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Oral squamous cell carcinoma (OSCC) is an aggressive tumor that has a poor prognosis, with high levels of local invasion and lymph node metastasis. Vascular endothelial growth factor A (VEGF-A) plays essential roles in OSCC tumor angiogenesis and metastasis. Monocyte chemoattractant protein-1 (MCP-1, CCL2) is implicated in various inflammatory conditions and pathological processes, including oral cancer. The existing evidence has failed to confirm any correlation between MCP-1 or VEGF-A expression and OSCC angiogenesis. In this study, high expression levels of MCP-1 and VEGF-A were positively correlated with disease stage in patients with OSCC. In oral cancer cells, MCP-1 increased VEGF-A expression and subsequently promoted angiogenesis; miR-29c mimic reversed MCP-1 activity. We also found that MCP-1 modulated VEGF-A expression and angiogenesis through CCR2/ILK/MEK1/2 signaling. Ex vivo results of the chick embryo chorioallantoic membrane (CAM) assay revealed the angiogenic qualities of MCP-1, with increased numbers of visible blood vessel branches. Our data suggest that MCP-1 is a new molecular therapeutic target for the inhibition of angiogenesis and metastasis in OSCC.




Keywords: monocyte chemoattractant protein-1, vascular endothelial growth factor A, miR-29c, oral squamous cell carcinoma, angiogenesis



Introduction

Oral squamous cell carcinoma (OSCC) is an aggressive oral epithelial neoplasm that has a low overall 5-year survival rate of 50–60% (1), largely because of the development of metastasis (2). Research has therefore tended to concentrate on therapeutic strategies that interrupt the metastatic process in advanced-stage OSCC (3). OSCC metastasis is a complex process that is largely driven by angiogenesis (4, 5). Few therapeutic options are available for OSCC patients with metastatic disease (4). The production of monocyte chemotactic protein-1 (MCP-1, also known as CCL2) in the tumor microenvironment is recognized as having a crucial role in the growth, dissemination, and metastasis of head and neck cancer (6). The importance of targeting MCP-1 in metastatic disease has been highlighted in experimental models (7). MCP-1 can accelerate breast cancer metastasis by promoting angiogenesis in a vascular endothelial growth factor (VEGF)-A-dependent manner (8). MCP-1 is also involved in the migration and invasion of a variety of different types of cancer cells, such as breast, prostate, glioblastoma, ovarian, bladder, and chondrosarcoma (7). Some evidence suggests that MCP-1 might be involved in the development of OSCC (4, 9), including inducing changes in epithelial-mesenchymal transition (EMT) markers via paracrine or autocrine signaling (3), but the exact mechanism remains unclear.

OSCC is characterized by genomic and epigenomic alterations (10), although the mechanisms of OSCC tumorigenesis remain unclear. MicroRNAs (miRNAs) are small, non-coding RNAs capable of regulating gene expression by binding to the 3′-untranslated region (UTR) of target genes (11, 12) and are implicated in the regulation of tumor metastasis due to their influence upon cancer cell proliferation, migration, and angiogenesis (13). Dysregulated miRNA expression has been considered to play a role in OSCC progression and metastasis (14), but it remains to be explained as to how miRNAs mediate MCP-1–mediated VEGF-A expression in OSCC.

In this study, we demonstrate that MCP-1 promotes VEGF-A expression in OSCC by activating integrin-linked kinase (ILK) and MEK1/2 signaling and downregulating miR-29c expression, all of which subsequently enhances VEGF-A-induced tumor angiogenesis.



Materials and Methods


Materials

Human recombinant monocyte chemoattractant protein 1 (MCP-1) protein was purchased from PeproTech (Rocky Hill, NJ, USA). Anti-rabbit and anti-mouse IgG-conjugated horseradish peroxidase, rabbit polyclonal antibodies (specific for p-GSK3β (Santa Cruz sc-135653) and GSK3β (Santa Cruz sc-9166)), and mouse monoclonal antibodies (specific for VEGF-A (Santa Cruz sc-7269), β-actin (Santa sc-47778), MCP-1 (Santa Cruz sc-32771), ILK (Santa Cruz sc-20019), p-MEK1/2 (Santa Cruz sc-271914), MEK1/2 (Santa Cruz sc-6250), p-ERK1/2 (Santa Cruz sc-7383), and ERK1/2 (Santa Cruz sc-1647)) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The control miRNA and miR-29c mimic were purchased from Life Technologies (Carlsbad, CA, USA). Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).



Cell Culture

The human OSCC cell line used in this study was SCC4, and was purchased from the Bioresource Collection and Research Center (BCRC) (Hsinchu, Taiwan). Cells were cultured in 10% DMEM+F-12 medium and maintained at 37°C in a humidified atmosphere of 5% CO2. Human endothelial progenitor cells (EPCs) were provided by Dr. Wang Shih Wei. The EPCs were seeded onto 1% gelatin-coated plasticware and grown in endothelial cell growth medium MV2 with 20% FBS at 37°C in an atmosphere of 5% CO2.



Immunohistochemical (IHC) Staining

Before proceeding with the staining protocol, the tissue array sections were deparaffinized and hydrated in xylene and graded ethanol solutions in distilled water. IHC analysis was performed according to the conditions of our previous protocol (15). Human MCP-1 or VEGF-A antibody was applied at 4°C overnight. The results were scored by accounting for the percentage of positive detection and intensity of the staining. Quantitative data were obtained using ImageJ software.



Western Blot Analysis

After washing the cell culture dish with PBS, we added ice-cold RIPA lysis buffer containing protease inhibitors to lysate the cells. SDS-PAGE gels were used to separate protein samples, which were transferred to PVDF membranes according to our previously described methodology (15).



ILK Kinase Activity Assay

ILK kinase activity was analyzed with Nonidet P-40 (NP-40) lysis buffer (16) and a GSK-3β phosphorylation assay was performed by Western blot analysis, as previously reported (17). Western blot visualized the phosphorylation of GSK-3β. Anti-ILK was used as a loading control.



Quantitative Real-Time PCR

Quantitative real-time PCR was performed using the StepOnePlus™ sequence detection system, under the established protocol (18–20). VEGF-A primer sequences used were forward 5'-GCAGAATCATCACGAAGTGG-3' and reverse 5'-GCATGGTGATGTTGGACTCC-3'. The Mir-X™ miRNA First-Strand Synthesis and SYBR® qRT-PCR kits detected miRNA expression. The specific primer sequence for miR-29c was 5'-TAGCACCATTTGAAATCGGTTA-3'. GAPDH or U6 snRNA expression level was used as the endogenous control for normalization purposes.



ELISA

Cells were seeded in 6-well plates for 24 h and then the culture medium (CM) was changed to serum-free medium. Some cells were left untreated (controls), while others were treated only with MCP-1 for 24 h. Other cells were treated with pharmacological inhibitors or transfected with miRNA mimic for 30 min, then with MCP-1 for 24 h. The CM was then collected from all cells and VEGF-A concentrations were detected using the human VEGF-A/VEGF Quantikine ELISA kit (R&D Systems, MN, USA), according to the manufacturer’s protocol.



Tube Formation Assay

The 48-well plates were coated with Matrigel (100 μl/well) before use. EPC cells (1×104) were seeded into each well in 50% MV2 medium and 50% CM, then incubated for 16 h at 37°C. Quantitative data were obtained using ImageJ software.



Migration Assay

The migration assay was performed in a 24-well Transwell cell culture chamber with 8.0-μm pore size inserts. EPCs (2×104) were seeded onto the upper chamber and incubated in the lower chamber with 50% MV2 medium and 50% CM at 37°C in 5% CO2 for 24 h. Migratory ability was assayed using the procedure described in our previous publication (15).



Luciferase Activity Assay

Cells were seeded onto 24-well plates and transiently transfected with wild-type- or mutant-type-VEGF-A 3'-UTR luciferase plasmids. Luciferase activity was assayed using our previously described procedure (21).



Chick Chorioallantoic Membrane (CAM) Assay

The CAM assay detected the influence of MCP-1 on angiogenesis. We used 10-day-old fertilized chick embryos, with minor modifications from the procedures described in our previous study (15). The eggs were incubated in a humidified atmosphere of 80–90% at 38°C for 7 days. An approximate 1-cm opening was created in the air sac of each egg, into which 50 μl of CM (suspended in 50 μl Matrigel) was added, before the shells were covered with adhesive tape and the eggs were incubated for a further 72 h. Chorioallantoic membranes were collected for microscopy and photographic documentation. We manually counted the numbers of blood vessel branches within the defined area of the membrane, to form the angiogenic index.



Statistical Analysis

Data are expressed as the mean ± SD. Between-group differences were analyzed using the Student’s t-test of variance and one-way analysis of variance (ANOVA) was used to compare means between two or more groups. The difference was considered significant if the p value was less than 0.05. Each experimental procedure was independently repeated three times, with similar results.




Results


Clinical Significance of MCP-1 Expression in Oral Squamous Cell Carcinoma

Previous research has demonstrated that VEGF-A and angiopoietin 2 (ANGPT2) are critical players in tumor angiogenesis, while VEGF-A has been considered the primary factor driving the expansion of the tumor angiogenesis (22, 23). To confirm the clinical significance of MCP-1 in OSCC angiogenesis, we obtained data from the Oncomine database, which contains 65 gene chip datasets, 4700 chips, and 480 million gene expression data (24, 25). We found higher levels of MCP-1, VEGF-A, and ANGPT2 expression in tissue from OSCC patients compared with normal healthy controls (Figures 1A–C). Furthermore, IHC staining demonstrated that higher MCP-1 and VEGF-A expression correlated with higher clinical disease stage (Figures 1D–F). These findings suggest that MCP-1 has an important role in OSCC progression.




Figure 1 | Clinical significance of MCP-1 in angiogenesis of oral squamous cell carcinoma. (A–C) OSCC tissue and adjacent normal tissue data from the Oncomine database (https://www.oncomine.org) were analyzed for MCP-1, VEGF-A, and ANGPT2 expression. (D) IHC photographs of tissue array sections (OR601) immunostained with anti-MCP-1 or anti-VEGF-A antibody. (E, F) IHC results were scored on a scale of 1–5 for staining intensity. Levels of MCP-1 and VEGF-A expression correlated with OSCC clinical grade. **p < 0.005 , ***p < 0.0005 compared with controls. (A–C, E) are box-and-whisker plots that plot outliers as individual points (dots).





MCP-1 Promotes Angiogenesis in Human OSCC Cells via VEGF-A-Dependent Signaling

We sought to determine whether MCP-1–induced angiogenesis of OSCC cells involves VEGF-A signaling. As shown in Figures 2A-C, incubation of SCC4 cells with human recombinant MCP-1 significantly increased VEGF-A mRNA expression and protein secretion. We found that incubation of EPCs with CM from MCP-1–treated OSCC cells promoted EPC tube formation and migration; these activities were abolished when 5 μg/ml of VEGF-A monoclonal antibody (mAb) was added (Figures 2D, E). These results confirmed that MCP-1 promotes angiogenesis through the VEGF-A-dependent pathway.




Figure 2 | MCP-1 promotes human OSCC cell angiogenesis through the VEGF-A-dependent pathway. Cells were incubated with MCP-1 (0–50 ng/ml) for 24 h and VEGF-A expression was determined by Western blot (A), RT-qPCR (B), and ELISA assays (C). The CM was collected and used to treat the EPCs for 24 h. We used the tube formation assay to examine capillary-like structure formation (D) and the Transwell assay to examine cell migration (E). *p < 0.05 compared with controls; #p < 0.05 compared with MCP-1–treated controls. Each experimental procedure was independently repeated three times, with similar results.





MCP-1 Promotes VEGF-A Expression and Angiogenesis via the CCR2 Receptor

Targeting MCP-1/CCR2 signaling may alter the tumor microenvironment and enhance angiogenesis in cancer (26, 27). We therefore used RS102895, a potent CCR2 antagonist, to evaluate whether MCP-1–induced stimulation of VEGF-A expression and angiogenesis is influenced by CCR2. RS102895 treatment significantly reduced protein and mRNA expression levels (Figures 3A–C). RS102895 also significantly inhibited EPC tube formation and migration (Figures 3D, E). The CCR2 receptor therefore plays an important role in MCP-1–induced stimulation of VEGF-A expression and angiogenesis.




Figure 3 | MCP-1 promotes VEGF-A expression and angiogenesis via the CCR2 receptor. Cells were treated with a CCR2 antagonist (RS102895; 100 ng/ml) for 30 min and then stimulated with MCP-1 (50 ng/ml) for 24 h. VEGF-A expression was measured by Western blot (A), RT-qPCR (B), and ELISA assays (C). Cells were treated with RS102895 (100 ng/ml) for 30 min and then stimulated with MCP-1 (50 ng/ml) for 24 h, then CM was collected. After treating the EPCs with CM for 24 h, capillary-like structure formation was examined using the tube formation assay (D) and cell migration was examined with the Transwell assay (E). *p < 0.05 compared with controls; #p < 0.05 compared with MCP-1–treated controls. Each experimental procedure was independently repeated three times, with similar results.





The ILK/MEK1/2 Signaling Pathway Is Involved in MCP-1–Induced VEGF-A Expression and Angiogenesis

ILK is considered to be crucial for tumor angiogenesis (28). The GSK-3 crosstide peptide is a substrate of ILK, and phosphorylation of GSK-3β is regulated by ILK in many cells (29). Here, we found that MCP-1 promotes ILK kinase activity by promoting the phosphorylation of GSK-3β (Figure 4A) and mitogen-activated protein kinase kinase (MEK 1/2) in a time-dependent manner (Figure 4B). In addition, the phosphorylation of extracellular signal-regulated protein kinase (ERK1/2) was also promoted in a time-dependent manner (Figure 4B). Pretreatment with KP-392 (a potent and selective inhibitor of ILK) or PD98059 (a potent and selective inhibitor of MEK1/2) significantly reduced MCP-1–induced increases in VEGF-A expression (Figures 4C, D), as well as EPC tube formation and migration (Figures 4E, F). These results indicate that MCP-1 promotes VEGF-A expression and angiogenesis in OSCC cells through ILK and MEK1/2 signaling.




Figure 4 | ILK/MEK1/2 signaling is involved in MCP-1–induced VEGF-A expression and angiogenesis. Cells were incubated with MCP-1 (50 ng/ml) for the indicated time intervals; (A) Cell lysates were immunoprecipitated (IP) with ILK antibodies prior to Western blotting using p-GSK-3β, GSK-3β, and ILK antibodies. (B) MEK1/2, and ERK1/2 activation was examined by the Western blot assay. (C, D) Cells were treated with an ILK inhibitor (KP392; 10 μM) or MEK1/2 inhibitor (PD98059; 10 μM) for 30 min, then stimulated with MCP-1 (50 ng/ml) for 24 h. VEGF-A expression was measured by Western blot and ELISA assays. (E, F) Cells were treated with a KP392 (10 μM) or PD98059 (10 μM) for 30 min, then stimulated with MCP-1 (50 ng/ml) for 24 h. CM was applied to EPCs for 24 h, then capillary-like structure formation was examined by the tube formation assay (E) and cell migration by the Transwell assay (F). *p < 0.05 compared with controls; #p < 0.05 compared with MCP-1–treated controls. Each experimental procedure was independently repeated three times, with similar results.





MiR-29c Is a Key miRNA in MCP-1–Promoted VEGF-A Expression and Angiogenesis

We used open-source miRNA prediction software (miRanda, DIANA Tools, TargetScan, and miRDB) to identify 13 candidate miRNAs that target VEGF-A mRNA (Figure 5A). Of all miRNAs, miR-29c was the most downregulated after MCP-1 treatment (Figure 5B). Exogenous MCP-1 dose-dependently and significantly inhibited miR-29c expression (Figure 5C). Transfection of cells with miR-29c mimic reduced the ability of MCP-1 to enhance VEGF-A expression (Figure 5D), EPC tube formation (Figure 5E) and EPC migration (Figure 5F). CCR2/ILK/MEK1/2 signaling was involved in the effects of MCP-1 on miR-29c expression (Figure 5G). To confirm that miR-29c directly binds to the 3'-UTR of VEGF-A and inhibits VEGF-A mRNA translation, we constructed wild- and mutant-type luciferase reporter vectors harboring VEGF-A 3'-UTR (Figure 5H), then transfected these vectors into OSCC cells. We found that MCP-1 increased luciferase activity in the wild-type plasmid via CCR2, ILK, and MEK1/2 signaling, but no such effect was observed with the mutant-type plasmid (Figure 5I). When we examined tumor samples from the TCGA database, we found much lower levels of miR-29c expression in oral cancer tissue than in adjacent normal tissue (Figure 5J). These data indicate that miR-29c suppresses VEGF-A protein expression by binding to the 3′-UTR of the human VEGF-A gene via CCR2/ILK/MEK1/2 signaling.




Figure 5 | miR-29c is a key miRNA in MCP-1–induced stimulation of VEGF-A expression and angiogenesis. (A) MiRNA target prediction program software was used to identify miRNAs that potentially bind to the VEGF-A 3'-UTR. (B) Cells were incubated with MCP-1 for 24 h and expression levels of the indicated miRNAs were subjected to qPCR analysis. (C) Cells were incubated with MCP-1 (0–50 ng/ml) for 24 h and miR-29c expression was determined by qPCR. (D) Cells were transfected with miR-29c mimic (10 nM) then incubated with MCP-1 for 24 h. VEGF-A expression was measured by ELISA. (E, F) CM was applied to EPCs for 24 h then capillary-like structure formation was examined by the tube formation assay and cell migration by the Transwell assay. (G) Cells were treated for 30 min with RS102895 (100 ng/ml), KP392 (10 μM), or PD98059 (10 μM) then incubated with MCP-1 for 24 h. miR-29c expression was examined by qPCR analysis. (H) The wild-type or mutant VEGF-A 3'-UTRs containing the miR-29c binding site was inserted into the pmirGLO vector. (I) Cells were transfected with wt-VEGF-A-3'-UTR or mut-VEGF-A-3'-UTR plasmid for 24 h, then stimulated for 30 min with RS102895 (100 ng/ml), KP392 (10 μM), or PD98059 (10 μM), followed by MCP-1 treatment for 24 h; luciferase activities were measured. (J) TCGA database records were analyzed for levels of miR-29c expression in tumor tissue and adjacent normal tissue. *p < 0.05 compared with controls; #p < 0.05 compared with MCP-1–treated controls. Each experimental procedure was independently repeated three times, with similar results.





Effects of MCP-1 on VEGF-A-Induced Angiogenesis in the CAM Model

We used the CAM assay to characterize the effect of MCP-1 on VEGF-A-induced angiogenesis. As illustrated in Figures 6A, B, we found that the CM collected from MCP-1–treated OSCC cells enhanced the number of blood vessel branches compared with untreated cells, whereas MCP-1–enhanced blood vessel growth was significantly reduced in cells pretreated with VEGF-A mAb. These results indicate that MCP-1 promotes angiogenesis ex vivo.




Figure 6 | Effects of MCP-1 on VEGF-A-induced angiogenesis in the CAM model. (A) Cells were incubated with or without MCP-1 (50 ng/ml) for 24 h, or treated for 30 min with VEGF-A antibody (5 μg/ml) followed by MCP-1 (50 ng/ml) for 24 h. CM was collected and suspended in Matrigel, then incubated with chick embryos (n=5 in each group) for another 72 h. Chorioallantoic membranes were collected for microscopy and photographic documentation. (B) Angiogenesis was quantified by manually counting the number of blood vessel branches. *p < 0.05 compared with controls; #p < 0.05 compared with MCP-1–treated controls. Each experimental procedure was independently repeated three times, with similar results.






Discussion

Angiogenesis is a critical feature of OSCC progression (30). Some evidence suggests the involvement of MCP-1 in the development of OSCC (4, 9), including the induction of epithelial-mesenchymal transition (3), although the exact mechanisms remain unclear. Our study evidence indicates that MCP-1 is an important player in OSCC angiogenesis, as we observed a correlation between higher levels of MCP-1 expression and OSCC disease status.

Dysregulation of chemokine or chemokine receptors has been linked to many diseases, especially those associated with cancer (31). In various human tissues, MCP-1 preferentially binds to the CCR2 receptor and has been implicated in the promotion of metastasis (27). Here, we found that inhibiting CCR2 functioning dramatically suppressed VEGF-A-induced angiogenesis. The ILK kinase is considered to be an important regulator in many key biological processes and is known to enhance OSCC tumorigenesis (32, 33). Knockdown of ILK reportedly inhibits OSCC proliferation, invasion and metastasis of xenograft tumors in vivo (34). In this study, we identified a new function of ILK in OSCC, namely, its regulation of MCP-1–mediated VEGF-A-associated angiogenesis. MEK1/2 has been shown to regulate the development and progression of cancer-associated angiogenesis (35, 36). The function of MEK1/2 in OSCC mostly involves cancer proliferation, chemoresistance, and invasion/migration (37–39). Here, we report that MEK1/2 inhibitors antagonized MCP-1–induced VEGF-A expression. Incubation of OSCC cells with MCP-1 promoted, ILK and MEK1/2 phosphorylation, suggesting that their activation plays a crucial role in MCP-1–stimulated VEGF-A production and angiogenesis in OSCC cells.

Evidence of significant downregulation of miR-29c in many cancers suggests that miR-29c acts as a suppressor miRNA in these diseases (40, 41). In laryngeal squamous cell carcinoma, significant correlations have been observed between decreased miR-29c expression and the smoking index, tumor size, tumor site, tumor differentiation, T classification, TNM stage of laryngeal squamous cell carcinoma, and lymph node metastasis (42). Interestingly, miR-29c appears to contribute to a paracrine cross-talk mechanism between cancer-secreted insulin-like growth factor 2 (IGF2) and VEGF expression in cancer-associated fibroblasts (CAFs), with evidence indicating that higher IGF2 expression in cancer cells combined with increased VEGF expression in CAFs is associated with an unfavorable prognosis in esophageal squamous cell carcinoma (43). In analyses of predictive algorithms, miR-29c has a high predictive score for VEGF 3′-UTR-binding sites and is one of the most significantly downregulated miRNAs in IGF2-treated CAFs (43). Moreover, miR-29c overexpression has been linked to a significant and consistent downregulation of VEGF in CAFs (43). It is well known that miR-29c acts as an anti-angiogenic agent by potently inhibiting VEGF-A (44). The expression of hsa-miR-29c is related to its DNA copy number and is differentially expressed in metastatic and nonmetastatic samples taken from patients with OSCC (45). In this study, we found that among all identified miRNAs, the level of miR-29c expression was reduced by the greatest extent after MCP-1 stimulation. Co-transfection with miR-29c mimic significantly reduced MCP-1–induced VEGF-A expression, EPC tube formation and migration. We also found that miR-29c directly represses VEGF-A protein expression by using ILK/MEK1/2 signaling to bind to the 3'-UTR of the human VEGF-A gene, and negatively regulating VEGF-A-mediated angiogenesis. Importantly, levels of miR-29c expression may serve as a biomarker of carcinogenesis in OSCC, as miR-29c has shown good discriminatory power for differentiating between OSCC and cancer-free tissue, as well as between tumor-adjacent and noncancerous tissue (46). Notably, the lack of a significant difference between miR-29c expression in tumor and tumor-adjacent tissues suggests a field cancerization effect in OSCC, whereby the dysregulation of miR-29c expression in tumor-adjacent tissue may promote oral carcinogenesis in that environment (46). In addition, miR-29c targets the phosphate and tensin homolog (PTEN) and DICER1 genes, both of which contribute to oral carcinogenesis (46). In this respect, molecular analysis of miR-29c expression could be very important for OSCC prognosis. We suggest that combining miR-29c with other therapies that effectively target VEGF-A may improve the treatment of OSCC.



Conclusions

Higher MCP-1 expression levels in patients with OSCC are associated with more advanced disease. In cellular experiments, we found that MCP-1 promotes VEGF-A expression and angiogenesis by downregulating miR-29c expression via the ILK/MEK1/2 signaling pathways (Figure 7). Our evidence indicates that MCP-1 may be a new molecular therapeutic target for inhibition of angiogenesis and metastasis in OSCC.




Figure 7 | The schema depicts the involvement of signaling pathways in MCP-1–induced stimulation of VEGF-A expression and angiogenesis.





Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

M-YL and A-CC designed the experiments and performed data analysis. M-YL, A-CC, and H-CT performed cell culture and ex vivo experiments. A-CC and H-CT performed data analysis. M-HT, C-HH, S-PC, and S-WW contributed to and discussed the research strategy and data interpretation. The paper was written by H-CT and edited by C-HT. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the Ministry of Science and Technology of Taiwan (MOST 108-2320-B-039-055; MOST 107-2320-B-039-019-MY3), China Medical University Hospital (DMR-109-205; CMU109-MF-44), and Shin Kong Wu Ho-Su Memorial Hospital (2020SKHBND001).



Acknowledgments

We would like to thank Iona J. MacDonald from China Medical University for careful reading of the manuscript and for revision of the English grammar.



References

1. Ong, TK, Murphy, C, Smith, AB, Kanatas, AN, and Mitchell, DA. Survival after surgery for oral cancer: a 30-year experience. Br J Oral Maxillofac Surg (2017) 55(9):911–6. doi: 10.1016/j.bjoms.2017.08.362

2. Ding, D, Stokes, W, Eguchi, M, Hararah, M, Sumner, W, Amini, A, et al. Association Between Lymph Node Ratio and Recurrence and Survival Outcomes in Patients With Oral Cavity Cancer. JAMA Otolaryngol Head Neck Surg (2019) 145(1):53–61. doi: 10.1001/jamaoto.2018.2974

3. Ling, Z, Yang, X, Chen, X, Xia, J, Cheng, B, and Tao, X. CCL2 promotes cell migration by inducing epithelial-mesenchymal transition in oral squamous cell carcinoma. J Oral Pathol Med (2019) 48(6):477–82. doi: 10.1111/jop.12869

4. Ku, WT, Tung, JJ, Lee, TJ, and Lai, KC. Long-Term Exposure to Oroxylin A Inhibits Metastasis by Suppressing CCL2 in Oral Squamous Cell Carcinoma Cells. Cancers (Basel) (2019) 11(3):353. doi: 10.3390/cancers11030353

5. Cui, Z, Liu, QL, Sun, SQ, Jiao, K, Liu, DR, Zhou, XC, et al. MiR-378a-5p inhibits angiogenesis of oral squamous cell carcinoma by targeting KLK4. Neoplasma (2020) 67(1):85–92. doi: 10.4149/neo_2019_190306N191

6. Lee, CC, Ho, HC, Su, YC, Lee, MS, Hung, SK, and Lin, CH. MCP1-Induced Epithelial-Mesenchymal Transition in Head and Neck Cancer by AKT Activation. Anticancer Res (2015) 35(6):3299–306.


7. Lim, SY, Yuzhalin, AE, Gordon-Weeks, AN, and Muschel, RJ. Targeting the CCL2-CCR2 signaling axis in cancer metastasis. Oncotarget (2016) 7(19):28697–710. doi: 10.18632/oncotarget.7376

8. Bonapace, L, Coissieux, MM, Wyckoff, J, Mertz, KD, Varga, Z, Junt, T, et al. Cessation of CCL2 inhibition accelerates breast cancer metastasis by promoting angiogenesis. Nature (2014) 515(7525):130–3. doi: 10.1038/nature13862

9. Gao, L, Wang, FQ, Li, HM, Yang, JG, Ren, JG, He, KF, et al. CCL2/EGF positive feedback loop between cancer cells and macrophages promotes cell migration and invasion in head and neck squamous cell carcinoma. Oncotarget (2016) 7(52):87037–51. doi: 10.18632/oncotarget.13523

10. Momen-Heravi, F, and Bala, S. Emerging role of non-coding RNA in oral cancer. Cell Signal (2018) 42:134–43. doi: 10.1016/j.cellsig.2017.10.009

11. Kulshreshtha, R, Ferracin, M, Negrini, M, Calin, GA, Davuluri, RV, and Ivan, M. Regulation of microRNA expression: the hypoxic component. Cell Cycle (2007) 6(12):1426–31. doi: 10.4161/cc.6.12.4410

12. Esquela-Kerscher, A, and Slack, FJ. Oncomirs - microRNAs with a role in cancer. Nat Rev Cancer (2006) 6(4):259–69. doi: 10.1038/nrc1840

13. Zhang, Y, Yang, P, and Wang, XF. Microenvironmental regulation of cancer metastasis by miRNAs. Trends Cell Biol (2014) 24(3):153–60. doi: 10.1016/j.tcb.2013.09.007

14. Sasahira, T, Kurihara, M, Bhawal, UK, Ueda, N, Shimomoto, T, Yamamoto, K, et al. Downregulation of miR-126 induces angiogenesis and lymphangiogenesis by activation of VEGF-A in oral cancer. Br J Cancer (2012) 107(4):700–6. doi: 10.1038/bjc.2012.330

15. Tsai, HC, Cheng, SP, Han, CK, Huang, YL, Wang, SW, Lee, JJ, et al. Resistin enhances angiogenesis in osteosarcoma via the MAPK signaling pathway. Aging (Albany NY) (2019) 11(21):9767–77. doi: 10.18632/aging.102423

16. Nho, RS, Xia, H, Kahm, J, Kleidon, J, Diebold, D, and Henke, CA. Role of integrin-linked kinase in regulating phosphorylation of Akt and fibroblast survival in type I collagen matrices through a beta1 integrin viability signaling pathway. J Biol Chem (2005) 280(28):26630–9. doi: 10.1074/jbc.M411798200

17. Lin, YM, Chang, ZL, Liao, YY, Chou, MC, and Tang, CH. IL-6 promotes ICAM-1 expression and cell motility in human osteosarcoma. Cancer Lett (2013) 328(1):135–43. doi: 10.1016/j.canlet.2012.08.029

18. Chen, CY, Su, CM, Hsu, CJ, Huang, CC, Wang, SW, Liu, SC, et al. CCN1 Promotes VEGF Production in Osteoblasts and Induces Endothelial Progenitor Cell Angiogenesis by Inhibiting miR-126 Expression in Rheumatoid Arthritis. J Bone Miner Res (2017) 32(1):34–45. doi: 10.1002/jbmr.2926

19. Lee, HP, Wang, SW, Wu, YC, Lin, LW, Tsai, FJ, Yang, JS, et al. Soya-cerebroside inhibits VEGF-facilitated angiogenesis in endothelial progenitor cells. Food Agr Immunol (2020) 31(1):193–204. doi: 10.1080/09540105.2020.1713055

20. Liu, SC, Tsai, CH, Wu, TY, Tsai, CH, Tsai, FJ, Chung, JG, et al. Soya-cerebroside reduces IL-1 beta-induced MMP-1 production in chondrocytes and inhibits cartilage degradation: implications for the treatment of osteoarthritis. Food Agr Immunol (2019) 30(1):620–32. doi: 10.1080/09540105.2019.1611745

21. Wang, YH, Kuo, SJ, Liu, SC, Wang, SW, Tsai, CH, Fong, YC, et al. Apelin Affects the Progression of Osteoarthritis by Regulating VEGF-Dependent Angiogenesis and miR-150-5p Expression in Human Synovial Fibroblasts. Cells (2020) 9(3). doi: 10.3390/cells9030594

22. Li, C, Sun, CJ, Fan, JC, Geng, N, Li, CH, Liao, J, et al. Angiopoietin-2 expression is correlated with angiogenesis and overall survival in oral squamous cell carcinoma. Med Oncol (2013) 30(2):571. doi: 10.1007/s12032-013-0571-2

23. Claesson-Welsh, L, and Welsh, M. VEGFA and tumour angiogenesis. J Intern Med (2013) 273(2):114–27. doi: 10.1111/joim.12019

24. Hu, L, Zhang, P, Sun, W, Zhou, L, Chu, Q, and Chen, Y. PDPN is a prognostic biomarker and correlated with immune infiltrating in gastric cancer. Med (Baltimore) (2020) 99(19):e19957. doi: 10.1097/MD.0000000000019957

25. Fei, Y, Yu, H, Huang, S, Chen, P, and Pan, L. Expression and prognostic analyses of early growth response proteins (EGRs) in human breast carcinoma based on database analysis. PeerJ (2019) 7:e8183. doi: 10.7717/peerj.8183

26. Brummer, G, Fang, W, Smart, C, Zinda, B, Alissa, N, Berkland, C, et al. CCR2 signaling in breast carcinoma cells promotes tumor growth and invasion by promoting CCL2 and suppressing CD154 effects on the angiogenic and immune microenvironments. Oncogene (2020) 39(11):2275–89. doi: 10.1038/s41388-019-1141-7

27. Chen, CH, Su, LJ, Tsai, HT, and Hwang, CF. ELF-1 expression in nasopharyngeal carcinoma facilitates proliferation and metastasis of cancer cells via modulation of CCL2/CCR2 signaling. Cancer Manag Res (2019) 11:5243–54. doi: 10.2147/CMAR.S196355

28. Zhao, W, Zhang, X, Zang, L, Zhao, P, Chen, Y, and Wang, X. ILK promotes angiogenic activity of mesenchymal stem cells in multiple myeloma. Oncol Lett (2018) 16(1):1101–6. doi: 10.3892/ol.2018.8711

29. Maydan, M, McDonald, PC, Sanghera, J, Yan, J, Rallis, C, Pinchin, S, et al. Integrin-linked kinase is a functional Mn2+-dependent protein kinase that regulates glycogen synthase kinase-3beta (GSK-3beta) phosphorylation. PLoS One (2010) 5(8):e12356. doi: 10.1371/journal.pone.0012356

30. Balakrishnan, S, Nirmal, M, Priyadharshini, I, and Ravi, S. Role of Angiogenesis in Oral Squamous Cell Carcinoma – A Review. J Adv Med Dental Sci Res (2018) 6:127–30. doi: 10.4248/IJOS11077

31. Marcuzzi, E, Angioni, R, Molon, B, and Cali, B. Chemokines and Chemokine Receptors: Orchestrating Tumor Metastasization. Int J Mol Sci (2018) 20(1):96. doi: 10.3390/ijms20010096

32. Qiao, B, Cai, JH, King-Yin Lam, A, and He, BX. MicroRNA-542-3p inhibits oral squamous cell carcinoma progression by inhibiting ILK/TGF-beta1/Smad2/3 signaling. Oncotarget (2017) 8(41):70761–76. doi: 10.18632/oncotarget.19986

33. Chang, AC, Lien, MY, Tsai, MH, Hua, CH, and Tang, CH. WISP-1 Promotes Epithelial-Mesenchymal Transition in Oral Squamous Cell Carcinoma Cells Via the miR-153-3p/Snail Axis. Cancers (Basel) (2019) 11(12):1903. doi: 10.3390/cancers11121903

34. Que, L, Zhao, D, Tang, XF, Liu, JY, Zhang, XY, Zhan, YH, et al. Effects of lentivirus-mediated shRNA targeting integrin-linked kinase on oral squamous cell carcinoma in vitro and in vivo. Oncol Rep (2016) 35(1):89–98. doi: 10.3892/or.2015.4374

35. Chen, CY, Wu, SM, Lin, YH, Chi, HC, Lin, SL, Yeh, CT, et al. Induction of nuclear protein-1 by thyroid hormone enhances platelet-derived growth factor A mediated angiogenesis in liver cancer. Theranostics (2019) 9(8):2361–79. doi: 10.7150/thno.29628

36. Tong, X, Wang, Q, Wu, D, Bao, L, Yin, T, and Chen, H. MEK inhibition by cobimetinib suppresses hepatocellular carcinoma and angiogenesis in vitro and in vivo. Biochem Biophys Res Commun (2020) 523(1):147–52. doi: 10.1016/j.bbrc.2019.12.032

37. Kashyap, T, Pramanik, KK, Nath, N, Mishra, P, Singh, AK, Nagini, S, et al. Crosstalk between Raf-MEK-ERK and PI3K-Akt-GSK3beta signaling networks promotes chemoresistance, invasion/migration and stemness via expression of CD44 variants (v4 and v6) in oral cancer. Oral Oncol (2018) 86:234–43. doi: 10.1016/j.oraloncology.2018.09.028

38. Yang, WE, Ho, YC, Tang, CM, Hsieh, YS, Chen, PN, Lai, CT, et al. Duchesnea indica extract attenuates oral cancer cells metastatic potential through the inhibition of the matrix metalloproteinase-2 activity by down-regulating the MEK/ERK pathway. Phytomedicine (2019) 63:152960. doi: 10.1016/j.phymed.2019.152960

39. Liu, YS, and Wei, B. Over-expression of Bcl2-associated athanogene 2 in oral cancer promotes cellular proliferation and is associated with poor prognosis. Arch Oral Biol (2019) 102:164–70. doi: 10.1016/j.archoralbio.2019.04.015

40. Li, W, Yi, J, Zheng, X, Liu, S, Fu, W, Ren, L, et al. miR-29c plays a suppressive role in breast cancer by targeting the TIMP3/STAT1/FOXO1 pathway. Clin Epigenet (2018) 10:64. doi: 10.1186/s13148-018-0495-y

41. Hu, Z, Cai, M, Zhang, Y, Tao, L, and Guo, R. miR-29c-3p inhibits autophagy and cisplatin resistance in ovarian cancer by regulating FOXP1/ATG14 pathway. Cell Cycle (2020) 19(2):193–206. doi: 10.1080/15384101.2019.1704537

42. Fang, R, Huang, Y, Xie, J, Zhang, J, and Ji, X. Downregulation of miR-29c-3p is associated with a poor prognosis in patients with laryngeal squamous cell carcinoma. Diagn Pathol (2019) 14(1):109. doi: 10.1186/s13000-019-0893-2

43. Xu, WW, Li, B, Guan, XY, Chung, SK, Wang, Y, Yip, YL, et al. Cancer cell-secreted IGF2 instigates fibroblasts and bone marrow-derived vascular progenitor cells to promote cancer progression. Nat Commun (2017) 8:14399. doi: 10.1038/ncomms14399

44. Kwon, JJ, Factora, TD, Dey, S, and Kota, J. A.  Systematic Review of miR-29 in Cancer. Mol Ther Oncolyt (2019) 12:173–94. doi: 10.1016/j.omto.2018.12.011

45. Serrano, NA, Xu, C, Liu, Y, Wang, P, Fan, W, Upton, MP, et al. Integrative analysis in oral squamous cell carcinoma reveals DNA copy number-associated miRNAs dysregulating target genes. Otolaryngol Head Neck Surg (2012) 147(3):501–8. doi: 10.1177/0194599812442490

46. Lopes, CB, Magalhaes, LL, Teofilo, CR, Alves, A, Montenegro, RC, Negrini, M, et al. Differential expression of hsa-miR-221, hsa-miR-21, hsa-miR-135b, and hsa-miR-29c suggests a field effect in oral cancer. BMC Cancer (2018) 18(1):721. doi: 10.1186/s12885-018-4631-z



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

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


OEBPS/Images/fonc-10-592415-g006.jpg
*

150
E%uo #
g
Qe 90
S8
T °
2% 60
S8

30

o

control control  VEGF-A mAb
MCP-1





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Monocyte Chemoattractant Protein 1 Promotes VEGF-A Expression in OSCC by Activating ILK and MEK1/2 Signaling and Downregulating miR-29c

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Materials

          



          		

            Cell Culture

          



          		

            Immunohistochemical (IHC) Staining

          



          		

            Western Blot Analysis

          



          		

            ILK Kinase Activity Assay

          



          		

            Quantitative Real-Time PCR

          



          		

            ELISA

          



          		

            Tube Formation Assay

          



          		

            Migration Assay

          



          		

            Luciferase Activity Assay

          



          		

            Chick Chorioallantoic Membrane (CAM) Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Clinical Significance of MCP-1 Expression in Oral Squamous Cell Carcinoma

          



          		

            MCP-1 Promotes Angiogenesis in Human OSCC Cells via VEGF-A-Dependent Signaling

          



          		

            MCP-1 Promotes VEGF-A Expression and Angiogenesis via the CCR2 Receptor

          



          		

            The ILK/MEK1/2 Signaling Pathway Is Involved in MCP-1–Induced VEGF-A Expression and Angiogenesis

          



          		

            MiR-29c Is a Key miRNA in MCP-1–Promoted VEGF-A Expression and Angiogenesis

          



          		

            Effects of MCP-1 on VEGF-A-Induced Angiogenesis in the CAM Model

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-10-592415-g004.jpg
A MCP-1 B MCP-1
0 10 15 30 60 120 0 10 15 30 60 120
PGSK3P - - - - - PMEKI2 o o e e

GSK-3p *, ez
*e- pERKY2 T B2 WS W = =

(E:ILK " -e .‘. ERKI2 e w2 W W W W

pactin e w» - - - -

c o

2000-

*

MC = 1500-

A o 052 E
oSt 2 4
VEGF-A i e = & F #

ti - o

ractin | ——— 8 5

[

control  control  KP392 PD98059

MCP-1

»
g

£
H

3

8

g
H
8
5 100
g

<
]

E
2

s
]
2

3

Migration (% of control)

°

comyol _control _ KP392 PD3A039 control control__KP392 _PD98059

MCP.1 MCP-1





OEBPS/Images/fonc-10-592415-g002.jpg
A MCP-1
] 10

0 50
VEGF-A === === —-q

s

]
g
g
&
g
s

mRNA expression
VEGF-A (pgimL)

2500,
2000,
1500,
1000,
50
o

MCP-1

control “control |ie VEGE Ama h VEGF-A
250
250: . 5 * *
* 220
§
8
5 150
# g
£ 100 #
s
5 50
H
o o
SN SV ISP
RPN S s P T a2
P AT o o AT N
Rl &






OEBPS/Images/fonc-10-592415-g005.jpg
miRanda DIANATools
©
i
S e
Kediie talmas s
ety fuaiin
o e e
ot il
. ¢
>
] .
O = .
£5o i
$51s if
A i
£3ee
£ o5 N i;
SO S LSS0 P S
ST
. .
=
= . 5
m
8
i i
*
[
H
5 .
e
= i
— hoamir28c binding st =
" utatonsie -

WIVEGF-A3UTR

H

Lucierase activity
fo1d of control)
H

8

comeal

.
oo
@
.
\
.
-

Wopa

o
VEGF-ATUTRWt VEGF-A FUTRmut

15

fold of control

miR-29¢ expression
g

I
e






OEBPS/Images/fonc-10-592415-g007.jpg
P extracellular
2ee,

0SCC eelis
secrete VEGE-A

VEGF-A induces

VEGF-A 0SCC angiogenesis

Blood vessels





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc.2020.592415_cover.jpg
’ frontiers
in Oncology

Monocyte Chemoattractant Protein 1
Promotes VEGF-A Expression in
OSCC by Activating ILK and MEK1/2
Signaling and Downregulating
miR-29¢c





OEBPS/Images/fonc-10-592415-g003.jpg
A MCP-1
Control  Control ~ RS102895

VEGF-A [ - e
a-tubulin - v =4

B c
3 *
< =
@5 5
2%, E
58 )
23 £
8 # <
0 0
gz g
SE s
0
confrol  control __ RS102895
MCP-1
D E
300- * ‘3‘
2
. §
§3 g
E :é- 200- # 5
53 =
%y H
Sx 10 £
=& g
5
H

control control  RS102895

MCP-1

1500

1000

500.

250.

200

150.

100

control

control

control

control

RS102895
MCP-1

RS102895
MCP-1






OEBPS/Images/fonc-10-592415-g001.jpg
VEGF-A, p=0.031

Normal Stage | Stage Il Stage Il

VEGF-A

w

MCP-1 IHC score
VEGF-A IHC score
»

p<0.0001






