

Cell Wound Healing and Transwell Assay

After transfection with indicated exogenous materials when the cells reached approximately 95–100% confluent, a scratch was made manually in the monolayer of cells by using a 10 μL pipette tip. The cells were washed with PBS and then incubated in fresh medium with or without hypoxia. The wounded cellular monolayer was permitted to heal for 12 h. Photographs of wound healing were taken using microscope (Carl Zeiss Meditec, Jena, Germany).

Transwell assay were performed using a 24-well cell culture insert with 8 μm pores (Millipore, Billerica, MA, United States). Cells were harvested, washed, and suspended in DMEM without FBS, then seeded on the upper chamber with density of 4 × 104/200 μL. Cells were allowed to get attached to the membrane for about 30 min. The lower chamber was filled with 600 μL DMEM with 10% FBS. After incubation for 12 h, the cells were fixed, and stained with 0.1% crystal violet for 5 min. Then the cells on the upper surface of the membrane were removed and the number of stained cells on the lower surface of the membrane was counted in photos taken under an inverted microscope (TS100; Nikon, Tokyo, Japan).

Co-immunoprecipitation Assay

Co-immunoprecipitation assay were performed as previously described (Deng et al., 2016a). Briefly, cell lysates were incubated with antibody at 4°C for 4 h. Antibody-bound complexes were precipitated with protein A+G agarose beads (Beyotime, Nantong, China) and rinsed with PBS. Then agarose-associated protein complexes were dissolved in SDS loading buffer and analyzed by immunoblotting analysis.

Immunoblotting Analysis

Protein extraction from the sample and concentration determination of whole cells was performed as previously described (Duan et al., 2016). Briefly, the cells were lyzed in RIPA buffer containing phenylmethanesulfonyl fluoride (PMSF) and protease inhibitor cocktail. Equal amounts of proteins were resolved on SDS polyacrylamide gels and transferred to nitrocellulose membrane. The resulting blots were blocked with 5% non-fat dry milk and probed with antibodies. The following antibodies were used: GAPDH (KangChen, Shanghai, China), β-actin (Santa Cruz, Santa Cruz, CA, United States), MICAL1 (proteintech, Hubei, China), NEDD9 (Santa Cruz), FLAG (Abways, Shanghai, China), Rac1 (BD, Franklin Lakes, NJ, United States), RhoA, Cdc42, and HA antibodies (Cell Signaling, Danvers, MA, United States). Protein bands were detected by incubating with HRP-conjugated antibodies (Santa Cruz) and developed using ECL reagent (Millipore). Digital images of the positive bands were obtained and analyzed with Quantity One (Bio-Rad, Hercules, CA, United States).

Pulldown Assay

Rac1, Cdc42, and RhoA activity was measured by pulldown assay (Chen et al., 2018). Active RhoA was pulldown by GST-RBD beads and active Cdc42/Rac1 was pulldown by PAK-CRIB beads. In brief, protein lysates were centrifuged, supernatant was collected in new tubes containing beads precoupled with GST–PBD or PAK-CRIB, and incubated under rotation at 4°C for 30 min. Then, the beads were washed and the proteins bound on the beads were separated by SDS-PAGE. The amounts of active RhoA, Cdc42, and Rac1 were determined by immunoblotting analysis.

Measurement of ROS

2′,7′-Dichlorofluorescein diacetate (CM-H2DCFDA) (Invitrogen, Carlsbad, CA, United States), a ROS-specific fluorescent probe, was used to determine the intracellular ROS levels. After exposing it to hypoxia for 4 h, the cells were stained with 5 μM CM-H2DCFDA for 15 min at 37°C. After washing with PBS, the cover slips were mounted on glass slides. Images were collected using an Olympus BX51 microscope coupled with an Olympus DP70 digital camera.

Immunohistochemistry

Tumor specimens were obtained from Outdo biotech (Shanghai, China). Thirty primary human gastric tumor samples and their corresponding paracancerous tissue samples were used for immunohistological staining in our study. The sections were deparaffinized and rehydrated. Peroxidase blocking was done with 3% H2O2 in methanol for 15 min at 37°C. Antigen retrieval was performed by transferring the sections into EDTA buffer (pH 8.0). The sections were then blocked by goat serum and applied with MICAL1 (proteintech, Hubei, China) or NEDD9 (absin, Shanghai, China) antibody at 4°C overnight. Next, the sections were treated with the secondary antibody (MXB, Fujian, China) for 1 h at room temperature. After counterstaining with hematoxylin, the slides were mounted and photographs were obtained using an Olympus BX51 microscope. Reagents for immunohistochemistry were all obtained from ZSGB-BIO (Beijing, China). The Immuno Reactive Score (IRS) was calculated as intensity of the staining reaction multiplied by the percentage of the number of positive cells as previously described(Dumitru et al., 2013; Medale-Giamarchi et al., 2013).

CCK8 Assay

Cell proliferation was determined by using cell counting kit-8 kits (bimake, Houston, TX, United States) according to the manufacturer’s instructions. Cells were seeded at a density of 5 × 103 cells per well into 96-well plate (Corning), 10 μL of the CCK-8 solution was added to each well of the plate. After 1 h, the absorbance was conducted at 450 nm using a microplate absorbance reader (Bio-Tek, Elx800, United States).

RT-qPCR

Total RNAs were prepared using TRIzol reagent (Invitrogen). cDNA was synthesized using equal amounts of RNA (0.5 μg) from each sample. qPCR was performed on the ABI StepOneTM Real-Time PCR System (Applied Biosystems, Foster City, CA, United States) using GoTaq qPCR Master Mix assay (Promega). The gene expression levels were calculated with Rt (2-ΔΔCT) values by StepOne Software v 2.1 (Applied Biosystems). The following primers were used to amplify: β-actin: 5′-CATGTACGTTGCTATCCAGGC-3′ (sense) and 5′-CTCCTTAATGTCACGCACGAT-3′ (antisense); MICAL1:5′GGCACTCGGTGCTAAGAAGTT-3′ (sense) and 5′-CCCCAGTGAATTTCCACCCC-3′ (antisense); NEDD9: 5′-GACCGTCATAGAGCAGAACAC-3′ (sense) and 5′-TGCATGGGACCAATCAGAAGC-3′ (antisense).

Statistical Analysis

All experiments were repeated at least three times and whole data are presented as mean ± SD. The significance of difference in two groups was analyzed by Student’s t-test. P < 0.05 represents statistical significance and P < 0.01 represents sufficiently statistical significance (two-tailed). Pearson correlation test was used indicate the association between MICAL1 and NEDD9 protein expressions in immunohistochemistry analysis.



RESULTS

Hypoxia Promotes NEDD9 Protein Accumulation in Gastric Cancer Cells

To assess the effect of hypoxia on NEDD9 expression in gastric cancer cells, SGC-7901 and BGC-823 cells were cultured under hypoxia for the indicated time. As it has been previously shown in other cell types, NEDD9 protein usually appears as 105 and 115 kD isoforms (Latasa et al., 2016). The results in Figure 1A show that hypoxia induced an increase in both NEDD9 isoforms in gastric cancer cells within 2 h and peaked at 4 h of hypoxia, then returned to the basal level at 12 h. The whole western blot picture of NEDD9 is available in Supplementary Figure S1. The elevated levels of NEDD9 mRNA were detected by qPCR (Supplementary Figure S2). Although hypoxia increased both bands in each doublet, modified their proportion and changed the ratio between them. In BGC-823 cells, p115 isoform accounted for about 50% of total NEDD9 in resting cells. While hypoxia incubation caused lowering of p115 isoform proportion as compared to control group, therefore the proportion of p105 isoform became higher in BGC-823. In contrast, more proportion of p115 isoform produced in SGC-7901 cells under hypoxic condition (Figures 1B,C). These results confirmed that hypoxia is an inducer of NEDD9 expression in gastric cancer cells.
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FIGURE 1. Hypoxia increases NEDD9 protein expression. (A) Gastric cancer cell lines BGC-823 and SGC-7901 were exposed to hypoxia for 12h and NEDD9 protein levels were determined by immunoblotting analysis. (B) NEDD9 was quantified and normalized against β-actin. ∗P < 0.05, ∗∗P < 0.01, referring to the difference between cells treated with and without hypoxia. (C) Quantification of p105 and p115 isoforms of NEDD9 during hypoxia incubation.∗P < 0.05, referring to the difference between p105 and p115 isoforms during hypoxia.



Hypoxia Stimulates Gastric Cancer Cell Migration Through NEDD9

As shown in Figure 2A, knockdown of NEDD9 with siRNA reduced the NEDD9 expression in both SGC-7901 and BGC-823 cells, indicating the efficiency of the siRNA targeting NEDD9 in the present study. We noticed that siRNA #3 was most effective among the three NEDD9 siRNAs; therefore, it was selected for the following study. To further examine whether hypoxia stimulates gastric cancer cell migration in NEDD9-dependent manner, we investigated SGC-7901 and BGC-823 cell migration using wound closure assay after transfecting these cells with NEDD9 siRNA. Under hypoxia, the cell migration rate got increased significantly as compared to the cells under normal condition. However, in NEDD9-silenced cells, such stimulatory effect of hypoxia on cell migration was greatly inhibited (Figure 2B). Cell migration was also assessed by transwell migration assay. The migrated cell number was increased two folds in hypoxia treated cultures as compared to control group of cells. Knockdown of NEDD9 significantly decreased the cell migration rate in both normoxia- or hypoxia-treated gastric cancer cells (Figure 2C). NEDD9 knockdown had no significant effect on proliferative capacity in gastric cancer cells under hypoxia for 12 h, evidenced by the CCK8 assay (Supplementary Figure S3), ruling out the effect of proliferation on cell migration in the indicated time period. In all, the results above indicated that the increased expression of NEDD9 was essential for hypoxia-stimulated gastric cancer cell migration.
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FIGURE 2. Effect of NEDD9 on hypoxia-induced gastric cancer cell migration. (A) BGC-823 cells (left) and SGC-7901 cells (right) were transfected with control siRNA or NEDD9 siRNA. After 48 h, immunoblotting analysis was performed to detect the expression of NEDD9 and GAPDH. The bands were quantified and normalized against GAPDH. ∗P < 0.05, ∗∗P < 0.01, referring to the difference between cells transfected with control siRNA or NEDD9 siRNA. The migratory capacity of those cells transfected with NEDD9 siRNA under hypoxia were evaluated by wound healing assay (B) and transwell assay (C). ∗P < 0.05, ∗∗P < 0.01.



MICAL1 Is Required for Hypoxia-Induced Cell Migration

It has been found that EGF-induced breast cancer cell invasion is MICAL1-dependent, which forms complexes with RAB35 (Deng et al., 2016b). Based on the finding that NEDD9 interacts with MICAL1 by far western screening (Suzuki et al., 2002), we further investigated whether MICAL1 was also involved in hypoxia-stimulated gastric cancer cell migration. The levels of MICAL1 mRNA were not changed significantly under hypoxia by qPCR analysis (Supplementary Figure S2). Immunoblotting analysis showed that, in both gastric cancer cells, the amount of MICAL1 was increased significantly after hypoxia incubation with maximal activation at 4 h, and it declined toward basal levels after 8 h (Figure 3A). Furthermore, knockdown of MICAL1 repressed the hypoxia-promoted gastric cancer cell migratory phenotype (Figures 3B,C).
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FIGURE 3. MICAL1 is essential for hypoxia-induced cell migration. (A) BGC-823 cells (left) and SGC-7901 cells (right) were treated with hypoxia for 12 h and the expression of MICAL1 protein levels was determined by immunoblotting analysis. The bands were quantified and normalized against β-actin. ∗P < 0.05, ∗∗P < 0.01 referring to the difference between cells treated with and without hypoxia. The migratory capacity of those cells transfected with MICAL1 siRNA under hypoxia was evaluated by wound healing assay (B) and transwell assay (C). ∗P < 0.05, ∗∗P < 0.01.



NEDD9 Prevents MICAL1 Degradation

Immunohistochemistry analysis in the gastric cancer tissue microarray showed a positive correlation between NEDD9 and MICAL1 expressions (r = 0.55) (Figures 4A,B). The result suggests a possibility that the upregulation of NEDD9 may contribute to the MICAL1 expression in gastric cancer cells. It is reported that NEDD9 overexpression correlates with poor prognosis of gastric cancer (Liu et al., 2014; Zhang et al., 2015), However, in our study, due to the limited number of samples, we were unable to demonstrate the significant interaction between NEDD9, MICAL1, and gastric cancer progression (data not shown). MICAL1 is a redox enzyme that is crucial for ROS generation. Knockdown of either NEDD9 or MICAL1 in gastric cancer cells inhibited hypoxia-induced ROS production (Supplementary Figure S4). Furthermore, the co-immunoprecipitation study on both Flag-NEDD9 and HA-MICAL1 overexpressed in HEK293 cells indicated the direct binding of MICAL1 and NEDD9 (Supplementary Figure S5A). The interaction between MICAL1 and NEDD9 was also confirmed by co-immunoprecipitation assay, which showed the endogenous MICAL1 interacted with NEDD9 in SGC-7901 and BGC-823 cells. Moreover, under hypoxic conditions, the interaction increased in those gastric cancer cells (Supplementary Figure S5B). To determine whether NEDD9 could regulate stability of MICAL1, we blocked the protein synthesis by CHX. As shown in Figure 4C, under hypoxia, the expression levels of MICAL1 were dramatically decreased over the course of 8 h by depleted NEDD9 expression in comparison with control cells. In all, these data suggested that by interaction with the MICAL1, NEDD9 maintained MICAL1 stability under hypoxia by reducing its degradation in gastric cancer cells.
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FIGURE 4. NEDD9 binds to MICAL1 and prevents its degradation. (A) Using serial sections of the same sample, representative gastric cancer tissue stained for MICAL1 and NEDD9 (weak and strong staining) are shown. (B) The scatterplot of correlated protein levels between MICAL1 and NEDD9 were shown (n = 30). (C) After blocking protein synthesis with CHX (10 μg/mL) for the indicated times, the hypoxic cells transfected with control siRNA or NEDD9 siRNA were lyzed and MICAL1 levels were determined by immunoblotting analysis. GAPDH was used as control. ∗P < 0.05 referring to the difference between cells treated with control siRNA or NEDD9 siRNA.



Silencing of NEDD9/MICAL1 Blocks Hypoxia-Induced Rho GTPases Activation

The members of Rho GTPases, Rac1, Cdc42, and RhoA, have been considered as classical cytoskeleton regulators associated with cancer cell migratory phenotype. To verify that NEDD9 and MICAL1 could impact hypoxia-mediated activity of those Rho GTPases, we transfected cells with NEDD9 siRNA or MICAL1 siRNA, and then examined their effects on Rac1, Cdc42, and RhoA. The efficiency of the siRNA targeting NEDD9 or MICAL1 is presented in Supplementary Figure S6. Results from pulldown assay showed that hypoxia incubation increased both Rac1 and Cdc42 activation in SGC-7901 and BGC-823 cells. Furthermore, increased activation of Rac1 and Cdc42 under hypoxia was attenuated by either NEDD9 or MICAL1 depletion (Figures 5A,B). Since RhoA activation in BGC-823 cells was not significantly affected by hypoxia as well as NEDD9 or MICAL1 depletion, we did not test it again in SGC-7901 cells (Figure 5C). Collectively, these data indicated that NEDD9 and MICAL1 contribute to hypoxia-induced Rac1 and Cdc42 activation.
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FIGURE 5. Effect of NEDD9 and MICAL1 on hypoxia-induced Rho-GTPases activation. (A–C) BGC-823 and SGC-7901 cells were transfected with MICAL1 siRNA or NEDD9 siRNA, and then those cells were exposed to hypoxia for 4 h. Protein extraction from cells was analyzed by immunoblotting analysis. The GTP-bound form of endogenous Rac1 (A), Cdc42 (B), and RhoA (C) were precipitated and examined by immunoblotting analysis. All the experiments were repeated thrice. ∗P < 0.05, ∗∗P < 0.01.



Rac1 Mediates NEDD9/MICAL1 Induced Gastric Cancer Migration

MICAL1 plasmid significantly increased the MICAL1 expression in gastric cancer cells, confirming the efficiency of the MICAL1 overexpression protocol in the present study (Figure 6A). It is noted that MICAL1 overexpression only increased Rac1 activation rather than Cdc42 activation (Figure 6A), suggesting that the role of MICAL1 in mediating cell migration may depend on Rac1 activation. The role of MICAL1 in regulating cell migration was further confirmed by the facts that MICAL1 overexpression promoted gastric cell migration rate (Figure 6B). As shown in Figure 6C, Rac1 activation was increased in NEDD9-overexpressed gastric cancer cells. Rac1-GTP levels were increased by 1.27-folds in BGC-823 cells and by 1.38-folds in SGC-7901 cells However, knockdown of MICAL1 attenuated NEDD9-induced Rac1 activation, Rac1-GTP levels were decreased to 0.93-folds in BGC-823 cells and 0.70-folds in SGC-7901 cells when compared with control group. Knockdown of MICAL1 also prevented NEDD9-stimulated cell migration in both BGC-823 and SGC-7901 cells (Figure 6D). Collectively, these results revealed that NEDD9/MICAL1 may act on Rac1 to affect hypoxia-induced gastric cancer cell migration.
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FIGURE 6. Rac1 mediates MICAL1/NEDD9 induced gastric cancer migration. (A) BGC-823 and SGC-7901 cells were transfected with MICAL1 plasmids where total cellular proteins were extracted and analyzed for GTP-bound form of Rac1 and Cdc42. ∗P < 0.05, ∗∗P < 0.01. (B) Cells were transfected with MICAL1 plasmids or empty vectors, and then wound healing assay were performed to evaluate the migration of both cells. ∗∗P < 0.01. (C) BGC-823 and SGC-7901 cells were transfected with NEDD9 plasmids and/or MICAL1 siRNA. After 48 h, extracted protein from cells was analyzed for NEDD9 and Rac1-GTP expressions. (D) Results of wound healing assay showed that knockdown of MICAL1 delayed cell migration in BGC-823 and SGC-7901 cells which overexpressed NEDD9. ∗P < 0.05, ∗∗P < 0.01.





DISCUSSION

Globally, gastric cancer is the fifth most-common cancer and the third leading cause of death (McGuire, 2016). The prognosis of gastric cancer is poor, due to the fact that the tumor has already metastasized by the time of diagnosis. Emerging evidence indicated that hypoxia is one of the major factors for gastric cancer progression (Fujikuni et al., 2014). However, the molecular mechanisms underlying metastasis in gastric cancer cell under hypoxia were not fully understood. It is well accepted that NEDD9 expression is sensitive to multiple stimuli such as TGF-beta (Morimoto et al., 2014), retinoic acid (Latasa et al., 2016), estrogen (Bradshaw et al., 2011), and progesterone receptor overexpression (Richer et al., 2002). NEDD9 mRNA was also confirmed to be upregulated by hypoxia in stem cells derived from umbilical cord blood and bone marrow (Martin-Rendon et al., 2007). NEDD9 was overexpressed in gastric cancer patients (Karabulut et al., 2015; Zhang et al., 2015). The present study provides evidence that hypoxia promotes NEDD9 protein expression in gastric cancer cells. Meanwhile, silencing of NEDD9 suppressed the increased cell migration stimulated by hypoxia, confirming that NEDD9 was involved in the migration of gastric cancer cells under hypoxia. Moreover, we noticed here that NEDD9 appeared as two main protein phospho-forms of 105 and 115 kDa. Both phospho-forms were identified to be highly expressed by retinoic acid stimulation (Latasa et al., 2016); 105 kDa NEDD9 is already tyrosine phosphorylated and undergoes further phosphorylation modifications to produce a 115 kDa hyper-phosphorylated protein that is tyrosine and serine phosphorylated. The increase in the proportion of the 105 kDa isoform in BGC-823 and 115 kDa isoform in SGC-7901 indicated a relative different increment of NEDD9 phosphorylation status in various types of gastric cancer cells under hypoxia.

By far western screening analysis, MICAL interacts with SH3 domain of NEDD9 through its proline-rich PPKPP sequence (Suzuki et al., 2002). However, least data are available about the relationship between NEDD9 and MICAL1 in gastric cancer cells. MICAL1, a multidomain flavoenzyme, is strongly involved in the mechanisms that promote breast cancer cell proliferation and invasion (Deng et al., 2016b, 2018). By interacting with cytoskeletal components, MICAL1 has also been proven to be involved in the terminal steps of cytokinesis (Fremont et al., 2017). Recent study highlighted that MICAL1 deficiency in oral squamous cell carcinoma arrested MMP9 secretion, vimentin, and E-cadherin levels, consistent with increased N-cadherin (Grauzam et al., 2018). It suggests the possibility that MICAL1 participated in the control of gastric cancer cell migration. By analysis of gastric cancer specimens, we noticed a positive correlation between NEDD9 and MICAL1 protein expressions. So it is interesting to investigate the role of NEDD9 and MICAL1 in hypoxia-treated gastric cancer cells. In vitro, hypoxia induced MICAL1 protein level in a time-dependent fashion in gastric cancer cells. Silencing of NEDD9 significantly accelerated MICAL1 degradation and reduced cell migration rate under hypoxia. In contrast, MICAL1 deletion inhibited NEDD9-mediated migration in gastric cancer cell lines. Therefore, it was identified that hypoxia-induced NEDD9 expression has the ability to maintain MICAL1 protein level by reducing its degradation, thereby maintaining gastric cancer cell migratory properties. In the present work, we observed that NEDD9 bound directly to MICAL1 in gastric cancer cells and this interaction increased under hypoxic condition. The results suggested that NEDD9 might enhance its binding to MICAL1 and therefore decrease its degradation under hypoxia. The precise mechanisms by which NEDD9 regulates MICAL1 levels still needed to be identified.

Next we examined the potential effectors under NEDD9/MICAL1 for cell migration under hypoxia. Cdc42, Rac1, and RhoA, members of Rho GTPase family, are the most common regulators of actin cytoskeleton dynamics and cell movement. Similar to others findings (Xue et al., 2006; Du et al., 2011), here we found that hypoxia elevated both Rac1-GTP and Cdc42-GTP levels, but not RhoA-GTP in gastric cancer cells. Furthermore, knockdown of NEDD9 or MICAL1 prevented hypoxia-induced upregulation of Rac1 and Cdc42 activity and cell migration. Interestingly, only Rac1 activity was increased in MICAL1-overexpressed gastric cancer cells. Rac1 cycles between active GTP-bound and inactive GDP-bound states. In its active state, it promotes cell migration by driving cell polarization and lamellipodia formation (Raftopoulou and Hall, 2004; Parri and Chiarugi, 2010). NEDD9 plays an essential role in mesenchymal-mode cell migration via Rac1 activation (Jones et al., 2017), and MICAL has the ability to induce redox changes in Rho GTPase family (Ventura and Pelicci, 2002). It may be reasonable to speculate that NEDD9/MICAL1-enhanced hypoxic gastric cancer cell motility is mediated at least in part through Rac1 activation.

It remains unclear how MICAL1 causes the activation of Rac1 upon hypoxia. Hypoxia is able to upregulate PI3K/Akt signaling activation in breast cancer cells (Du et al., 2011). We previously demonstrated that MICAL1 enhanced PI3K/Akt activation (Deng et al., 2016b), and PI3K/Akt has been identified as a upstream activator of mTOR, p70S6K1, as well as GSK-3β. All of the above are linked with Rac1 activation (Aslan et al., 2011; Rom et al., 2012; Hall et al., 2018). As we know that the structure of MICAL1 contains monooxygenase domain, therefore, it participates in controlling intracellular ROS generation. Many studies suggested that ROS-mediated cancer cell migration is associated with PI3K/Akt activation (Yang et al., 2011; Huang et al., 2013). Therefore, it is understood that MICAL1 might stimulate Rac1 activation via PI3K/Akt signaling in gastric cancer cells. In all, we identified a novel link between NEDD9 and MICAL1 in accelerating gastric cancer cell motility under hypoxia. Hypoxia increased NEDD9 expression and its interaction with MICAL1, thereby preventing MICAL1 degradation. Furthermore, we observed that hypoxia stimulated Rac1 activation, which may serve as an important mediator for NEDD9/MICAL1-facilitated gastric cancer cell migration. The function and regulation of NEDD9/MICAL1 expression may be of major clinical importance and may provide new insights for the discovery of novel therapeutic targets.
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FIGURE S1 | Raw data of NEDD9 expression under hypoxia. The membranes were exposed for protein bands. NEDD9 expression was detected three times (A–C).

FIGURE S2 | Effect of hypoxia on (A) NEDD9 and (B) MICAL1 mRNA expressions. Gastric cancer cells BGC-823 and SGC-7901 were exposed to hypoxia for 12 h and NEDD9 and MICAL1 mRNA levels were determined by qPCR. Afterward, NEDD9 and MICAL1 mRNAs were quantified and normalized against β-actin. ∗P < 0.05, ∗∗P < 0.01, referring to the difference between cells treated with and without hypoxia.

FIGURE S3 | Effect of NEDD9 and MICAL1 on cell proliferation under hypoxia. (A) BGC-823 and (B) SGC-7901 cells were transfected with MICAL1 siRNA and NEDD9 siRNA and then they were exposed to hypoxia for 12 h. The cells were incubated with CCK8 and analyzed for cell proliferation.

FIGURE S4 | Effect of NEDD9 and MICAL1 on ROS production under hypoxia. (A) BGC-823 and (B) SGC-7901 cells were transfected with MICAL1 siRNA or NEDD9 siRNA and then exposed to hypoxia for 4 h. Afterward, the cells were incubated with CM-H2DCFDA and analyzed for ROS generation. ∗P < 0.05, ∗∗P < 0.01.

FIGURE S5 | NEDD9 interacts with MICAL1 in gastric cancer cells. (A) Immunoprecipitation assay was performed in HEK293T cells that co-transfected with HA-tagged MICAL1 or/and FLAG-tagged NEDD9. (B) Co-immunoprecipitation assay was performed which shows binding of endogenous NEDD9 to MICAL1 in BGC-823 and SGC-7901 cells under hypoxia.

FIGURE S6 | Knockout efficiency of NEDD9 and MICAL1. (A) BGC-823 and (B) SGC-7901 cells were transfected with MICAL1 siRNA or NEDD9 siRNA, and then exposed to hypoxia for 4 h. Protein extracted from cells was analyzed by immunoblotting analysis.
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Multidrug resistance (MDR) in tumors and pathogens remains a major problem in the efficacious treatment of patients by reduction of therapy options and subsequent treatment failure. Various mechanisms are described to be involved in the development of MDR with overexpression of ATP-binding cassette (ABC) transporters reflecting the most extensively studied. These membrane transporters translocate a wide variety of substrates utilizing energy from ATP hydrolysis leading to decreased intracellular drug accumulation and impaired drug efficacy. One treatment strategy might be inhibition of transporter-mediated efflux by small molecules. Isocoumarins and 3,4-dihydroisocoumarins are a large group of natural products derived from various sources with great structural and functional variety, but have so far not been in the focus as potential MDR reversing agents. Thus, three natural products and nine novel 3,4-dihydroisocoumarins were designed and analyzed regarding cytotoxicity induction and inhibition of human ABC transporters P-glycoprotein (P-gp), multidrug resistance-associated protein 1 (MRP1) and breast cancer resistance protein (BCRP) in a variety of human cancer cell lines as well as the yeast ABC transporter Pdr5 in Saccharomyces cerevisiae. Dual inhibitors of P-gp and BCRP and inhibitors of Pdr5 were identified, and distinct structure-activity relationships for transporter inhibition were revealed. The strongest inhibitor of P-gp and BCRP, which inhibited the transporters up to 80 to 90% compared to the respective positive controls, demonstrated the ability to reverse chemotherapy resistance in resistant cancer cell lines up to 5.6-fold. In the case of Pdr5, inhibitors were identified that prevented substrate transport and/or ATPase activity with IC50 values in the low micromolar range. However, cell toxicity was not observed. Molecular docking of the test compounds to P-gp revealed that differences in inhibition capacity were based on different binding affinities to the transporter. Thus, these small molecules provide novel lead structures for further optimization.

Keywords: multidrug resistance, cancer chemotherapy, 3,4-dihydroisocoumarin, P-glycoprotein, breast cancer resistance protein, Pdr5


INTRODUCTION

Cancer remains the second most common cause of death worldwide with 8.7 million deaths in 2015 (Fitzmaurice et al., 2017). Despite constant progress in antitumor drug development, multidrug resistance (MDR) poses a major problem in effective patient treatment. MDR is estimated to cause treatment failure in about 90% of patients with recurrent tumors (Longley and Johnston, 2005). Additionally, it becomes a more and more severe problem in the treatment of pathogens. In general, MDR encompasses intrinsic or acquired resistance of cancer cells or pathogens to a spectrum of drugs, finally leading to reduction of treatment options and to therapy failure. Several mechanisms mediating MDR have been described, including mutations in drug targets, alterations in drug metabolism, decreased uptake or increased efflux of the drug (Kaye and Kaye, 2000; Gillet and Gottesman, 2010).

Probably the most prominent and widespread mechanism in eukaryotic cells is covered by increased drug transport from the cytoplasm through overexpression of ATP-binding cassette (ABC) transporters (El-Awady et al., 2016). The ABC transporter superfamily, representing one of the oldest and largest protein families, is expressed from archaea to human. The common mechanism for all ABC transporters encompasses the active membrane translocation of a broad spectrum of substrates using energy from ATP hydrolysis (Szöllõsi et al., 2017).

Regarding MDR development accompanying antitumor therapy, three ABC transporters were identified as the main contributors in humans. P-glycoprotein (P-gp, ABCB1), multidrug resistance-associated protein 1 (MRP1, ABCC1) and breast cancer resistance protein (BCRP, ABCG2) are frequently overexpressed in chemotherapy-resistant tumors, where they facilitate resistance to wide varieties of drugs commonly used in clinical practice (Bugde et al., 2017). Furthermore, recent studies have shown a pronounced influence of ABC transporters in drug resistance mechanisms controlled by cancer stem cells, mainly responsible for recurrence of the disease (Begicevic and Falasca, 2017).

The ABC transporter Pdr5 from Saccharomyces cerevisiae is located in the plasma membrane (PM) and acts in combination with other exporter pumps as a first line of defense against structurally unrelated xenobiotic compounds forming the pleitropic drug resistance (PDR) network (Ernst et al., 2005). Pdr5 is the most abundant exporter pump in yeast and highly homologous to multidrug mediating transporters of clinical relevant fungi such as Candida albicans. Each year billions of people become infected with pathogenic fungi and 1.5 million people are killed because of that (Brown et al., 2012). One of the largest problems is the evolving resistance shift of several fungi against azoles, which prevent one of the most efficient treatments. Therefore, the development of new antifungal drugs is of great importance.

Since the discovery of ABC transporter and characterization of their significant contribution to MDR, pharmacological strategies to overcome transporter-mediated MDR have been in the focus of various drug discovery approaches (Szakács et al., 2006; Tillotson and Theriault, 2013). One focus is the development of small molecule inhibitors interfering with transporter activity in combination with chemotherapeutic drugs, thereby increasing intracellular drug accumulation and efficacy by reversing resistance (Zhang and Ma, 2010; Spengler et al., 2017; Tran-Nguyen et al., 2017). ABC transporters involved in MDR often have overlapping substrate spectra. For example, several tyrosine kinase inhibitors including dasatinib and imatinib were demonstrated to become translocated to the extracellular space by P-gp and BCRP (Dohse et al., 2010). This leads to reduced efficacy of those drugs and subsequent therapy failure.

In most tumors, MDR is not only mediated by overexpression of one ABC transporter, but by expression of several transporters. Furthermore, P-gp and BCRP are co-expressed at the blood–brain barrier and prevent effective treatment of brain tumors (Agarwal et al., 2011). Hence, the design of dual transporter inhibitors appears to be more efficacious in mentioned cases. To date, several dual inhibitors of P-gp and BCRP have been identified including tariquidar and derivatives, aurones and chalcones (Sim et al., 2011; Gu et al., 2014; Li et al., 2015). Tariquidar entered clinical trials up to phase II to circumvent P-gp mediated MDR, but did not reveal sufficient clinical activity (Pusztai et al., 2005).

Natural compounds and their derivatives play an important role in drug discovery and development (Newman and Cragg, 2016; Guo, 2017). In this context, various ABC transporter inhibitors from natural sources were identified and characterized in the last decades (Karthikeyan and Hoti, 2015). Early natural product P-gp inhibitors such as cyclosporine A or its synthetic derivative PSC833 were tested in clinical trials up to phase III, but failed due to toxicity or other unintended side effects (Warner et al., 1995; Baer et al., 2002). Among them were several dual inhibitors of P-gp and BCRP, for example some aurones, chalcones or flavonoids (Boumendjel et al., 2009; Sim et al., 2011; Yuan et al., 2012; Iriti et al., 2017).

Isocoumarins, isomers of coumarin, represent a large class of secondary metabolites, which can be found in bacteria, fungi, lichens, marine sponges and to a lesser extent in higher plants (Saeed, 2016). To date, several 100 different isocoumarins and dihydroisocoumarins from nature have been identified and derivatives have been synthesized. Owing to their great structural diversity, diverse biological and pharmacological activities of isocoumarins including cytotoxicity and antimetastatic effects against various cancer types including breast, colon, melanoma (Cichewicz et al., 2004; Abid et al., 2012; Guimarães et al., 2016; Zhang et al., 2017), inhibition of inflammation (Liang et al., 2011; Ramanan et al., 2016) or different enzymes including aromatase and kallikrein peptidases as potential cancer targets (Endringer et al., 2008; Teixeira et al., 2011) as well as antibacterial, antifungal and antimalarial activities (Hoepfner et al., 2012; Lai et al., 2016; Simic et al., 2016) could be identified. Several natural or synthetic coumarins were identified as inhibitors of either P-gp, BCRP or both, yet activities were mostly moderate, and compound concentrations between 10 and 100 μM had to be applied for transporter inhibition (Barthomeuf et al., 2005; Raad et al., 2006; Combes et al., 2011; Bisi et al., 2017; Sjöstedt et al., 2017). In contrast, isocoumarins have to our knowledge not been characterized as potential MDR-reversing agents to date.

In this study, the three natural compounds 6-methoxymellein (3), angelicoin B (4) and ellagic acid as well as nine novel 3,4-dihydroisocoumarins (Figure 1) were analyzed regarding their cytotoxicity in cancer cells and inhibition of the endogenously expressed human ABC transporters P-gp, BCRP, and MRP1 and of the yeast transporter Pdr5. For further insights into the mechanism of action, Pdr5 ATPase and substrate transport assays were performed. These results were complemented with molecular docking studies that indicate that differences in the inhibitory power of the investigated 3,4-dihydroisocoumarins with respect to P-gp-mediated transport result from differences in the compounds’ binding affinities to P-gp.
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FIGURE 1. Structures of natural and synthetic 3,4-dihydroisocoumarins.





MATERIALS AND METHODS

Chemicals and Reagents

A549 and HCT-15 cells were purchased from the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) and H69AR cells from the American Type Culture Collection (Manassas, VA, United States). Dr. Erasmus Schneider (Wadsworth Center, New York State Department of Health, Albany, NY, United States) kindly provided the MCF-7/MX cells. Cell culture media and supplements were purchased from Thermo Fisher Scientific (Waltham, MA, United States). Yeast extract, peptone, and D-glucose were purchased from Carl Roth (Karlsruhe, Germany). Hoechst 33342, rhodamine 6G (R6G) and adenosine 5′-triphosphate (ATP) were purchased from Sigma-Aldrich (St. Louis, MO, United States) and dissolved in water. Calcein-AM, PSC833, Ko143, MK-571, doxorubicin, mitoxantrone, and ketoconazole (Sigma-Aldrich, St. Louis, MO, United States) were dissolved in dimethyl sulfoxide (DMSO; Carl Roth, Karlsruhe, Germany or Acros Organics, Geel, Belgium). Hepes buffer was purchased from Lonza (Basel, Switzerland). CellTiter-Glo Luminescent Cell Viability Assay was purchased from Promega (Madison, WI, United States). Microtiter plates were purchased from Greiner Bio-One (Kremsmünster, Austria) or Falcon (Corning, NY, United States).

Test Compounds

3,4-Dihydroisocoumarins were synthesized in three steps starting from α,β-unsaturated δ-lactones (Fischer and Pietruszka, 2007; Böse et al., 2014) and freshly prepared Brassard’s diene. The reaction was catalyzed by AlMe3 as Lewis acid and Tf2CH2 as Brønsted acid leading to the major vinylogous (E)-configured Michael-product and the minor cyclic product. The isolated (E)-configured Michael-product was cyclized with the strong base lithium bis(trimethylsilyl)amide (LHMDS) at -78°C to room temperature for 16 h. Both fractions of the isochromenones from the first and second step were oxidized with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in toluene at room temperature for 4 h to the desired end product. Overall yields were between 30 and 84%.

Deprotection of isocoumarins (R)-19 and (S)-19 by boron trifluoride diethyl ether in dichloromethane at 0°C gave (R)-19a and (S)-19a in good to moderate yields between 36 and 47%. The free hydroxy-groups of the pentyl-derivative 16 and the unsubstituted isocoumarin 14 were protected by dimethylsulfate. This procedure gave 66% of the corresponding methyl-protected pentyl-isocoumarin 16a and 51% of the methyl-protected isocoumarin 14a.

Ellagic acid was provided by MicroCombiChem GmbH (Wiesbaden, Germany). All test compounds were dissolved in DMSO.

Cell Culture

Human Cancer Cell Lines

The human lung adenocarcinoma cell line A549 was cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL streptomycin. P-gp-expressing human colon adenocarcinoma cells HCT-15 were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. BCRP-expressing MCF-7/MX human breast adenocarcinoma cells were cultured in DMEM medium supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. MRP1-expressing H69AR human small cell lung cancer cells were cultured in RPMI 1640 medium (ATCC modification) supplemented with 20% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. All cancer cell lines employed have been systematically characterized regarding their respective ABC transporter expression profile (Sachs et al., 2019).

Cells were maintained in a humidified atmosphere at 37°C and 5% CO2 and subcultured when confluency reached 80 to 90%.

Yeast Strain

The following S. cerevisiae yeast strain was used: YRE1001 (MATa ura3-52 trp1-1 leu2-3,112 his3-11,15 ade2-1 pdr1-3 pdr5pdr5promΔ::TRP1). S. cerevisiae was cultured in YPD medium (10 g/L yeast extract, 20 g/L peptone, 2% glucose) at 30°C and 200 rpm. The yeast strain has been described previously (Ernst et al., 2008; Gupta et al., 2014). Based on these studies it is evident that Pdr5 localizes to the PM and is present in approximately 10% of the overall membrane protein content of the PM.

Cell Viability Assay

Cytotoxic activity of test compounds was analyzed after 48 h using the CellTiter-Glo Luminescent Cell Viability Assay published previously (Weber et al., 2017) in 384-well plates with the following cell densities: A549, MCF-7/MX: 2 × 103 cells/well; HCT-15: 3 × 103 cells/well; H69AR: 5 × 103 cells/well. Pipetting was conducted with the CyBi-Well 96-channel simultaneous pipettor (Analytik Jena AG, Jena, Germany). For generation of dose-response curves and calculation of IC50 values, the four-parameter logistic model was applied.

The ability of identified inhibitors of P-gp and BCRP to sensitize HCT-15 or MCF-7/MX cells to chemotherapy was analyzed by co-treatment with test compounds and doxorubicin or mitoxantrone, respectively. Cells were incubated with a serial dilution of the chemotherapeutic drug alone or in combination with fixed concentrations of the test compounds or positive controls (2.5 μM PSC833 and 1 μM Ko143, respectively). Fold change of drug IC50 was calculated with the formula IC50 (drug alone)/IC50 (drug with modulator).

Liquid Drug Assay

The liquid drug assay was carried out in sterile 96-well plates. 50 μl of yeast cell culture at an OD600 of 0.15 were mixed with 193.75 μl YPD and 6.25 μl of the test compound or DMSO as a negative control. To distinguish between cytotoxic compounds and those which inhibit Pdr5 WT specifically, the Pdr5 substrate ketoconazole was added only to cultures expressing wild-type Pdr5 in a final concentration of 1 μg/ml. At this concentration, inhibition of Pdr5 would result in ketoconazole-mediated cell death. After 48 h at 30°C the growth was measured with an ELISA plate reader (BioRad, Hercules, CA, United States) at 595 nm.

Isolation of Pdr5 Containing Plasma Membranes

Saccharomyces cerevisiae cells expressing Pdr5 WT or the E1036Q (EQ) mutant were cultured to an OD600 of 1.5 in YPD-media at 25°C. The nitrogen source was replenished by addition of a 10th volume of 5x YP (50 g/l yeast extract, 100 g/l peptone). The cells were grown to an OD of 3.5 and harvested (5000 ×g at 4°C for 15 min). The isolation of Pdr5 containing PMs was performed as described (Kolaczkowski et al., 1996; Ernst et al., 2008).

Inhibition of ABC Transporter Activities

P-gp Transport Assay

The transport of calcein-AM by P-gp and its modulation by test compounds was analyzed in the P-gp-expressing HCT-15 cell line. 5 × 104 cells were seeded in black 96-well plates and incubated at 37°C and 5% CO2 for 24 h. The culture medium was removed and replaced by Hank’s balanced salt solution supplemented with 10 mM HEPES. Test compounds, 2.5 μM PSC833 (positive control) or 0.5% DMSO (negative control) were added in triplicates and incubated for 30 min at 37°C and 5% CO2. The substrate calcein-AM was added (final concentration 0.5 μM) and the fluorescence (excitation 485 nm, emission 520 nm) was measured over 3 h with the Infinite m1000 pro microplate reader (Tecan Group AG, Männedorf, Switzerland) at 37°C. The transport activity of P-gp was analyzed by determining the slope of the linear part of the fluorescence-time curve (0–30 min) using linear regression. Normalization of the data to PSC833 (100% inhibition) and DMSO (0% inhibition) was performed.

BCRP Transport Assay

Breast cancer resistance protein transport activity was determined in the BCRP-expressing MCF-7/MX cell line. Hoechst 33342 was applied as transporter substrate and 1 μM Ko143 as positive control or 0.5% DMSO as negative control and the assay was performed according to the P-gp assay. Fluorescence was measured at an excitation wavelength of 355 nm and emission wavelength of 460 nm. The transport activity of BCRP was analyzed by determining the plateau of the fluorescence-time curve by using non-linear regression (one-phase exponential fit). Normalization of the data to Ko143 (100% inhibition) and DMSO (0% inhibition) was performed.

MRP1 Transport Assay

Transport activity of MRP1 was determined in MPR1-expressing H69AR cells using the substrate calcein-AM and 20 μM MK-571 as the positive control or 0.5% DMSO as negative control. Experimental procedure was according to the P-gp assay, except that 7.5 × 104 cells were seeded per well. The transport activity of MRP1 was analyzed by determining the slope of the linear part of the fluorescence-time curve (0–20 min) using linear regression. Normalization of the data to MK-571 (100% inhibition) and DMSO (0% inhibition) was performed.

Pdr5 Transport Assay

Active transport of R6G was measured according to the protocol developed by Kolaczkowski et al. (1996), using a Tecan Infinite 200 pro reader (Tecan Group AG, Männedorf, Switzerland). 6 μg of the isolated PM containing Pdr5 were resuspended in 200 μl of the transport buffer (50 mM HEPES, pH 7.0, 5 mM MgCl2, 10 mM NaN3, and 150 nM R6G) and incubated in a black 96-well plate at 30°C. 5 μl of the test compound were added at the indicated concentrations. Active transport was initiated by the addition of 10 μl 200 mM ATP and fluorescence intensity was recorded in 15 s-intervals for 20 min (excitation wavelength at 524 nm, emission wavelength at 558 nm, number of flashes 30, integration time 2000 μs). IC50 determination was performed with a serial dilution of the test compounds.

Pdr5 ATPase Assay

Oligomycin (OM)-sensitive ATPase activity was measured from 0.8 μg PM containing Pdr5 incubated with 2 mM ATP, 5 mM MgCl2 in 270 mM TRIS-glycine buffer (pH 9.5) and 2.5 μl of the test compounds or DMSO as a control in a total volume of 100 μl. To reduce the background activities, 0.2 mM ammonium molybdate, 10 mM NaN3 and 50 mM KNO3, respectively, were added (Dufour et al., 1988; Goffeau and Dufour, 1988). In a second assay, OM (20 μg/ml) was added to an otherwise identical setup. After incubation at 30°C for 20 min, the reaction was stopped by adding 25 μl of the reaction to 175 μl 40 mM H2SO4. The amount of released inorganic phosphate was determined by a colometric assay in 96-well plates (Goffeau and Dufour, 1988; Decottignies et al., 1994; Wada et al., 2002). The difference of both assays ( ± OM) corresponds to the specific ATPase activity of Pdr5 (Ernst et al., 2008).

Molecular Docking Studies

The cryo-EM structure of P-gp (PDB ID: 6FN1, chains A and B) (Alam et al., 2018) was prepared for molecular docking using the Protein Preparation Wizard (Sastry et al., 2013) as implemented in the Maestro GUI1 of the Schrödinger Suite version 2018-21. Protonation states for Asp, Glu, His and Lys, tautomers for His and chi flips for Asp, Glu, and His were calculated at pH 7.4 with the PROPKA (Olsson et al., 2011; Søndergaard et al., 2011) implementation in Maestro. Subsequently, a restrained energy minimization was performed on all hydrogen atoms. To be able to use the structure for later MM-GBSA calculations with implicit membrane, the coordinates of the prepared structure were superimposed onto the coordinates of its respective OPM (Lomize et al., 2012) entry. The membrane region was then defined in the Maestro GUI, using the membrane dimensions of 31.4 Å calculated by the PPM server (Lomize et al., 2012).

Molecular docking was performed using the Glide XP docking protocol (Friesner et al., 2004, 2006) of the Schrödinger Suite version 2018-2. To allow more poses to pass through the initial Glide screens, the initial number of poses per ligand was increased from 5,000 to 50,000 and the scoring window was widened from 100.0 to 500.0. In addition, the number of minimized poses per ligand was increased from 400 to 1,000 and the ‘expanded sampling’ option was enabled. Post-docking minimization was performed on 100 poses, and the resulting best 10 poses per ligand were kept for further evaluation.

Four re-docking experiments were performed to assess the suitability of the selected docking approach: two re-dockings were performed in the presence of the respective other ligand entity (re-docking 1), and two re-dockings were performed in which both ligand entities were docked sequentially (re-docking 2). For re-docking 1, the size of the region in which the geometric center of the ligand can move during docking (‘inner box’) was set to 10 Å, and the size of the region in which ligand atoms may be placed during docking (‘outer box’) was set such that it expands the size of the inner box by 17 Å. For re-docking 2, the center and size of the inner box was set to match the center and size of the smallest possible cuboid that encloses both ligands in the cryo-EM complex. The size of the outer box was set such that it expands the size of the inner box by 15 Å. The same box as for re-docking 2 was also used for the docking of the 3,4-dihydroisocoumarins. Since this docking procedure produced favorably scored poses in two different binding sites, the dockings were repeated for each of these binding sites individually, using docking boxes centered on the geometric center of the poses generated in the corresponding binding pocket. For these dockings, the box sizes were set as for re-docking 1.

In order to obtain a more reliable estimate of the relative affinities of the 3,4-dihydroisocoumarins, for each of the two binding sites, the best scored pose of each docked ligand was post-processed using the MM-GBSA implementation in Prime (see footnote number 1) with the VSGB 2.1 solvation model (Jianing et al., 2011). During this procedure, protein flexibility was taken into account for all residues within 8 Å of the ligand pose. Contributions due to changes in the configurational entropy of the ligand or the receptor upon complex formation were neglected, in order to avoid introducing uncertainty in the computations (Gohlke and Case, 2004; Weis et al., 2006; Hou et al., 2011). For compounds 16 and 16a, the final effective binding energy was expressed as the average over the effective binding energies for both enantiomers. All effective binding energies were then converted to relative effective binding energies.

Data Analysis and Statistics

All experiments were performed in at least three independent replicates. Data were analyzed with GraphPad Prism v. 6.07 (GraphPad Software, Inc., La Jolla, CA, United States) and results are presented as mean ± SEM. Different groups were compared statistically using one-way ANOVA followed by Dunnett’s multiple comparisons test. Differences were considered significant when p < 0.05.



RESULTS

Cytotoxic Activity of 3,4-Dihydroisocoumarins in Human Cancer Cell Lines

Cytotoxicity of 12 3,4-dihydroisocoumarins was analyzed in the sensitive lung cancer cell line A549 as well as in three resistant cell lines HCT-15 (colon carcinoma), MCF-7/MX (breast carcinoma) and H69AR (lung carcinoma) either expressing the ABC transporter P-gp, BCRP, or MRP1, respectively. Cells were incubated for 48 h with test compounds and cell viability was assessed.

IC50 values of the tested 3,4-dihydroisocoumarins are summarized in Table 1. Most compounds did not display significant cytotoxic activities in the cancer cell lines and IC50 values were above the highest concentrations applied in the assay. However, one exception were the enantiomers (R)-19 and (S)-19. Both compounds displayed comparable cytotoxicity in sensitive A549 cells and the BCRP-overexpressing MCF-7/MX cells. In A549 cells, IC50 value of compound (R)-19 was 47.5 ± 3.2 μM (mean ± SEM) and IC50 value of (S)-19 was 42.0 ± 3.9 μM. In MCF-7/MX cells, both compounds were slightly more toxic with IC50 values of 28.1 ± 0.7 μM and 33.5 ± 7.5 μM, respectively. In contrast, in P-gp expressing HCT-15 cells, only (R)-19 demonstrated a cytotoxic effect, whereas (S)-19 was not toxic. Furthermore, the unprotected derivatives of (R)-19 and (S)-19, (R)-19a and (S)-19a, were analyzed. In both cases, removal of the protecting TBS group led to complete or near complete loss of cytotoxic activity in all cell lines.

TABLE 1. Cytotoxicity of 3,4-dihydroisocoumarins on human tumor cell lines.
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Compound 16 was not cytotoxic in P-gp expressing HCT-15 cells and BCRP-expressing MCF-7/MX cells. In MRP1-expressing H69AR cells and sensitive A549 cells, only minor cytotoxic activity was observed. IC50 values were 88.5 ± 4.6 μM and 78.6 ± 2.2 μM, respectively. Remarkably, the derivative 16a, which differs from 16 by the methoxy group instead of the hydroxy group at position 8, displayed slightly improved activity in A549 cells with an about 1.5-fold lower IC50 value and a clearly improved activity in BCRP-expressing MCF-7/MX cells. In those cells, the IC50 value was 10.6 ± 0.9 μM. In P-gp or MRP1-expressing cell lines, no cytotoxicity could be observed.

The known natural products 6-methoxymellein (3), angelicoin B (4) and ellagic acid did not show any cytotoxic effects against the tested cancer cell lines.

Identification of 3,4-Dihydroisocoumarins as Dual Inhibitors of P-gp and BCRP

The 12 3,4-dihydroisocoumarins were tested for their ability to inhibit the transport activity of the human ABC transporters P-gp, BCRP, and MRP1 in cell lines overexpressing the respective transporter. Therefore, intracellular fluorescence of the transporter substrates calcein-AM and Hoechst 33341 were measured over time after cells had been treated with different concentrations of the test compounds. Inhibition rates of the compounds were normalized to the positive controls 2.5 μM PSC833, 1 μM Ko143, and 20 μM MK-571, respectively. As a result, three compounds were identified as dual inhibitors of transport activity of P-gp and BCRP (Figures 2A,B).
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FIGURE 2. Influence of 3,4-dihydroisocoumarins on ABC transporter activity. Cancer cell lines overexpressing (A) P-gp (HCT-15), (B) BCRP (MCF-7/MX), or (C) MRP1 (H69AR) were incubated with test compounds and intracellular fluorescence of the substrates calcein-AM (P-gp, MRP1) or Hoechst 33342 (BCRP) was measured over 3 h. Data were normalized to DMSO (0% inhibition) and the positive controls PSC833, Ko143, and MK-571, respectively (100% inhibition). Bars represent mean ± SEM of at least three independent experiments. nd, not determined because of intrinsic fluorescence.



Pentyl-derivative 16 was the strongest dose-dependent inhibitor of P-gp and BCRP among the tested compounds. Relative inhibition of P-gp was 36.3 ± 5.3% at a concentration of 10 μM, 52.6 ± 3.1% at 20 μM and 81.2 ± 2.7% at 50 μM (mean ± SEM). Regarding inhibition of BCRP, the rates were comparable to P-gp with relative values between 35.3 ± 3.4% at 10 μM and 89.1 ± 4.6% at 50 μM. Interestingly, derivative 16a, which differs from 16 only by the methoxy group instead of the hydroxy group at position 8, showed reduced inhibition rates against both transporters with a more pronounced effect for BCRP. Relative inhibition was between 18.4 ± 0.5 and 31.9 ± 2.2% for P-gp and 2.3 ± 0.9 and 14.9 ± 2.2% for BCRP.

Two additional compounds were identified as dual P-gp and BCRP inhibitors, (R)-19 and (S)-19, but with lower activities compared to derivative 16. Derivative (R)-19 inhibited P-gp with relative rates between 23.6 ± 4.2 and 46.8 ± 5.7%. Regarding (S)-19, highest P-gp inhibition was achieved at 10 μM (37.1 ± 2.9%). Inhibition of BCRP was comparable. As both compounds contain protective groups at the hydroxy group at the ethyl chain at position 3, inhibition rates were compared to the deprotected derivatives (R)-19a and (S)-19a. In both cases, the deprotected compounds showed clearly reduced inhibitory ability of P-gp with values between about 5 and 15% and completely abolished inhibitory ability of BCRP.

Two compounds without substitution at position 3 were analyzed, 14 and 14a. They only differ in the substituent at position 8, which is either a hydroxy group 14 or methoxy group 14a. Both compounds did not inhibit BCRP and displayed only minor inhibitory activity against P-gp up to about 10% relative inhibition.

Furthermore, the two natural products and enantiomers 6-methoxymellein (3) and angelicoin B (4) were studied. They share the same structure with compound 14, but are substituted with a methyl group at position 3. Relative rates of P-gp inhibition of 6-methoxymellein (3) and angelicoin B (4) did not differ significantly from those of derivative 14. In case of BCRP, no inhibitory activity could be observed, as was the case for derivative 14.

Compound 21, a tricyclic derivative, weakly inhibited P-gp with a relative inhibition rate of 20.0 ± 1.2% at the highest concentration used. Its ability to inhibit BCRP could not be determined due to inherent fluorescence. The natural product ellagic acid did not display any inhibitory activity against P-gp or BCRP. It has to be noted that this compound could not be employed at a concentration of 50 μM due to its low solubility.

Regarding inhibition of MRP1 transport function in H69AR cells, none of the test compounds demonstrated any activity (Figure 2C).

Sensitization of Resistant Cancer Cells to Chemotherapy by 3,4-Dihydroisocoumarins

Cancer cells overexpressing MDR related ABC transporters are characterized by reduced susceptibility to chemotherapeutic drugs, which are substrates of the respective transporters. These are for example doxorubicin (P-gp) and mitoxantrone (BCRP). To determine if the identified P-gp and BCRP inhibitor derivative 16 is able to re-sensitize resistant cancer cells to chemotherapy, P-gp expressing HCT-15 cells and BCRP-expressing MCF-7/MX cells were co-treated with doxorubicin or mitoxantrone and different concentrations of compound 16. IC50 values were determined after 48 h and compared to single treatment with the chemotherapeutic drugs. PSC833 (2.5 μM) and Ko143 (1 μM) served as respective positive controls for P-gp and BCRP, respectively.

In both cases, compound 16 was able to significantly sensitize the resistant cancer cells to chemotherapy. In HCT-15 cells, doxorubicin alone had an IC50 value of 8.5 ± 0.7 μM (mean ± SEM; Figure 3A and Table 2). Addition of 20 μM of compound 16 did not lead to a change in IC50, whereas the combination with 50 μM of the compound lead to a 3.7-fold decrease in IC50 to 2.3 ± 0.1 μM. In contrast, compound 14, which displayed minor P-gp inhibiting activity, did not sensitize the cells to doxorubicin. The positive control PSC833 reduced the IC50 of doxorubicin around 28-fold to a value of 0.35 ± 0.08 μM.
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FIGURE 3. Sensitization of resistant cancer cells to chemotherapy by selected 3,4-dihydroisocoumarins. (A) P-gp expressing HCT-15 and (B) BCRP-expressing MCF-7/MX were treated with either doxorubicin or mitoxantrone alone, in combination with positive controls PSC833 or Ko143 or in combination with varying concentrations of test compounds 16 and 14. Cell viability was determined after 48 h. Data represent mean ± SEM normalized to untreated cells of at least three independent experiments performed in quadruplicates.



TABLE 2. Sensitization of HCT-15 cells to doxorubicin treatment by selected 3,4-dihydroisocoumarins.
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In BCRP-expressing MCF-7/MX cells, IC50 value of the drug mitoxantrone alone was 19.6 ± 2.4 μM (Figure 3B and Table 3). Addition of compound 16 revealed a dose-dependent decrease in IC50 up to 5.6-fold at 50 μM to 3.5 ± 0.9 μM. As observed above, compound 14, which did not inhibit BCRP transport function, did not have a significant influence on the sensitivity of the cells to mitoxantrone. The positive control Ko143 was able to increase the cytotoxicity of mitoxantrone around 65-fold to an IC50 value of 0.33 ± 0.07 μM.

TABLE 3. Sensitization of MCF-7/MX cells to mitoxantrone treatment by selected 3,4-dihydroisocoumarins.
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Cytotocity of 3,4-Dihydroisocoumarins on Pdr5 Wild-Type and Pdr5 EQ Expressing Yeast Strains and Their Ability to Inhibit Transport and ATPase Activity of Pdr5 Wild-Type

The 12 3,4-dihydroisocoumarins were tested on two different S. cerevisiae strains to determine their cytotoxicity on yeast. Therefore, a Pdr5 WT and a Pdr5 EQ mutant overexpressing strain were incubated with serial dilutions of the test compounds and OD600 was measured after 48 h of cell growth at 30°C. None of the tested 3,4-dihydroisocoumarins showed an effect on the growth of the cells (Figure 4), except compound 16a, which inhibited the growth of the mutant strain slightly at the highest tested concentration (Figure 4D). However, it had no effect on the wild-type strain (Figure 4C).
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FIGURE 4. Liquid drug assays of the 12 3,4-dihydroisocoumarins and S. cerevisiae strains expressing Pdr5 WT or the mutant Pdr5 EQ. (A) The influence of 14, (R)-19, (S)-19, 3, 4, 21, and 16 on growth of strains expressing Pdr5 WT. (B) The influence of 14, (R)-19, (S)-19, 3, 4, 21, and 16 on growth of strains expressing Pdr5 EQ. (C) The influence of (R)-19a, (S)-19a, 16a and ellagic acid on growth of strains expressing Pdr5 WT. (D) The influence of (R)-19a, (S)-19a, 16a and ellagic acid on growth of strains expressing Pdr5 EQ. Cells were incubated at different concentrations of the compounds for 48 h at 30 °C and OD600 was determined.



In a first initial screen, the effect of the highest concentrations (10 mM) of the 3,4-dihydroisocoumarins on R6G transport and ATPase activity of Pdr5 in PM preparations was analyzed (Figure 5). In the case of the transport assay, Pdr5 containing PM preparations were incubated simultaneously with R6G and the test compound. If Pdr5 actively transports R6G, the concentration of the substrate increases in one of the membrane leaflets, which leads to a self-quenching effect. This can be measured as a decrease of fluorescence intensity in real time. Compound 14, 6-methoxymellein (3) and angelicoin B (4) did not interfere with Pdr5-mediated R6G transport (Figure 5A) as the observed changes in fluorescence were comparable to R6G transport of the wild-type protein in the absence of the compound. In contrast, compounds 21, (R)-19a and (S)-19a inhibited transport activity to 49, 43, and 37%, respectively. Only compound (R)-19, (S)-19, 16 and 16a were able to inhibit the transport of R6G completely.
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FIGURE 5. Initial screening of the 12 test compounds to determine their effect on (A) the transport activity of Pdr5 WT and (B) their effect on the ATPase activity. Within the transport assay compound 14, 3 and 4 had no effect on both activities. Compound 21, (R)-19a and (S)-19a were able to inhibit the transport activity to around 50%. Only compound (R)-19, (S)-19, 16 and 16a were able to inhibit the transport activity of Pdr5 WT completely. In contrast, compounds 14, 3, 4, (R)-19a and (S)-19a had nearly no effect on the ATPase activity. Compound 21 and ellagic acid were able to inhibit the ATPase activity of Pdr5 WT to 50%. Only compound (R)-19, (S)-19, 16 and 16a were able to inhibit ATPase activity below 40% in comparison to Pdr5 WT in the absence of any compound.



Figure 5B summarizes the effect of the 3,4-dihydroisocoumarins on ATPase activity of Pdr5 WT. Again, compound 14, 6-methoxymellein (3) and angelicoin B (4) had no inhibitory effect. In contrast to the capability of (R)-19a and (S)-19a to inhibit transport of R6G, no inhibition of the ATPase activity was observed. Ellagic acid and compound 21 inhibited the ATPase activity to 56 and 54%, respectively. Compounds (R)-19, (S)-19, 16, and 16a showed the highest inhibition potential on the Pdr5 WT ATPase activity.

Finally, IC50 values were determined for those inhibitors that displayed the highest potential in the transport and the ATPase assay ((R)-19, (S)-19, 16, and 16a) (Figures 6, 7). Figure 6 summarizes the IC50 measurements of the transport assays. The lowest IC50 was determined for compound (S)-19 with 5.3 ± 0.6 μM. Compound 16 and 16a showed IC50 values of 15.1 ± 2.1 and 14.6 ± 3.9 μM, respectively. The highest IC50 value was detected for compound (R)-19 with 26.0 ± 3.5 μM. Figure 7 summarizes the IC50 measurements with respect to inhibition of ATPase activity. Due to the solubility limit of these compounds, no reliable determination of IC50 values could be performed.
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FIGURE 6. Determination of the transport IC50 values for (A) compound (R)-19, (B) compound (S)-19, (C) compound 16 and (D) compound 16a. For each compound a serial dilution was used to determine the IC50 curve. Membranes were incubated with the compound and active transport was detected with the Tecan Infinite M200.
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FIGURE 7. Determination of the ATPase IC50 values for (A) compound (R)-19, (B) compound (S)-19, (C) compound 16 and (D) compound 16a. For each compound a serial dilution was used to display the IC50 curve. Pdr5 plasma membranes (PMs) were incubated with the compound for 20 min and release of inorganic phosphate was detected with an Elisa PlateReader at 595 nm.



Binding Mode Prediction and Effective Binding Energy Calculations on Complexes of P-Glycoprotein and 3,4-Dihydroisocoumarins

The selected docking protocol was able to reproduce the binding modes of Zosuquidar (ZQU) in P-gp, regardless of whether the second ligand entity was retained in the structure (RMSDZQU1304: 0.93 Å, RMSDZQU1305: 1.14 Å, Figure 8A) or not (RMSDZQU1305: 1.53 Å, RMSDZQU1304: 3.21 Å, Figure 8B), suggesting that it is also suitable for predicting the binding modes of other molecules, such as the 3,4-dihydroisocoumarins. When two molecules of ZQU were sequentially docked to the P-gp structure, all poses obtained during the first run corresponded to the binding mode of ZQU1305 in the cryo-EM structure (Figure 8B), indicating that the subpocket occupied by this ligand entity has a higher affinity toward ZQU than the subpocket occupied by the ligand entity ZQU1304. In line with this, the pose obtained for re-docking of ZQU1305 with ZQU1304 present was scored markedly better than the pose obtained for re-docking of ZQU1304 with ZQU1305 present (Glide Docking Scores: -10.40 and -8.60 kcal mol-1, respectively). Similarly, initial docking of the 3,4-dihydroisocoumarins revealed two spatially distinct binding sites (BS1 and BS2) overlapping with those of ZQU1304 and ZQU1305, respectively, to which all ligands were docked separately during the final docking experiment (Figure 8C). Since, on average, the calculated effective binding energies were 7.44 ± 3.45 kcal mol-1 (21.64 ± 6.01 kcal mol-1 for the active molecules 16, (R)-19 and (S)-19) more favorable in BS2 (Table 4), only the poses in BS2 were used for the final evaluation.
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FIGURE 8. Molecular docking studies. (A) Re-docking of Zosuquidar (ZQU, darker turquoise, sticks representation) into the cryo-EM structure (PDB ID: 6FN1; Alam et al., 2018) of P-gp (white, sticks and cartoon representation, only part of the protein is shown for clarity) while the coordinates of the respective second ZQU molecule (lighter turquoise) were retained from the cryo-EM structure. (B) Sequential re-docking of ZQU into the cryo-EM structure of P-gp. The result of the first and second runs are indicated with a 1 and 2, respectively. Colors and representations are as in (A). (C) Binding sites (denoted as BS1 and BS2) for 3,4-dihydroisocoumarins found during docking. The molecular structures of the 3,4-dihydroisocoumarins are displayed as lines, and their joint molecular surface is rendered in white. Zosuquidar is shown as red sticks. The relevant region in the transmembrane domain of P-gp is shown in cartoon representation (D) Binding mode of (R)-19 in BS2 of P-gp. Hydrogen bonds are displayed as yellow lines, π-stacking interactions as green lines. (E) Relative effective binding energies for 3,4-dihydroisocoumarins in P-gp, calculated by the MM-GBSA approach. To allow for a better comparison with the P-gp transport assay, the energies are expressed as -ΔΔGeff.



TABLE 4. Relative effective energies of 3,4-dihydroisocoumarins binding to P-gp.1
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The calculated effective binding energies of the 3,4-dihydroisocoumarins agree very well with their ability to inhibit P-gp-mediated transport: Compounds 16, 16a, (R)-19 and (S)-19, which all inhibited substrate transport by > 20% at concentrations of 20 μM (Figure 2A), also showed significantly more favorable effective binding energies than the inactive compounds (ΔGeff = -48.16 ± 0.73 kcal mol-1 versus ΔGeff = -31.81 ± 1.79 kcal mol-1, p < 10-4) (Figure 8C and Table 4). Note, though, that configurational entropy differences were neglected here, such that the difference in the binding free energies of the two classes may be smaller due to enthalpy-entropy compensation effects. These results validate the obtained binding modes for the 3,4-dihydroisocoumarins in P-gp and corroborate the experimental findings on the compounds’ ability to inhibit P-gp-mediated substrate transport.



DISCUSSION

In this study, 3,4-dihydroisocoumarins, which have so far not been in the focus as potential MDR reversing agents, were evaluated as potential inhibitors of human and yeast ABC transporters. Notably, among the tested derivatives, three novel 3,4-dihydroisocoumarins were identified as dual inhibitors of two human transporters, P-gp and BCRP. Furthermore, the most potent inhibitor, derivative 16, demonstrated inhibition of both transporters between 80 and 90% compared to the respective positive controls at the highest test concentration (50 μM). As proof of concept, P-gp expressing HCT-15 cells and BCRP-expressing MCF-7/MX cells (Sachs et al., 2019) were treated with compound 16 in combination with the chemotherapeutic drugs doxorubicin and mitoxantrone, broadly described as transporter substrates for P-gp and BCRP. Subsequently, co-treatment with 50 μM of derivative 16 sensitized chemotherapy-resistant cancer cells HCT-15 colon carcinoma cells to doxorubicin by decreasing the IC50 value of doxorubicin-induced cytotoxicity by 3.7-fold and sensitized MCF-7/MX breast carcinoma cells to mitoxantrone by decreasing the IC50 value of mitoxantrone-induced cytotoxicity by 5.6-fold. Moreover, enantiomers (R)-19 and (S)-19 inhibited transport function of P-gp and BCRP, but with lower potency compared to derivative 16. Noteworthy, distinct structure-activity relationships for transporter inhibition could be identified, and they run in parallel for P-gp and BCRP: our data show that the hydroxy group at position 6 is mandatory for transporter inhibition and substitution by a methoxy group clearly reduces activity. Furthermore, a hydrophobic carbon chain at position 3 is indispensable for inhibition and this substituent seems to need a certain chain length. Compounds without alkyl substituent (derivative 14) or with a methyl group [6-methoxymellein (3) and angelicoin B (4)] as well as compounds with a hydrophilic chain (derivatives (R)-19a and (S)-19a) demonstrated significantly decreased inhibition of both transporters. Those effects were more pronounced in BCRP inhibition than in P-gp inhibition.

Molecular docking can provide an explanation at the atomistic level for the observed structure-activity relationship. Here, we focused on docking of 3,4-dihydroisocoumarins to P-gp because for this system it was possible to validate the suitability of our docking protocol. The predicted binding modes of the active molecules 16, (R)-19 and (S)-19 close to the binding sites of ZQU are largely identical (Figures 8D,E, 9A,B) and reveal that the hydroxy group at position 8 stabilizes the binding mode via hydrogen bonding to the hydroxy group in Y306. Introduction of a bulky methyl group, as realized in 16a, not only abolishes this interaction, but also leads to a steric clash with Y306, forcing the molecule to invert its orientation (Figure 9B). Furthermore, the hydrophobic OTBS moiety in (R)-19 and (S)-19 protrudes into a predominantly hydrophobic subpocket, formed by residues M298, N720, F769, Q772, Q837, and V990. Removal of this group, as realized in (R)-19a and (S)-19a, leads to an unsatisfied hydrogen bond donor in this subpocket, which disfavors binding. Finally, compounds 3, 4, 14, 14a, and 21 adopt binding modes that either resemble the inverted orientation of 16a, or are dissimilar to those of the active molecules 16, (R)-19 and (S)-19 (Figure 9C). Taken together, these results indicate that differences in the inhibitory power of the investigated 3,4-dihydroisocoumarins with respect to P-gp-mediated transport result from differences in the compounds’ binding affinities to P-gp rather than their ability to modulate P-gp’s transport cycle or to affect P-gp function via a different mechanism. They further support the recent finding (Alam et al., 2018) that the central cavity in P-gp can accommodate multiple molecules in different subpockets and, thereby, substantiate the concept of a binding site with high plasticity (Wise, 2012; McCormick et al., 2015).
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FIGURE 9. Comparison of binding poses of 3,4-dihydroisocoumarins in P-gp obtained by molecular docking. (A) Binding poses of compounds carrying a TBS group in the side chain [(R)-19, (S)-19] versus compounds in which the TBS group was removed [(R)-19a, (S)-19a]. (B) Binding poses of compounds that carry a hydroxy group at position 8 [(R)-16, (S)-16] versus compounds that carry a methoxy group at position 8 [(R)-16a, (S)-16a]. (C) Binding modes of compounds 3, 4, 14, 14a, and 21 in comparison to (R)-19 and (S)-19.



Regarding these results, the 3,4-dihydroisocoumarin derivatives that we identified as dual P-gp and BCRP inhibitors with moderate activity might serve as a promising starting point for further development of novel inhibitors for overcoming cancer MDR. In future work, it will be important to identify additional substituents at other positions of the molecule to significantly improve the potency of the current chemical lead structure.

In a first initial screening (R)-19, (S)-19, 16 and 16a were identified as potential inhibitors of the yeast ABC transporter Pdr5. With these four compounds IC50 measurements with respect to R6G transport as well as the ATPase activity were performed. In the case of the transport assay the highest IC50 value was determined for (R)-19 with 26.0 ± 3.5 μM. Interestingly the lowest IC50 was detected for its enantiomer (S)-19 with 5.3 ± 0.6 μM. The transport IC50 values for 16 and 16a were nearly similar with 15.1 ± 2.1 and 14.6 ± 3.9 μM, respectively. For the ATPase activity it was not possible to reliably determine any IC50 value because of the limited solubility of the compounds. The highest ATPase activity inhibition of Pdr5 wild-type was detected for (S)-19 with an inhibition down to 17.3% activity in comparison to Pdr5 WT without any compound. For (R)-19 the ATPase activity was inhibited to 21.5% and for 16 and 16a the activity was inhibited to 35.4 and 22.8%, respectively. Our data furthermore suggest that these four coumarins are substrates of Pdr5, which are transported in competition to the fluorophore R6G and become inhibitory at higher concentrations, a phenomena often observed for P-gp (Al-Shawi et al., 2003) and Pdr5 (Ernst et al., 2008). In contrast to P-gp, it is obviously not important if there is a hydroxy or methoxy group at position 6, but it seems important that a longer hydrophobic side chain is present at position 3. The two natural substrates 6-methoxymellein (3) and angelicoin (4) with only a small methyl group at position 3 or compound 14 with no alkyl side chain at all displayed no effect on neither transport nor ATPase activity. Furthermore, in comparison to that the two compounds with a longer alkyl side chain with a hydrophilic group ((R)-19a and (S)-19a) showed only inhibition to around 40%. In addition to transporter inhibition, the cytotoxic activity of the test compounds was analyzed in sensitive A549 lung carcinoma cells as well as resistant HCT-15 colon carcinoma, H69AR lung carcinoma and MCF-7/MX breast carcinoma cells. Most compounds did not exhibit any toxic effects in cancer cells. One exception was derivative 16a, which proved to be selectively cytotoxic in BCRP-expressing MCF-7/MX cells with an IC50 value of 10.6 μM, but not in P-gp or MRP1-expressing cells. In sensitive A549, cytotoxicity was significantly lower with an IC50 value of 53.6 μM. At this point, it would be interesting to further characterize if compound 16a specifically kills multidrug-resistant cells by analyzing its activity in parental, sensitive MCF-7 cells. If this is the case, gaining insights into the mechanism of action and target would be helpful to find out more about collateral sensitivity in BCRP-overexpressing cancer cells and how to exploit this feature in tumor therapy (Pluchino et al., 2012; Rao et al., 2014).
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n =4 for cell cycle analysis vs. Control, *P < 0.05 and ***P < 0.001.
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