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Cancer cell-derived exosomes regulate tumor growth and progression. However, the effects of exosomes and its contents on head and neck squamous cell carcinoma (HNSCC) and its underlying mechanisms remain unclear. Here, we found HNSCC displayed a dysregulation of exosomes biogenesis. miR-185-3p was one of the most upregulated exosome-derived miRNAs in HNSCC. Functional assay showed that RAB25 is a direct downstream target of miR-185-3p. miR-185-3p/RAB25 signaling controlled tumor progression and correlated with disease prognosis. Targeting miR-185-3p/RAB25 significantly inhibited tumor growth and promoted drug response to chemotherapy. To conclude, the findings demonstrate exosomal miR-185-3p promotes tumor growth by mediating RAB25 that could be effectively targeted for HNSCC treatment.
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Introduction

Head and neck squamous cell carcinoma (HNSCC), including the squamous cell carcinoma of oral cavity, larynx, oropharynx, and hypopharynx, is a major frequently lethal malignancy with a yearly mortality of 40–50% (1, 2). Development of HNSCC is associated with the factors such as tobacco, alcohol consumption, human papillomavirus (HPV) infection, and TP53 mutation (3). Patients with HNSCC are commonly diagnosed at a progressed stage, and with unfavorable prognosis. Despite advances on therapies, such as radiotherapy, chemotherapy, immunotherapy, and their combination, the prognosis of HNSCC is dismal, and the survival time has not been greatly improved (4, 5). Therefore, exploring the potential mechanism of HNSCC prognosis and finding the relevant biomarkers that are responsible for the tumor progression and poor outcomes would be greatly imperative.

Intracellular communication is essential to the functional integrity of multicellular organisms. Exosomes, a kind of extracellular vesicles that formed by the inward budding or shedding from parent cells, has recently captured attention in cellular communication study (6). It has been demonstrated that exosomes mediate the crosstalk between cells and contribute to the interaction with cellular microenvironment and functional reprogramming by carrying biological contents from donor to target cells under both physiological and pathological conditions (7, 8). Tumor-derived exosomes were reported to accelerate tumor metastasis in several malignancies including HNSCC by releasing miRNAs (9). Exosomal miRNAs are suggested to modulate the behaviors of recipient cells by coordinating gene expression (10). Tumor cell-derived exosomal miR-21 promotes metastatic behaviors in oral squamous cell carcinoma cells, identified as the potential target for cancer therapy (11). miR-9-enriched exosomes from HNSCC increase the HNSCC radiosensitivity by polarizing macrophages into M1 phenotype (12). Moreover, multiple exosome-derived miRNAs have been identified as the biomarkers for diseases diagnosis owing to the high stability of exosomal miRNAs (13).

Rab25 belongs to Rab-GTPase family, in which protein dysregulation causes various pathophysiological diseases including cancer. Rab25 has diverse roles in the various types of cancers and functions as oncoprotein in bladder cancer, gastric cancer, lung cancer, whereas acts as tumor-suppressive protein in head and neck cancer, esophageal cancer, triple-negative breast cancer (14). Rab25 was regulated by different miRNAs in cancer progression, suggesting a possible miRNA-mediated mechanism in tumor biology (15, 16). The mechanisms underlying the difference in mediating diverse cancer types have not been fully defined.

In this study, we explored the role of tumor cell-derived exosomes in HNSCC, and further investigated the role of exosomal miRNAs on tumor behavior, as well as the involved molecular mechanisms.



Materials and Methods


Patients and Tissue Collection

A total of 31 HNSCC patients including eight classical (CL), ten basal (BA), seven mesenchymal (MS), and six atypical (AT) cases were randomly enrolled in the present study, who were firstly diagnosed at the First Affiliated Hospital of Zhengzhou University based on histopathological evaluation. Patients with histologically squamous cell carcinoma of the oral oropharynx were included. Patients who received preoperative radiotherapy, chemotherapy, or immunotherapy before the surgery were excluded. The 31 tumor tissues and 10 normal nasopharynx tissues were collected in the process of the surgery or biopsy. All tissue samples were immediately frozen in liquid nitrogen and stored at −80°C until required. All procedures performed in this study were in accordance with the ethical standards of the Ethics Committee of the First Affiliated Hospital of Zhengzhou University. The written informed consent was obtained from all participants prior to the sample collection.



Real-Time PCR

Total RNA was extracted from cells using TRIzol reagent (Invitrogen), and RNA concentration was determined using NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific). The isolated RNA was reversely transcribed into cDNA with primers (Sangon Biotech, Shanghai) using high-capacity RNA-to-cDNA kit (4368814, Applied Biosystems). For miRNA expression, exosomal miRNAs were isolated by using the SeraMir Exosome RNA Purification Kit (RA806A-1, System Biosciences, USA), and cDNA for miRNAs was synthesized using 1 μg of total RNA treated with DNase I and TaqMan microRNA assay kit (4427975, Applied Biosystems) as described in the manufacturer’s protocol. The qRT-PCR was conducted with the ABI Prism 7500 System using microRNA detection kit (Q32882, Thermo Fisher Scientific). Relative mRNA and miRNA expression were calculated using 2−ΔΔCt method. The experiments were replicated in triplicate.



Cell Culture and Transfection

Human oral squamous cell carcinoma cell lines HN4 and HN6 and normal nasopharyngeal epithelial cells NP69 were from Cell Bank of the Chinese Scientific Academy. All cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Invitrogen) in a humidified incubator at 37°C with 5% CO2 and 95% air. For cell transfection, shRNA targeting CD63, TSG101 (Horizon, CA, USA), the siRNA targeting miR-185-3p, pcDNA containing miR-185-3p, and their control DNA (OriGene, MD, USA) were conducted using Lipofectamine™ 2000 (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions.



Western Blot

Cells were lysed using RIPA buffer (Beyotime, China), quantified by BCA protein assay kit (Beyotime, China), subjected to a 10% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) for electrophoresis, and subsequently transferred onto a polyvinylidene difluoride membrane (PVDF). The membrane was incubated with primary antibodies RAB25 (4314, Cell Signaling), CD63 (ab134045, Abcam), CD9 (13409, Cell Signaling), TSG101 (ab133586, Abcam), or Calnexin (2433, Cell Signaling) at 4°C overnight, followed by incubation with peroxidase-linked secondary antibodies (ab6721, Abcam) for 1 h at RT. The bands were visualized using an enhanced chemiluminescence reagent (Thermo Fisher Scientific, USA). The relative protein expression was normalized to GAPDH.



Dual-Luciferase Reporter Assays

The experiment was conducted using the dual-luciferase reporter assays according to the instruction (Promega Corporation, Madison, WI, USA). Briefly, the sequences of wildtype (WT) RAB25 3’-UTR (wild-type 3’-UTR) reporter plasmids and the mutant one (Mut) mapping the miR-185-3p-binding site were conducted using Site-directed mutagenesis. The WT or Mut RAB25 was cloned into the psiCHECK-2 vector for luciferase reporter assays. The vector was co-transfected with miR-185-3p mimics or the control sequence into HN4 and HN6 cells using the Dual-Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA), and firefly luciferase activity was measured by Reporter Assay System Kit (Promega) at 24 h after transfection.



Cell Viability and Colony Formation

Cell viability was measured using MTT assays (Beyotime, Shanghai, China). Briefly, Cells were placed in a 96-well plate at a density of 2,000 cell/well to allow cell adherence. After incubating with 15 μl MTT solution (5 mg/ml) (Sigma-Aldrich, MO, USA) in each well for 4 h, the absorbance was measured under the wavelength of 570 nm using a microplate reader. Cells were plated in a six-well plate at a density of 300 cells per well and culture in the colony forming medium (Sigma-Aldrich, USA). After culture, cells were fixed using 4% paraformaldehyde for 15 min and washed with PBS. The colonies were stained with 0.1% crystal violet staining solution for 30 min and finally calculated using ImageJ software.



Exosome Isolation

Exosome isolation was conducted according to the MISEV 2018 guidelines. Briefly, after cells culture for about 48 h and reaching 80% confluence, the cultured cells and medium were collected for ultrafiltration with 2,000 g for 30 min to remove cells and debris. The supernatant was filtered through 0.22 μm filters (Merck Millipore) and transferred into a new tube with the addition of the total exosome isolation reagent for incubation at 4°C overnight. After incubation, the samples were ultracentrifuged at 100,000 × g for 1 h at 4°C. Exosomes in the pellet at the bottom of the tube were collected and resuspend in 1× PBS, followed by a second round of ultracentrifugation. The obtained exosomes were purified using an OptiPrep™ density gradient according to manufacturer’s instruction (D1556, Sigma Aldrich), and were characterized and quantified using Western blot, Transmission Electron Microscope (TEM), and nanoparticle tracking analysis (NTA).



In Vivo Tumorigenesis

Six-to-eight-week-old NOD/SCID mice were purchased from Shanghai Lab. Animal Research Center (Shanghai, China), and housed in the ventilated cage under condition of 25°C, with 70% humidified air. All mice were kept at a 12 h light/night cycle for 1 week before the experiment. The animal experiments were conducted by the approval of the Ethics Committee at the First Affiliated Hospital of Zhengzhou University. The animal use and care were in accordance with the guidelines of this committee. For tumor formation assay, 1×105 HN4 cells with miR-185-3p overexpress or its negative control were suspended in 100 μl PBS and subcutaneously injected into the mice. Tumor volumes were monitored once a week for 4 weeks. For drug response assay, HN4 cells were subcutaneously injected into NOD/SCID mice to form tumor burden. Tumor-bearing NOD/SCID mice were then intravenously injected with 10 mg/kg docetaxel (2 mg/ml dissolved in 0.9% saline), miR-185-3p inhibitor, 10 mg/kg docetaxel+ miR-185-3p inhibitor, or the same volume of saline every 2 days for 6 days. Tumor size was monitored for the next 30 days. Mice with a significant tumor shrinkage after drug administration was defined as response to treatment compared to control group.



RNA Sequencing and Data Analysis

For RNA sequencing assay, total RNA was isolated from tumor and normal tissues and subjected to the subsequent RNA sequencing at Beijing Genomics Institute (BGI, Shenzhen, China). Differentially expressed genes (DEGs) were analyzed by using edgeR package in R. Gene ontology (GO) analysis was performed based on the DEGs using DAVID 6.7. A p-value <0.01 denoted significant enrichments in the GO pathways. For TCGA analysis, the expression and survival rate as well as the correlation of miR-185-3p and RAB25 were investigated in HNSCC using the online TCGA data by the tool UALCAN (http://ualcan.path.uab.edu/index.html).



Statistical Analysis

Data were presented as means ± SD. GraphPad Prism 7 software was conducted to analyze statistics. Unpaired t-test was performed to analyze the differences between two groups, while one-way ANOVA followed by Holm-Oak’s multiple comparisons were conducted to compare the difference among more than two groups. A value of p < 0.05 was considered significant.




Results


Exosome Biogenesis Is Upregulated in HNSCC

To investigate the regulating mechanism of HNSCC progression, we firstly performed mRNA sequencing on HNSCC tumor tissues (n=31) and normal nasopharynx tissues (n=10) to uncover the differentially expressed genes (DEGs) in HNSCC. Compared with the normal tissues, we found a remarkable difference of gene expression profiles in between tumor and normal tissues (Figure 1A, Fold-change>2.0, p<0.01). Pathway analysis showed that those DEGs were associated with retinol dehydrogenase activity, extracellular space, and especially extracellular exosome (Figure 1B), suggesting exosome biogenesis/secretion was dysregulated in HNSCC. Next, we confirmed a significant elevation of mRNA expressions of exosomal markers TSG101 and CD63 in cell lines HN4 and HN6 compared with normal cell lines NP69 (Figures 1C, D). Moreover, exosome numbers increased in HN4 and HN6 compared with NP69 (Figure 1E). The data indicated that exosome biogenesis was upregulated in HNSCC.




Figure 1 | Exosome biogenesis is upregulated in HNSCC. (A) Heatmap shows the expression profile of differentially expressed genes between HNSCC tumor tissues and Normal tissues. (B) Enrichment pathway analysis was performed to analyze the dysregulated pathways. (C, D) TSG101 and CD63 mRNA expression in HN4, HN6, and NP69. (E) The exosome number in NP69 and HNSCC cell lines HN4 and HN6. All experiments were replicated in triplicate. *p < 0.05.





A Changed miRNAs Expression Profile in HNSCC Cell-Derived Exosomes

Exosomes contain a set of functional nucleic acids and are the main source of circulating miRNAs (17). Next, we performed miRNA sequencing on exosomes from HN4 and NP69. We found many miRNAs were dysregulated in HN4 compared with NP69 (Figure 2A). And miR-185-3p was one of the most five upregulated miRNAs (Figure 2B). qRT-PCR confirmed tumor cells expressed increased level of miR-185-3p compared with NP69 (Figure 2C). To verify the effects of exosome biogenesis on miR-185-3p level, we performed shRNA specifically targeting CD63 or TSG101 and detected the changes of exosome numbers and miR-185-3p expression. It showed that knockdown of CD63 (shCD63) or TSG101 (shTSG101) significantly resulted in decreased exosome number and miR-185-3p expression (Figures 2D, E). The results showed that exosomes from HNSCC cells had changed expression profiles of the contained miRNAs.




Figure 2 | A changed miRNAs expression profile in HNSCC cells-derived exosomes. (A) Volcano plot shows the dysregulated miRNAs in tumor-derived exosomes compared with normal ones. (B) Expressions of the most dysregulated miRNAs in exosomes of HN4 cells confirmed by qRT-PCR. (C) The expressions of miR-185-3p expression in HN4, HN6, and NP69. (D) Exosome numbers in cells with shCD63 or shTSG101 knockdown or control ones. (E) miR-185-3p expression in both HN4 and NH6 cells with shCD63 or shTSG101 knockdown or control ones. All experiments were replicated in triplicate. *p < 0.05.





RAB25 Is a Direct Target of miR-185-3p

Next, we investigated the potential biological effects of exosome-contained miR-185-3p on HNSCC. The potential downstream targets of miR-185-3p were predicted using online TargetScan, and RAB25 is the most potential target of miR-185-3p. Subsequently, we confirmed the relationship between miR-185-3p and RAB25 using qRT-PCR and Western blot. It exhibited that miR-185-3p knockdown enhanced RAB25 expression (Figures 3A, C), and miR-185-3p overexpression decreased RAB25 expression at transcriptional and translational level (Figures 3B, C). Moreover, dual-luciferase reporter assay confirmed that overexpression of miR-185-3p significantly suppressed the luciferase activity in wild-type of RAB25, but not the mutant one (Figures 3D, E). The data indicated that RAB25 was a direct downstream target of miR-185-3p.




Figure 3 | RAB25 is a direct target of miR-185-3p. (A) The mRNA expression of RAB25 in HN4 and HN6 cells with miR-185-3p knockdown. (B) The mRNA expression of RAB25 in HN4 and HN6 cells with miR-185-3p overexpression. (C) The expression of RAB25 protein in HN4 and HN6 cells with miR-185-3p knockdown or miR-185-3p overexpression. (D) graphic illustration showing the miR-185-3p binding site of RAB25 3’UTR as well as the mutate site. (E) Luciferase activity in HN4 and HN6 cells with WT or mutated miR-185-3p binding site. All experiments were replicated in triplicate. **p < 0.01, ***p < 0.001.





miR-185-3p/RAB25 Mediates Tumor Cell Proliferation and Colony Formation

RAB25, a member of the Rab11 small GTPase family, mediates cancer progression, and is downregulated in oral and oropharyngeal squamous cell carcinoma (18). Subsequently, we investigated the effects of miR-185-3p/RAB25 on cell viability and colony formation in HN4 cells. miR-185-3p knockdown or RAB25 overexpression inhibited cell viability and colony formation (Figures 4A–D). Conversely, RAB25 overexpression also reversed miR-185-3p-promoted cell viability and colony formation compared with the control cells (Figures 4E, F). Both RAB25 overexpression and miR-185-3p knockdown remarkably inhibited cell viability and colony formation (Figures 4G, H), suggesting potential antitumor effects by targeting miR-185-3p/RAB25.




Figure 4 | miR-185-3p/RAB25 mediates tumor cell proliferation and colony formation. (A) Cell viability of HN4 with miR-185-3p knockdown or WT HN4 cells. (B) Cell colony number of HN4 with miR-185-3p knockdown or WT HN4 cells. (C) Cell viability of HN4 with RAB25 overexpression or WT HN4 cells. (D) Cell colony number of HN4 with RAB25 overexpression or WT HN4 cells. (E) Cell viability of HN4 with miR-185-3p overexpression, miR-185-3p/RAB25 overexpression, or WT HN4 cells. (F) Cell colony number of HN4 with miR-185-3p overexpression, miR-185-3p/RAB25 overexpression, or WT HN4 cells. (G) Cell viability of HN4 with miR-185-3p knockdown, miR-185-3p knockdown/RAB25 overexpression, or WT HN4 cells. (H) Cell colony number of HN4 with miR-185-3p knockdown, miR-185-3p knockdown/RAB25 overexpression, or WT HN4 cells. All experiments were replicated in triplicate. *p < 0.05.





miR-185-3p/RAB25 Is Deregulated and Associated With Poor Prognosis in HNSCC

Next, the expression levels of miR-185-3p and RAB25 in HNSCC tumor tissues were investigated using qRT-PCR. miR-185-3p expression was remarkably increased in tumor tissues compared with the normal (Figure 5A). Conversely, RAB25 levels were remarkably reduced in tumor tissues compared with the normal (Figure 5B). TCGA analysis demonstrated HNSCC patients exhibited higher expression of miR-185-3p and lower expression of RAB25 as compared with normal individuals (Figures 5C, D). The expression of miR-185-3p and RAB25 were also correlated with tumor grade and nodal metastasis stratification (Figures 5E–H). High miR-185-3p expression correlated with lower survival rate in HNSCC patients (Figure 5I), which is not significantly different in patients with different expression of RAB25 (Figure 5J). The data demonstrated that the miR-185-3p/RAB25 was deregulated and associated with poor prognosis in HNSCC.




Figure 5 | miR-185-3p/RAB25 is deregulated and associated with poor prognosis in HNSCC. (A, B) mRNA expression of miR-185-3p and RAB25 in HNSCC tumor and adjacent tissues. (C, D) TCGA data showing the relative expression of miR-185-3p and RAB25 in HNSCC patients and normal ones. (E, F) TCGA data showing the relative expression of miR-185-3p and RAB25 in HNSCC patients with different node metastasis stratification. (G, H) TCGA data showing the relative expression of miR-185-3p and RAB25 in HNSCC patients with different disease grade. (I, J) TCGA data showing the survival rate of miR-185-3p and RAB25 in HNSCC patients with different expression. *p < 0.05.





Targeting miR-185-3p/RAB25 Therapeutically Inhibits Cancer Progression

To determine the role of miR-185-3p/RAB25 in tumor formation in vivo, cells were overexpressed with miR-185-3p or knocked down of RAB25 and then subcutaneously injected into the mice, respectively. It demonstrated that overexpression of miR-185-3p or knockdown of RAB25 increased tumor growth in vivo (Figures 6A, B). Next, we investigated its therapeutic effects by using miR-185-3p inhibitor. Mice were subcutaneously injected with tumor cells to form tumor burden, and then followed by treatment with miR-185-3p inhibitor. Chemical drug docetaxel was used as the parallel control. We found that miR-185-3p inhibitor significantly decreased the tumor progression in vivo (Figure 6C), as four of six mice exhibited stable or constrained tumor progression in miR-185-3p inhibitor-treated group; five of six mice exhibited stable or constrained tumor progression in docetaxel-treated group. Moreover, combined treatment of docetaxel and miR-185-3p inhibitor exhibited more effective on tumor inhibition in vivo, as all six mice responded to treatment strategy (Figure 6C). IHC also showed an increased level of RAB25 expression in tumor tissues of miR-185-3p inhibitor-treated and combination treatment groups (Figure 6D), confirming the anti-tumor effects of miR-185-3p inhibitor. The results uncovered a therapeutic role of miR-185-3p/RAB25 for HNSCC treatment.




Figure 6 | Targeting miR-185-3p/RAB25 therapeutically inhibits cancer progression. (A, B) Tumor volume of mice injected with HN4 with miR-185-3p overexpression or RAB25 knockdown (n=6). (C) The drug response was monitored by evaluating the change of tumor size in tumor-bearing mice after administration with miR-185-3p inhibitor, docetaxel, or combination therapy (n=6). (D) Quantification and IHC images show the RAB25 expression in tumor tissue of different mice in (C), *p < 0.05.






Discussion

Exosome-derived miRNAs modulate the function of recipient cells, and (19) could be used for cancer diagnosis and treatment (19). Our present study found tumor-derived exosomes carried abundant miR-185-3p and promoted increased cell viability and colony formation ability. miR-185-3p was significantly increased in the HNSCC cells and tissues and had a binding site with the 3’UTR of RAB25. Therefore, we inferred that the aberrant expression of RAB25 is regulated by miR-185-3p that promotes HNSCC progression.

Exosomes were found to secrete externally by cells and ubiquitously exist in the body fluids, which makes it possible that exosomes could be taken as the biomarkers or targets for early diagnosis and therapy (20). Therefore, we focused on the role of tumor-derived exosomes on HNSCC, and to thoroughly study the intercellular crosstalk between exosomes and tumor cells. In the current study, we found exosome biogenesis was upregulated in HNSCC, which suggests exosomes may be associated with the pathogenesis of HNSCC. Exosomes could influence the tumor pathogenesis by interacting with the recipient cells, among which the content of exosomes, such as proteins, DNAs, metabolites, and RNAs, modulating cellular microenvironments (8). Mature miRNAs within exosomes were delivered to recipient cells, thereby regulating multiple processes by regulating gene expression, consequently influencing the function of recipient cells (21). In the present study, miR-185-3p, as a functional cargo miRNA within the HNSCC cells-derived exosomes, was increased and therefore regulating the expression of RAB25, suggesting miR-185-3p/RAB25 signaling serves as novel target for HNSCC treatment.

Tumor progression is connected with the development of drug resistance (22). Small guanosine triphosphates (GTPases) are the novel regulators on cancer development and progression (23). RAB25 is a small GTPases belongs to the member of RAB protein family and is a tumor suppressor in HNSCC (23, 24). It demonstrated that expression of RAB25 is associated with tumor progression, and loss of RAB25 leads to cell migration and invasion (25). Herein, we found that upregulated RAB25 decreased both cell proliferation and colony formation ability in vitro. Importantly, HNSCC mice showed more sensitivity to docetaxel when pretreated with miR-185-3p inhibitor, and overexpression of RAB25 blunted the effects of miR185-3p, indicating that the increased miR-185-3p promoted drug resistance by targeting RAB25.

In summary, our study identified the crucial role of tumor-derived exosomes and its packaged miRNAs on tumor progression, drug response. Importantly, we elucidated that tumor-derived exosomes-enriched miR-185-3p mediates tumor cell proliferation, colony formation, tumor growth, and drug response by targeting its downstream effector RAB25 that have potential therapeutic efficacy for HNSCC treatment.
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