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Editorial on the Research Topic 


Non-Coding RNAs in Head and Neck Squamous Cell Carcinoma: Functional and Clinical Implications


Head and Neck Squamous Cell Carcinoma (HNSCC) is one of the most commonly reported malignant tumors in human beings, representing 5.3% of all cancers (1). In the past several years, there has been a lot of progress in revealing the mutational landscape of HNSCC. For example, a series of hotspot mutational genes such as tumor protein p53 (TP53), cyclin dependent kinase inhibitor 2A (CDKN2A), phosphatase and tensin homolog (PTEN), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), and notch receptor 1 (NOTCH1) were identified and tumors can be now classified based on genomic profiling (2, 3). In addition, epigenetic profiling revealed non-coding RNAs play a regulatory role in HNSCC (4, 5, Shao et al.). Non–coding RNAs including microRNAs (miRNAs), long non–coding RNAs (lncRNAs) and circular RNAs (circRNAs) have been found to be closely involved in the development and progression of HNSCC and partially associated with clinical significance of HNSCC patients.


Part I: MicroRNAs and HNSCC

MicroRNAs are non–coding RNAs with about 22 nucleotides long that participate in the post–transcriptional regulation of gene expression involved in the proliferation, migration, metastasis and angiogenesis of cancer (6). For instant, microRNA–125a is responsible for the increased proliferation and migration of cancer cells by inhibiting the expression of the p53 protein (7). MicroRNA–363 promotes increased invasion and metastasis of HNSCC cells by targeting podoplanin protein (8). MicroRNA–300 influences epithelial to mesenchymal transition and metastasis by inhibiting the expression of the Twist (9). Paired box 4 (PAX4)–regulated microRNA–144/451 modulates invasion and metastasis by suppressing disintegrin and metalloproteinases (ADAMs) expression (10). MicroRNA–30e–5p inhibits angiogenesis and metastasis of cancer cells through directly targeting astrocyte elevated gene–1 (AEG–1) in HNSCC (11). In addition, a part of miRNAs derived from serum and salivary were found to be linked to the non–invasive diagnosis and prognosis of HNSCC patients. Serum exosomal microRNA–491–5p and microRNA–941 serve as the promising diagnostic biomarkers for HNSCC, respectively (12, 13). The three miRNA signature (microRNA–383, microRNA–615, and microRNA–877) or two–miRNA signature (miR–626 and miR–5100) act as the diagnostic and prognostic predictors for HNSCC patients, respectively (14, 15). Salivary miR–423–5p,miR–let–7a–5p,miR–3928 and a three–miRNA panel (miR–9, miR–134 and miR–191) could be used as novel non–invasive diagnostic biomarkers for HNSCC (16–18). More and more novel researches continue to strengthen the position of miRNAs as important regulator and useful biomarker in HNSCC as time goes on.



Part II: Long Non–Coding RNAs and HNSCC

LncRNAs also belong to a subgroup of non–coding RNAs that are at least 200 nucleotides long and the majority of them do not have proteincoding ability (19). lncRNAs can be detected both in the nucleus and cytoplasm, and their different locations mean different functions that were involved in regulation of gene expression, e.g., chromatin modification, interaction with transcriptional factors, mRNA processing, cell metabolism, proliferation, apoptosis, acting as “molecular sponge” and creating ribonucleoprotein complexes (19–22). For example, Metastasis–associated lung adenocarcinoma transcript 1 (MALAT1) has one of the most conserved primary and secondary structures of all lncRNAs (23). Knockdown of MALAT–1 led to impaired migration and proliferation ability in vitro and fewer metastases in vivo in HNSCC cells (24). MALAT–1 transcriptionally activated by signal transducer and activator of transcription 3 (STAT3) induces epithelial–to–mesenchymal transition (EMT) and accelerates HNSCC metastasis by interacting reciprocally with miR–30a (25). HOX transcript antisense RNA (HOTAIR) is expressed from locus homeobox C cluster (HOXC) and lncRNA HOTAIR transcriptionally activated by STAT3 interact with pEZH2–S21 resulting in proliferation and the growth of HNSCC xenograft tumors in vivo (26). Besides, some of lncRNAs functionally act as tumor suppressors, e.g., lincRNA–p21 (27) or LINC02487(Feng et al.), long non–coding RNA Fer–1–like protein 4 (FER1L4) (28), and growth arrest specific 5 (GAS5) (29), but others play an oncogenic role, e.g., ring finger and CCCH–type domains 2 (RC3H2) (30), FOXD2 adjacent opposite strand RNA 1(FOXD2–AS1) (31), KTN1 antisense RNA 1(KTN1–AS1) (32), LINC00460 (33), H19 imprinted maternally expressed transcript (H19) (34), small nucleolar RNA host gene 6 (SNHG6) (35), urothelial cancer associated 1 (UCA1) (36), or ZNFX1 antisense RNA 1 (ZFAS1) (37), and can be used as therapeutic targets in the future. More and more evidences show that multiple lncRNAs–based signatures could be diagnostic and prognostic predictors of HNSCC patients by mathematical modeling. A nomogram based on an 8–lncRNA signature was identified as a novel diagnostic biomarker for HNSCC (38). A three–lncRNA signature was screened and identified to well predict the survival of HNSCC patients (39). Immune–related and autophagy–related lncRNA signatures were respectively developed into prognostic indicator for HNSCC (40, Guo et al).



Part III: Circular RNAs and HNSCC

circRNAs are a novel subclass of non–coding RNAs, which are produced by reverse splicing and are characterized by a closed single–stranded structure and lack of 5′cap and 3′polyadenylation [poly(A)] tail (41). Currently, the most established function of circRNAs is that circRNAs can act as miRNA sponges resulting in the initiation and progression of cancer and play a regulatory role in the tumor microenvironment (TME) (42, 43). For example, circRNA Pvt1 oncogene (circPVT1) transcriptionally enhanced by the mut–p53/Yes1 associated transcriptional regulator (YAP)/TEAD complex promotes the proliferation of HNSCC cells by modulating the expression of miR–497–5p (44). CircRNA_ 036186 likely regulates 14–3–3ζ expression by functioning as a ceRNA in the development and progression of HNSCC (45). And the function as a ceRNA was also found to be in circRNA_100533 (46), circRNA myosin light chain kinase (circMYLK) (47), circRNA_0042666 (48), circRNA_100290 (49), circRNA_0000140 (50), circRNA Matrin 3(circMATR3) (51), circRNA_0000495 (52),circRNA coronin 1C (circCORO1C) (53), circRNA_0036722 (54), circRNA_0000218 (55), circRNA epithelial stromal interaction 1(circEPSTI1) (56), circRNA_103862 (57), circRNA_009755 (58), circRNA septin 9 (circSEPT9) (59), circRNA par–3 family cell polarity regulator (circPARD3) (60), circRNA BICD cargo adaptor 2 (circBICD2) (61), circKIAA0907 (62), circRNA_0023028 (63), circRNA_0000700 (64), circRNA ATP binding cassette subfamily B member 10 (circABCB10) (65), circRNA_0042823 (66), circBCL11B (67), circRNA fibronectin type III domain containing 3B (circFNDC3B) (68), and circRNA PTPRF interacting protein alpha 1(circPPFIA1) (69). In addition, a few circRNAs can directly interact with proteins and enzymes as protein scaffolds. For instance, circRNA G protein subunit gamma 7 (circGNG7) inhibits HNSCC cell proliferation by binding to serine residues 78 and 82 of Heat shock protein 27 (HSP27) (70). CircRNA FAT atypical cadherin 1(circFAT1) prevents STAT3 dephosphorylation by binding to STAT3, resulting in HNSCC stemness and immune evasion (71). Due to more stable than lncRNA and miRNA, circRNAs are regarded as an ideal diagnostic predictor tool in clinical practice. In HNSCC, circRNA_0003829 and circRNA_0036722 serve as diagnostic predictors with AUC=0.81 and AUC=0.83, respectively (54, 72). Plasma–derived the three circRNA panel well predicts the occurrence of HNSCC (73).

This Research Topic “Non–coding RNAs in Head and Neck Squamous Cell Carcinoma: Functional and Clinical Implications” includes 21 original articles and 3 review articles, which highlight the regulatory mechanism and clinical relevance of non–coding RNAs in HNSCC. For example, Wan et al. identifies a super–enhancer regulatory model of miR–21–5p by FOS like 1 (FOSL1), promoting malignant progression of HNSCC. The article by Li et al. discuss LINC02195 as a regulator of MHC I and the number of CD8+ and CD4+ T cells in the tumor microenvironment. Moreover, Wang et al. summarizes the crosstalk between lncRNAs and microRNAs as well as the detailed regulatory mechanism of the interaction. Additionally, Luo et al. identifies miRNAs signatures respectively for HPV+ and HPV− HNSCC, which are of great significance in evaluating patient survival. All of other articles mainly discuss the potential function of non–coding RNA as a ceRNA in HNSCC.
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Long Non-coding RNA LINC02195 as a Regulator of MHC I Molecules and Favorable Prognostic Marker for Head and Neck Squamous Cell Carcinoma
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The loss of major histocompatibility complex class I (MHC I) molecules is an important mechanism by which cancer cells escape immunosurveillance in head and neck squamous cell carcinoma (HNSCC). Several long non-coding RNAs (lncRNAs) have been implicated in immune response and regulation including antigen processing and presentation. However, few studies on lncRNAs regulating MHC I expression in HNSCC have been conducted. In this study, MHC I related lncRNAs were identified from the The Cancer Genome Atlas (TCGA) HNSCC database. One of the lncRNAs, long intergenic non-protein coding RNA 2195 (LINC02195), was found to be associated with genes encoding MHC I molecules and patient prognosis in the TCGA database. KEGG and GO analyses suggested that LINC02195 was closely related to antigen processing and presentation. qRT-PCR revealed high expression of LINC02195 in human HNSCC tissues and HNSCC cell lines compared with normal mucosal tissues. in situ hybridization of the HNSCC tissue microarray revealed a correlation between high LINC02195 expression and a favorable prognosis in our patient cohort. Silencing of LINC02195 decreased MHC I protein expression, as evidenced by western blotting. Multiplex immunochemistry was performed to reveal the positive correlation between high LINC02195 expression and an increased number of CD8+ and CD4+ T cells in the tumor microenvironment. Based on our study, LINC02195 is a promising prognostic marker and a target for future therapeutic interventions.

Keywords: lncRNA, MHC, TCGA, tumor microenvironment, T cell


INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) accounts for 90% of all cases of head and neck cancers, which causes ~430,000 deaths worldwide (1). HNSCC normally occurs in epithelial cells, including the mucosal lining of the upper airway and food passages (2). The general primary treatments for HNSCC include surgery, radiotherapy, chemotherapy and targeted therapy (3). In addition to these traditional treatments, immune checkpoint blockades such as anti-programmed cell death 1 (anti-PD-1) and anti-programmed cell death 1 ligand 1 (anti-PD-L1) antibodies have displayed great efficacy in the treatment of HNSCC (3, 4). However, the response rate to immune checkpoint blockades remains poor (3, 5). To increase the response rate, we should reveal the immunosuppressive mechanisms of tumors.

One of the roles of the innate and adaptive immune systems is to eliminate tumors before they are detectable. One of the mechanisms by which malignant cells escape immunosurveillance and elimination is the loss or downregulation of major histocompatibility complex class I (MHC I) molecules, limiting the recognition of tumor antigens by cytotoxic CD8+ T cells, which attack malignant cells (6). MHC I molecules are encoded by human leukocyte antigen class I (HLA I) genes mainly including HLA-A, HLA-B, and HLA-C, and are expressed by all somatic cells in humans (7). The deregulation of MHC I has been observed in various forms of cancer (8–10). Patients with lower levels of MHC I expression have poor survival for HNSCC (10). In addition, downregulation of MHC I in cancer cells was recently shown to be a mechanism underlying the immunotherapy resistance of cancer (11).

Long non-coding RNAs (lncRNAs) comprise various RNAs that are <200 nucleotides in length and have no protein-coding capacity. Several lncRNAs are abnormally expressed in various forms of cancer and are involved in the occurrence and development of tumors (12–14). With an increased understanding of lncRNAs, the important value of lncRNAs in treating tumors or predicting the prognosis of patients with tumors has been recognized (15). Notably, studies have recently been reported that some lncRNAs are identified as regulators of human immune system, particularly in anti-tumor immunity (16–18). A recent study discovered the association between lncRNAs and MHC I molecules. According to previous gene expression studies, the expression of the lncRNA HCP5 is associated with HLA-B expression (19). The lncRNA HOTAIR was recently shown to promote HLA-G expression in gastric cancer (20). However, few studies on lncRNAs regulating MHC I expression in HNSCC have been performed.

Here, several differentially expressed lncRNAs were identified by analyzing of The Cancer Genome Atlas (TCGA) database. Furthermore, we investigated a highly expressed lncRNA, long intergenic non-protein coding RNA 2195 (LINC02195, ENSG00000236481), which is closely associated with HLA-A, -B, and -C expression. Next, we investigated the biological function of LINC02195 using bioinformatic analysis based on TCGA. A human tissue microarray (TMA) and in situ hybridization (ISH) were used to reveal the clinical role of LINC02195, and patients with high LINC02195 expression achieved a good outcome in the HNSCC patient cohort. As shown in western blots, LINC02195 silencing decreased the expression of MHC I molecules. By performing multiplex staining, a significant correlation between LINC02195 and CD8+ and CD4+ T cell infiltration in the HNSCC microenvironment was revealed.



MATERIALS AND METHODS

Detailed information about the material and methods is provided in the Supplementary Material.


Study Population, RNA Expression Data, and Bioinformatic Analysis

The RNA expression data for HNSCC cases, which included 502 HNSCC tumor samples and 44 normal tissue samples were acquired from the TCGA database derived from the data portal (https://gdc.cancer.gov/). The dataset included the expression of RNA (mRNA and non-coding RNA) (level 3) and clinical data from 546 individuals. RNAs were identified using the Ensembl database. The differentially expressed lncRNAs (DElncRNAs) and mRNAs (DEmRNAs) were identified using the “edgeR” package. DEIncRNAs and DEmRNAs were analyzed by constructing a volcano plot with the “ggplot2” package in the R language.



Gene Enrichment and Functional Annotation Analysis

A subsequent functional enrichment analysis of the mRNAs (q values ≥ 0.4) was performed. The bubble map was drawn using the “ggplot2” R package. The mRNAs with significant Pearson's correlation coefficient values (|Pearson's correlation coefficient| ≥ 0.4) were included in further functional enrichment analyses. The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed using the “clusterProfiler” package. The significant GO terms and KEGG pathways were identified as LINC02195-related biological functions and signaling pathways. Hierarchical clustering was performed using the “pheatmap” package in R language.



Human HNSCC Samples and Analysis

Ethical approval for this study was obtained from the Medical Ethics Committee of the School and Stomatology of Wuhan University (PI: Zhi-Jun Sun; 2014LUNSHENZI06). Human HNSCC samples were obtained from the Department of Oral and Maxillofacial Surgery, School and Hospital of Stomatology Wuhan University. The TNM classification at diagnosis was determined according to the 8th edition of TNM Classification of Malignant Tumors (UICC). The patient cohort included 5 patients with normal oral mucosae, 28 with oral epithelial dysplasia and 59 with HNSCC and 10 paired fresh HNSCC samples. The clinical characteristics, including TNM classification, histological grade and overall survival were available for all patients.

ISH was performed on a human HNSCC TMA with digoxigenin-labeled antisense oligonucleotide probes to examine the expression of LINC02195, as previously described (21). The probe sequence for LINC02195 was 5′-DIG-TCCTTTGGAATCCTCCTACTTTGGCAGC-3′. IHC staining was performed as described (22). Signals were detected using biotinylated goat anti-rabbit or anti-mouse antibody followed by streptavidin HRP. Staining was visualized with DAB (Dako, USA), counterstained with hematoxylin (Dako), sealed with neutral resins, and imaged. The scanning of the TMA and processing of histoscores were performed using previously described methods (22). A human leukocyte antigen (HLA) class I ABC antibody (1:300, Proteintech, USA) was used to detect MHC I molecules in human HNSCC samples.



Cell Lines, siRNAs, and Western Blotting

The cell lines SCC4, SCC9, and CAL27 were obtained from ATCC (American Type Culture Collection) and maintained as previously described (23). TCA8113 cells were acquired from the Ninth People's Hospital, Shanghai Jiao Tong University and maintained in DMEM containing 1% penicillin and streptomycin (Thermo Fisher, USA) and 10% fetal bovine serum (FBS, Gibco, USA). The human oral keratinocyte cell line (HOK) was obtained from ScienCell.

Small interfering RNAs (siRNAs) targeting LINC02195 were purchased from GenePharma (China). SCC9 cells seeded in a 6-well plate were transfected with the siRNAs using Lipofectamine 3,000 (Invitrogen, USA) according to the manufacturer's instructions.

Western blotting with whole-cell protein extracts from SCC9 cells was performed as previously described (21). An HLA class I ABC antibody (15240-1-AP; Proteintech, USA) was used for western blotting. GAPDH served as an internal loading control. All western blots were performed three times.



Total RNA Extraction and Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Analysis

The total RNA extraction protocol and qRT-PCR analysis have been described previously (21). LINC02195 expression was calculated with the comparative Ct method (2−ΔΔCT) and normalized to GAPDH expression. All qRT-PCR experiments were performed three times.



Multiplex IHC and Image Analysis

The Opal 7-Color Manual IHC Kit (NEL811001KT; PerkinElmer, Hopkinton, MA, USA) was used to stain the TMA as previously described (24). Briefly, for CD4, CD8, PD-1, and pan-keratin 4-plex staining, 4 types of tyramide system amplification (TSA) sensors (Opal520, Opal570, Opal620, and Opal690) were used. After all multiplex TSA staining protocols was completed, the slide was stained with DAPI and mounted. All slides were scanned using the PerkinElmer Vectra system (PerkinElmer). The tumor and stromal area were distinguished and calculated with inForm (inForm 2.1.1; PerkinElmer) software using pan-keratin as a tumor marker. From these data, the positive cell density was calculated using the following formula: positive cell density = the number of positive cells in the stroma ÷ the area of the stroma (calculating by image pixels).



Statistical Analysis

All data were statistically analyzed using Prism 8 software (GraphPad Software). One-way ANOVA (> 2 groups) or Student's t-tests (2 groups) (> 2 groups) were used to determine the significance of differences. Correlations were determined by calculating Pearson's correlation coefficient. Kaplan-Meier curves and Cox proportional hazards models were used to assess the prognostic value. Error bars are shown in the figures, and data are presented as the mean ± SEM. P < 0.05 was considered to be statistically significant, *P < 0.05, **P < 0.01, and ***P < 0.001.




RESULTS


LINC02195 Was Closely Correlated With HLA I Expression in the TCGA Database

The TCGA database was used to investigate and analyze the expression of lncRNAs and mRNAs with the “edgeR” package. Notably, 5,731 upregulated DEmRNAs and DElncRNAs and 3,397 downregulated DEmRNAs and DElncRNAs were identified in HNSCC tissues (Figure 1A). Then, we extracted DElncRNA from the TCGA database and explored the correlations with the genes encoding MHC I molecules in humans (HLA-A, HLA-B, and HLA-C). The Venn diagram revealed eight DElncRNAs that were simultaneously associated with HLA-A, HLA-B, and HLA-C, namely, PSMB8-AS1, TTLL11-IT1, LINC02195, LINC00623, LINC07871, LINC00944, LINC02574, and MIR3945HG (Figure 1B and Supplementary Figure 1A, |Pearson's correlation coefficient| ≥ 0.4). According to the subsequent survival analysis, only LINC02195 and LINC01871 were correlated with patient prognosis (Figure 1C and Supplementary Figures 1B–H). As shown in Figure 1C, the Kaplan-Meier analysis revealed a significant correlation between high LINC02195 expression and good prognoses for patients with HNSCC in the TCGA database (P = 0.0180). The median histoscore was used as the cut-off. The Cox proportional hazards model also showed an association between LINC02195 expression and a good outcome (Table 1). Considering the correlation with the expression of MHC I molecules and prognostic value, LINC02195 was selected for further research in this study.


[image: Figure 1]
FIGURE 1. LINC02195 expression was closely correlated with MHC I molecules in the TCGA database. (A) Volcano plot of the differentially expressed lncRNAs between HNSCC tissues and adjacent tissues. The log2(fold change) on the X axis and—log10(P-value) on the Y axis are shown in the graph. Red dots represent high expression, and green dots represent low expression. Black shows lncRNA expression with both logFC < 1 and – log10 (P-value) < 0.05. Differentially expressed mRNAs and lncRNAs were calculated using edgeR, which identified upregulated overexpressed lncRNAs and 3,397 downregulated lncRNAs. (B) Venn diagram showing that eight DElncRNAs simultaneously associated with HLA-A, HLA-B, and HLA-C. (C) Kaplan-Meier survival curve of patients stratified according to low and high expression of LINC02195 in the TCGA database (HNSCC). The median expression was used as the cut-off; P = 0.0180.



Table 1. Multivariate analysis of the overall survival of patients with HNSCC based on TCGA.
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LINC02195 Was Expressed at High Levels in HNSCC and Correlated With a Good Prognosis

We next analyzed the expression and clinical features of LINC02195 in patients with HNSCC. LINC02195 was expressed at higher levels in tumor samples than in adjacent non-tumor tissues (Figure 2A, P < 0.001). Subsequently, 10 pairs of fresh HNSCC tissues matched with adjacent non-tumor tissues were used to verify the differential expression of LINC02195. Based on the qRT-PCR data, the expression in the HNSCC group was higher than that in the adjacent normal tissue group (Figure 2B, P = 0.0012). Then we explored the expression of LINC02195 in human oral keratinocytes (HOKs) and the HNSCC cell lines SCC9, SCC4, TCA8113, and CAL27 using qRT-PCR. LINC02195 was expressed at significantly higher levels in HNSCC cell lines than in HOKs (Figure 2C). Using ISH combined with a tissue microarray, LINC02195 was expressed at higher levels in HNSCC tissues than in dysplastic tissue or the normal oral mucosa (Figures 2D,E, P < 0.001).


[image: Figure 2]
FIGURE 2. LINC02195 was expressed at high levels in HNSCC tissues. (A) Relative expression level of LINC02195 in HNSCC and adjacent tissues from TCGA database. ***P < 0.001. (B) Relative expression level of LINC02195 in HNSCC and adjacent tissue samples from patients with HNSCC. **P < 0.01. (C) Relative expression level of LINC02195 in 5 HNSCC cell lines (SCC9, SCC4, TCA8113, CAL27) and HOKs. *P < 0.05, **P < 0.01, and ***P < 0.001. (D–E) Statistical analysis (F) and representative images (E) of ISH using the probe for LINC02195 in normal mucosal, dysplastic and tumor tissues. Scale bar, 100 μm. (F) Kaplan-Meier curve of patients stratified according to low and high expression of LINC02195 in the cohort of the TMA. The median expression was used as the cut-off; P = 0.0144.


We analyzed the prognostic value of LINC02195 and the relationship between clinicopathological data and LINC02195 expression levels in the TCGA database and our patient cohort. The median histoscore was used as the cut-off. As shown in Figure 2F, the Kaplan-Meier analysis revealed a correlation between high LINC02195 expression and a good prognosis for patients included in the TMA (P = 0.0144), consistent the result observed in TCGA. The Cox proportional hazards model also showed an association between LINC02195 expression and a good outcome (Table 2).


Table 2. Multivariate analysis of overall survival in patients with primary HNSCC.
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As shown in Table 3, LINC02195 expression was not correlated with other clinical data in the TCGA database including age, sex, pathological grade, pathological stage, T classification, and N classification. One-way ANOVA and post-Tukey test of the human HNSCC tissue microarray data did not reveal associations of the LINC02195 expression level with the pathological grade, T classification, N classification, recurrence, radiotherapy, lymphatic metastasis, smoking, or alcohol consumption (Supplementary Figure 2).


Table 3. Relationship between LINC02195 expression and clinical parameters of patients in TCGA.
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LINC02195 Was an Immune-Related lncRNA

LINC02195-related mRNAs were selected for the gene annotation enrichment analysis to explore the biological functions of LINC02195. Sixty three enriched GO terms and 50 enriched KEGG pathways were associated with LINC02195 (Figure 3 and Supplementary Table 1,2, P < 0.05). As shown in Figure 3A, the most significantly enriched GO terms were carbohydrate binding, receptor ligand activity, cytokine receptor binding and activity and cytokine binding and activity. Similarly, the significantly enriched pathways were cytokine-cytokine receptor interaction, cell adhesion molecules, antigen processing and presentation, hematopoietic cell lineage and Th1 and Th2 cell differentiation (Figures 3B,C). Interestingly, in terms of cytokine-cytokine receptor interactions and cell adhesion molecules, the GO analysis indicated that LINC02195 was closely correlated with immune factors such as chemokines, class I and II helical cytokines and the T cell receptor signaling pathway (Supplementary Figure 3). Based on these findings, LINC02195 was an immune-related lncRNA.


[image: Figure 3]
FIGURE 3. GO and KEGG pathway enrichment analysis for LINC02195-related mRNAs based on TCGA database. (A) Plot of the enriched GO terms associated with LINC02195-related mRNAs. (B,C) Plot of the KEGG pathways associated with LINC02195-related mRNAs. P < 0.05 and Cor > 0.4 were used as the thresholds to select GO and KEGG terms.




LINC02195 Silencing Decreased the Expression of MHC I Molecules in HNSCC

The GO enrichment analysis also revealed a close association of LINC02195 with MHC I protein binding (GO:0042288, P = 1.67E−12, Supplementary Table 1). Moreover, KEGG pathway analyses identified close associations of LINC02195 with antigen processing and presentation (hsa04612, P = 3.00E−30, Supplementary Table 2). As shown in Figure 4A, LINC02195 was closely correlated with the expression of HLA-A, HLA-B, and HLA-C, which encode classical MHC I molecules. Next, using an anti-HLA ABC antibody, the significant correlation between LINC02195 and MHC I was confirmed in our patient cohort (Figures 4B,C, P < 0.001). In vitro, siLINC02195 was used to silence the expression of LINC02195, and HLA-A, -B, and -C expression was downregulated when LINC02195 was silenced (Figures 4D,E, P < 0.001).


[image: Figure 4]
FIGURE 4. LINC02195 was closely correlated with the expression of MHC I molecule in tumor cells. (A) Pearson's correlation coefficients among LINC02195, HLA-A, HLA-B, and HLA-C expression in HNSCC samples from TCGA database. (B) Pearson's correlation coefficients between the histoscore of LINC02195 and HLA class I ABC in the human HNSCC TMA; P < 0.0001, r = 0.6103. (C) Representative images of ISH and IHC for LINC02195 and HLA class I ABC in human HNSCC specimens (low LINC02195 expression vs. high LIN02195 expression). Scale bar: 100 μm. (D,E) in vitro, LINC02195 knockdown by using siLINC02195 downregulated the expression of HLA class I ABC in the SCC9 cell line. *P < 0.05 and ***P < 0.001.




LINC02195 Correlated With CD8+ and CD4+ T Cell Infiltration in the HNSCC Tumor Microenvironment (TME)

According to the KEGG pathway analysis, LINC02195 was closely correlated with genes that are important for antigen processing and presentation (Figure 5A). T cells in the TME, which detect the antigens presented by MHC molecules, have been reported to be associated with good clinical outcomes in patients with many types of cancer, including bladder, breast, ovarian, colorectal, and renal cancers (25, 26). The correlation between MHC I and LINC02195 expression was previously proven. Additionally, the correlation between LINC02195 and MHC II molecules was also highly significant (Supplementary Figure 4). Therefore, the correlation between LINC02195 and T cells in TME was analyzed. By performing a bioinformatics analysis, we observed close correlations of LINC02195 expression with CD3D, CD3E, CD8A, CD8B, and CD4 expression in the TCGA database (Figures 5B,C). Pearson's correlation analysis revealed a strong association between LINC02195 and T cells in the TME. Based on the hierarchical clustering analysis, LINC02195 was more relevant to CD8+ T cells than to CD4+ T cells.


[image: Figure 5]
FIGURE 5. LINC02195 expression was positively correlated with genes involved in antigen processing and presentation. (A) KEGG pathway enrichment analyses showed a close correlation between LINC02195 expression and antigen processing and presentation in both the MHC I and II pathways. (B) Pearson's correlation coefficients between LINC02195 and CD3D, CD3E, CD8A, CD8B, or CD4 gene expression based on TCGA data. (C) Hierarchical clustering analysis of LINC02195, CD3D, CD3E, CD8A, CD8B, and CD4 in TCGA database.


Multiplex IHC was performed to analyze the immune status in the TME and verify this finding. As shown in Figure 6, tumor tissues with high LINC02195 expression exhibited more infiltrating CD8+ and CD4+ T cells than tumor tissues with low LINC02195 expression (Figure 6A). Interestingly, Pearson's correlation analysis identified a positive correlation between the increase in LINC02195 expression and the number of infiltrating CD8+ and CD4+ T cells (Figures 6B,C; CD8, P < 0.0001; CD4, P = 0.0005). The hierarchical clustering analysis further clarified the relationship among these molecules (Figure 6D).


[image: Figure 6]
FIGURE 6. LINC02195 expression was positively correlated with the infiltration of CD8+ and CD4+ T cells in the TME. (A) Representative image of multiplex staining (CD8, CD4, PD-1, pan-keratin, and DAPI) in human HNSCC specimens (low LINC02195 expression vs. high LINC02195 expression). Scale bar, 100 μm. (B,C) Pearson's correlation coefficient between the histoscore of LINC02195 and the number of CD8+ or CD4+ cells in the human HNSCC TMA. (D) Hierarchical clustering analysis of LINC02195, CD4, and CD8 expression in human HNSCC samples (n = 59).





DISCUSSION

In this study, the expression of the lncRNA LINC02195 was closely associated with MHC molecules. Moreover, it was expressed at high levels in human HNSCC tissues, based on the analyses of TCGA database and patient samples. In addition, patients with high LINC02195 expression exhibited better prognoses than patients with low LINC02195 expression. We conducted GO and KEGG enrichment analyses to clarify the function and protein-protein interaction network of LINC02195 by identifying LINC02195-related mRNAs in HNSCC tissues in the TCGA database and to determine the explanation for this outcome. LINC02195 expression was closely correlated with the expression of MHC I molecules. Through further western blotting and immunostaining analysis, the correlation was further verified in vitro. Multiplex staining and Pearson's correlation analyses were used to verify the significant relationship between the lncRNA and infiltrating CD8+ and CD4+ T cells in TME.

LncRNAs have been widely investigated in recent years. An increasing number of lncRNAs have been shown to regulate the immune system (27). LINC02195, a newly annotated lncRNA, is located on chromosome 16p12.1. In normal tissues, it is expressed at high levels in the appendix, esophagus, lymph node, stomach, thyroid, some immune cell-rich places in our body, which suggest it may correlate with immune function (28). However, the relationship between LINC02195 and HNSCC has not been revealed. In this study, LINC02195 was confirmed to be associated with HNSCC by analyzing HNSCC and normal tissues. We found LINC02195 is mostly found in the nucleus and cytoplasm by ISH. Moreover, high expression of this lncRNA was associated with a good prognosis for patients with HNSCC. GO and KEGG analyses revealed that LINC02195 was an immune-related lncRNA. This lncRNA was correlated with antigen processing and presentation. MHC I molecules have a crucial role in this process, and previous studies have reported an association between the expression of the lncRNA HCP5 expression was associated with HLA-B expression (19). In the present study, the Pearson's correlation analysis indicated a close correlation between genes encoding MHC I molecules with LINC02195. Moreover, western blotting revealed a decrease in MHC I levels upon the silencing of LINC02195. The results suggested that LINC02195 may interact with related enzymes or molecules encoding MHC I in the nucleus and further regulating the expression of MHC I molecules.

In recent years, the TME has attracted increasing attention from researchers because of its close correlation with prognosis and treatment. A number of various types of immune cells infiltrate the TME (25). Substantial T cell infiltration is associated with good clinical outcomes and positive responses to immunotherapy in many types of cancer (25, 29). However, the relationship between lncRNAs and T cells in the TME remains unclear. As shown in a previous study, lnc-EGFR stimulates Treg differentiation and subsequently promotes the immune evasion of hepatocellular cancer (18). According to another study, a lncRNA, LINK-A, downregulated cancer cell antigen presentation and was negatively correlated with T cells in the TME of triple-negative breast cancer (30). In the present study, gene enrichment and pathway analyses identified a strong correlation between LINC02195 and T cells in the tumor context. Peptide–MHC I complexes are transported to the plasma membrane for cancer cell antigen presentation to CD8+ T cells, which attack malignant cells. Next, through multiplex IHC of the human HNSCC TMA, we observed a positive correlation between LINC02195 expression and the density of CD8+ and CD4+ T cells in the TME.

In summary, this study is the first to explore the role of LINC02195 in HNSCC. High LINC02195 expression were correlated with a good prognosis for patients with HNSCC. LINC02195 may play a fundamental role in regulating the expression of MHC I molecules. In addition, LINC02195 was an immune-related lncRNA and positively correlated with an increased T cell density. This evidence, therefore, supports the hypothesis that LINC02195 is a promising prognostic marker for HNSCC and a target for future therapeutic interventions.
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Accumulating evidence indicates that long non-coding RNAs (lncRNAs) play crucial roles in tongue squamous cell carcinoma (TSCC) tumorigenesis. However, the comprehensive regulation of lncRNAs-transcription factors (TFs)-messenger RNAs (mRNAs) in TSCC remains largely unknown. The purpose of this study was to identify aberrantly expressed lncRNAs and the associated TF-mRNA network in TSCC. To explore lncRNA and mRNA expression profiles and their biological functions in TSCC, we surveyed the lncRNA and mRNA expression profiles of TSCC and adjacent tissues using next-generation RNA sequencing in six patients. Thousands of significantly differentially expressed lncRNAs (DELs) and mRNAs (DEGs) were identified. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed to demonstrate the principal functions of the significantly dysregulated lncRNAs and genes. A total of 40 DELs were screened between TSCC and adjacent non-cancerous tissues. Results obtained from GEPIA and StarBase confirmed the expression levels of nine pivotal DELs obtained in our study. Three of the nine deregulated DELs were identified to have a significant impact on the overall survival of TSCC patients, which were evaluated with GEPIA and StarBase. LncMAP was used to predict the lncRNA-TF-mRNA triplets in TSCC. Furthermore, based on these results, we established lncRNA-TF-mRNA coexpression networks for the up- and downregulated lncRNAs using Cytoscape. We also found that among the nine pivotal lncRNAs, there is limited research on the abnormally expressed lncRNAs, including RP11-54H7.4, CTD-2545M3.8, RP11-760H22.2, RP4-791M13.3, and LINC01405, in TSCC pathogenesis. This is the first study to show that RP11-54H7.4, LINC00152, and LINC01405 can be acted as a prognostic target for TSCC. Our findings provide a novel perspective and lay the foundation for future research on the potential roles of lncRNAs, TFs, and mRNAs in TSCC. Verification of the potential lncRNA-TF-mRNA regulatory networks will provide a more comprehensive understanding of the pathogenesis of TSCC.
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INTRODUCTION

As the most lethal and commonly occurring oral malignancy, oral squamous cell carcinoma (OSCC) accounts for 95% of all oral cancer diagnoses and causes more than 500,000 deaths per year (1). Approximately 25–40% of OSCCs are diagnosed as tongue squamous cell carcinoma (TSCC) (2). TSCC is characterized by frequent lymphoid metastasis, a high rate of regional recurrence, and a poor prognosis. Moreover, despite great progress in surgical techniques, diagnostic procedures, chemotherapy, and radiotherapy, the 5-year overall survival rate of TSCC patients has not improved significantly over the past decades. Therefore, a better understanding of the molecular mechanisms behind the initiation and progression of TSCC may facilitate the diagnosis and treatment of this malignant tumor.

Long non-coding RNA (lncRNA) represents a class of RNA species that are transcribed predominantly by RNA polymerase II, with a length exceeding 200 nucleotides and no apparent protein-coding potential, as indicated by the lack of strongly translated open reading frames (ORFs) (3). lncRNA plays a crucial role in diverse biological systems through genomic imprinting, cell cycle regulation, and cell differentiation and has been linked to a number of human diseases, especially cancer (4, 5). Recently, growing evidence has demonstrated that lncRNAs may also have essential roles in TSCC. For example, overexpression of the lncRNA FALEC represses malignant behaviors in TSCC (6). Upregulation of the lncRNA HOTTIP in TSCC patients indicates a poor clinical prognosis (7). In TSCC cell lines, cell growth, invasion, and migration abilities are associated with the overexpression of MALAT-1 and AFAP1-AS1 via the Wnt signaling pathway, while the knockdown of MALAT-1 in TSCC cells leads to the upregulation of certain SPRR proteins (8–10). High expression of the lncRNA UCA1 has been linked to the migratory ability of epithelial cancer cells and regional lymph node metastasis in TSCC (11). Moreover, the lncRNAs KCNQ1OT1 and SNHG17 act as competing endogenous RNAs (ceRNAs) to regulate cell proliferation and cancer progression in TSCC (12, 13).

In our study, we analyzed the expression profiles of lncRNAs and mRNAs in TSCC tissue through high-throughput sequencing. In addition, we identified molecular function, cellular component, biological process, and pathway analyses enriched by mRNA-associated lncRNAs and differentially expressed mRNAs in TSCC. Furthermore, our work revealed several pivotal lncRNAs related to the overall survival of TSCC patients. Finally, to optimize the regulatory mechanism of lncRNAs, we further explored several reliable transcription factors (TFs) in the regulatory regions of lncRNAs and constructed a lncRNA-TF-mRNA coexpression network.



MATERIALS AND METHODS


Clinical Samples and Data Processing

Tumors and adjacent tongue tissues were obtained from patients with TSCC who underwent surgery at The First Affiliated Hospital of Fujian Medical University. Following surgical resection, six pairs of tissue samples were immediately immersed in liquid nitrogen and then stored at −80°C. Written informed consent was obtained from all participants in accordance with the Declaration of Helsinki, and the study protocol was approved by the Ethics Committee of The First Affiliated Hospital of Fujian Medical University (Fuzhou, China).

Next-generation RNA sequencing assays were performed to detect the mRNA and lncRNA expression profiles by KangChen Biotech (Shanghai, China) using an Illumina HiSeq 4,000 system (Illumina, San Diego, CA, USA). Solexa pipeline version 1.8 was used to align the reads to the genome, generate raw counts corresponding to each known gene (a total of 17,242 genes), and calculate the reads per kilobase per million (RPKM) values. The differentially expressed lncRNAs (DELs) and mRNAs (DEGs) were identified through fold change/p-value/FDR filtering [fold change ≥1.5, p < 0.05, and FDR (adjusted p-value) < 0.05].

Then, the data associated with TSCC were also retrieved from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) and were downloaded through GDC data transfer tool, including the RNA sequencing (RNA-Seq) of transcriptome profiling and clinical data. Then, in the predictive survival related model, we excluded 27 samples because they lacked complete clinical data. Finally, 146 TSCC samples and 15 normal control samples were collected in our study. EdgeR package in R (version 3.6.3) was used to identify the DELs. After that, we used the annotation file in GTF format (Homo_sapiens.GRCh38.100.chr.gtf) to identify and annotate DELs with the thresholds of |log2FC|>2.0 and FDR < 0.05.



Cell Lines

Three human TSCC cell lines, CAL-27, SCC-9, and SCC-25 were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA), and the human normal oral keratinocyte (hNOK) cell line was obtained from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). CAL-27 cells and hNOK cells were grown in DMEM (Gibco) supplemented with 10% FBS (Invitrogen, Carlsbad, CA, USA). SCC-9 and SCC-25 cells were cultured in DMEM/F-12 (Gibco) supplemented with 10% FBS and 0.4 μg/ml hydrocortisone. All cells were maintained at 37°C in an incubator supplied with 5% CO2.



RNA Extraction and Quantitative Real-Time PCR Analysis

Total RNA was extracted from tissues or cells using TRIzol reagent (Invitrogen, CA, USA) according to the manufacturer's instructions. Total RNA was reverse transcribed into cDNA using a PrimeScript RT reagent kit (TaKaRa). RT-qPCR analyses were performed using SYBR Green Master Mix (TaKaRa). This process was performed using an Applied Biosystems 7,500 Real-Time PCR System. The results were normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The relative expression level was calculated by the 2−ΔΔ Ct method. The primers were provided by the SunYa Company.



Filtering DELs and DEGs

DELs and DEGs were selected using the following cut-off criteria: for DELs: the top 20 upregulated and downregulated lncRNAs, for DEGs: |log2-fold change| >2 and p < 0.05. Heatmap charts and volcano plots were established the gplots package in R software.



Verification of DEL and DEG Expression in GEPIA and StarBase

To identify the DELs, we used GEPIA (http://gepia.cancer-pku.cn/detail.php) (14) and StarBase (http://starbase.sysu.edu.cn/) (15), publicly available online databases, to explore gene expression levels in tumors and normal tissues.



Gene Set Enrichment Analysis (GSEA)

GSEA is a calculation method used to determine whether a given gene set is significantly different between different groups. The genes in these gene sets have a certain degree of correlation (e.g., the same biological function, located close to each other on the chromosome or defined by themselves according to a certain standard). However, LncRNA can not be directly used for GSEA as mRNA, but the correlation between each DEL and all mRNAs can be calculated. Then, GSEA of DELs can be performed using GSEAPreranked in GSEA software.

The Gene Ontology (GO) project provides a controlled vocabulary to describe gene and gene products attributed in any organism (http://www.geneontology.org). GO covers three domains: biological process, cellular component, and molecular function. The lower the p-value is, the more significant the GO term enrichment among the differentially expressed genes (a p ≤ 0.05 is recommended). Pathway analysis is a functional analysis that maps genes to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (http://www.genome.jp/kegg/). The p-value (EASE score, Fisher's p-value, or hypergeometric p-value) denotes the significance of the pathway correlated to the condition. The GO and KEGG pathway analyses were performed by KangChen Biotech (Shanghai, China).



Survival Analysis of the Candidate lncRNAs

The GEPIA and StarBase databases were used to evaluate the effects of DELs on the overall survival of patients with TSCC. The final lncRNA correlated with overall survival was thus regarded as the pivotal lncRNA. p < 0.05 was considered statistically significant using the log-rank test. The cut-off value between two groups was set as the ‘‘median.''



Establishing the lncRNA-TF-mRNA Network

LncMAP (http://bio-bigdata.hrbmu.edu.cn/LncMAP/index.jsp) was used to analyze the lncRNA-TF-mRNA triplets in TSCC. A Venn diagram was drawn to determine the intersection between the mRNA in triplets and DEGs. The expression levels of these overlapping mRNAs were validated with GEPIA, and the correlation of the TF and mRNA was analyzed with StarBase. On the basis of these findings, we constructed a lncRNA-TF-mRNA regulatory network using Cytoscape (version 3.7.2) software to visualize their interactions. lncRNA-TF-mRNA triplets that showed no correlations with other triplets were excluded from the network.



Identification of the Prognostic Biomarkers

After analyzing the effects of pivotal DELs on the overall survival of patients with TSCC, we verified our findings in the TCGA difference analysis results, and it confirmed that LINC00152, LINC01405, RP11-54H7.4, and RP11-760H22.2 were simultaneously identified to be differentially expressed in TSCC. Thus, we also made the expression scatter and pairing plots of this four pivotal lncRNA by R software.



Statistical Analysis

Data are presented as the mean ± standard error (SE). Measured data were compared between groups using Student's paired t-tests or independent t-test. All statistical analyses were performed using SPSS and R software (version 22; IBM, Armonk, NY, USA) and presented graphically in GraphPad Prism 5.0 (GraphPad, La Jolla, CA, USA). Making the scatter diagram and paired plot by wilcoxon test in R software. All tests were two-tailed, and p < 0.05 was considered statistically significant.




RESULTS


Identification of the Candidate DELs and DEGs in TSCC

Tumor and adjacent tissue samples were collected from six patients with TSCC. The main clinical characteristics of the enrolled patients are summarized in Supplementary Table 1. After sequencing, a total of 51,349 transcripts were presented, of which 38,567 are involved in protein coding. Among these transcripts, 4,224 mRNAs and 1,470 lncRNAs were differentially expressed between TSCC tumor and adjacent tissues. Among the mRNAs, 2,792 were upregulated and 1,432 were downregulated. Among the lncRNAs identified, 947 were upregulated and in TSCC and 523 were downregulated in TSCC (p < 0.05).

We further screened the 40 DELs and 450 DEGs that were aberrantly expressed between all TSCC tumor and adjacent tissues. As shown in Figure 1, the heatmap plot of (A) the top 20 upregulated and downregulated DELs and (B) all significantly expressed mRNAs were shown. Moreover, the volcano plot of (C) the top 20 upregulated and downregulated DELs and (D) all significantly expressed mRNAs were constructed. The annotation of these DELs is summarized in Table 1. Information on the 450 DEGs is presented in Table 2.


[image: Figure 1]
FIGURE 1. Heatmap plot of (A) 20 upregulated lncRNAs and 20 downregulated DELs and (C) the significantly expressed mRNAs. Volcano plot of (B) the significantly expressed lncRNAs and (D) mRNAs (p < 0.05, fold change >1.5). Synonyms: RP11-54H7.4 (AL161431.1-201), LINC00152 (CYTOR-201), RP11-760H22.2 (AC091563.1-201), CTD-2545M3.8 (AC020909.2-201), and RP4-791M13.3 (AC239804.1-201).



Table 1. Information on 40 DELs in TSCC.
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Table 2. Information on DEGs in TSCC.
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Verification of the Expression of DELs and DEGs in Available Databases

After screening, the expression profiles of the candidate DELs and DEGs were further validated with GEPIA and StarBase. We confirmed that nine keyDELs were aberrantly expressed between TSCC tumor and normal tissues. In GEPIA, with RP11-54H7.4, MIR31HG, LINC00152, and LINC00511 being upregulated and H19, CTD-2545M3.8, RP11-760H22.2, and RP4-791M13.3 being consistently downregulated in head and neck squamous cell carcinoma (HNSC) (Figure 2). Moreover, the results acquired in StarBase verified that the expression of the candidate DELs, such as RP11-54H7.4, MIR31HG, LINC00152, and LINC00511, was upregulated while the expression of H19, RP11-760H22.2, and LINC01405 was downregulated in HNSC (Figure 3).


[image: Figure 2]
FIGURE 2. Verification of RP11-54H7.4, MIR31HG, LINC00152, LINC00511, H19, CTD-2545M3.8, RP11-760H22.2, and RP4-791M13.3 expression in HNSC by GEPIA. The red box represents expression in tumor tissue, and the gray box represents expression in normal tissue. HNSC, head, and neck squamous cell carcinoma (p < 0.05).



[image: Figure 3]
FIGURE 3. Verification of RP11-54H7.4, MIR31HG, LINC00152, LINC00511, H19, RP11-760H22.2, and LINC01405 expression in HNSC by StarBase. The orange box represents expression in tumor tissue, and the purple box represents expression in normal tissue. HNSC, head, and neck squamous cell carcinoma.




The GSEA Results of DELs

We also calculated the correlation between each DEL and all mRNAs so that GSEA could be performed using GSEAPreranked in GSEA software. The biological process (Figure 4A), cellular component (Figure 4B), molecular function (Figure 4C), and pathway (Figure 4D) analyses of the pivotal DELs, including KRT16P6-203, CTSB-227, RP11-54H7.4-201, CDH1-205, MIR31HG-201, IFI44-206, STAT2-207, LINC00152-201, CDH3-210, TNNT3-215, LINC01405-201, H19-212, TNS1-216, RPS24-213, and CTD-2545M3.8, were performed. Our data showed that the biological processes associated with the aberrantly regulated lncRNAs were cellular respiration, oxidative phosphorylation, and ATP synthesis coupled electron transport. The cellular components associated with the aberrantly regulated lncRNAs were the oxidoreductase complex mitochondrial respiratory chain and respiratory chain. The molecular functions associated with the aberrantly regulated lncRNAs were NADH dehydrogenase activity and oxidoreductase activity. KEGG pathway enrichment analysis of the significant DELs was performed to understand gene-related pathways and molecular interactions. Our results showed that oxidative phosphorylation, RNA transport, and mRNA surveillance pathway were associated with the dysregulated lncRNAs. Meanwhile, the GSEA results of LINC00152, LINC01405, RP11-54H7.4, and RP11-760H22.2 were showed independently in Supplementary Table 2.


[image: Figure 4]
FIGURE 4. The GSEA results the pivotal DELs. (A) Biological processes of the DELs. (B) Cellular component of the DELs. (C) Molecular functions of the DELs. (D) Pathway analysis of the DELs.




Delineation of GO and KEGG Pathway Analyses of DEGs

GO enrichment analysis of the DEGs may reveal the roles of the significantly differentially regulated lncRNAs. Our data also showed that the biological processes associated with the upregulated mRNAs were immune system processes and the immune response (Figure 5A). The downregulated mRNAs were mostly enriched in the generation of precursor metabolites and energy, energy derivation by oxidation of organic compounds, and muscle system processes (Figure 5B). Regarding the cellular components, most of the upregulated mRNAs were related to the cytoplasm, intracellular and cytosol, and the downregulated mRNAs were mostly related to the contractile fiber, myofibril and sarcomere. Moreover, the molecular functions mainly associated with the upregulated mRNAs were protein binding, peptide binding, and amide binding, while those associated with the downregulated mRNAs were oxidoreductase activity, the structural constituent of muscle and actin binding. Importantly, KEGG pathway analysis of the DEGs revealed 20 pathways that could play pivotal roles in the mechanism of TSCC tumorigenesis, including the cell cycle, metabolic and NOD-like receptor signaling pathway (Figures 5C,D).


[image: Figure 5]
FIGURE 5. GO and pathway analyses of the DEGs. (A) GO annotation of upregulated mRNAs with the top 10 enrichment scores covering biological process, cellular component, and molecular function terms. (B) GO annotation of downregulated mRNAs with the top 10 enrichment scores covering biological process, cellular component, and molecular function terms. (C) Pathway analysis of upregulated DEGs. (D) Pathway analysis of downregulated DEGs.




Clinical Prognostic Significance of the Pivotal DELs for TSCC Patients

Then, the significance of the nine key DELs on the overall survival of patients with TSCC was evaluated by GEPIA and StarBase independently. According to the results obtained from GEPIA (Figure 6), RP11-54H7.4, and LINC00152 are related to poor overall survival in patients with HNSC, while according to StarBase (Figure 7), RP11-54H7.4 and LINC01405 are associated with a poor prognosis for patients with HNSC. Clinical prognostic information on LINC01405 was unavailable in GEPIA, and details on CTD-2545M3.8 were not accessible in StarBase.


[image: Figure 6]
FIGURE 6. Clinical prognostic significance of RP11-54H7.4 and LINC00152 in HNSC by GEPIA. HNSC, head, and neck squamous cell carcinoma.



[image: Figure 7]
FIGURE 7. Clinical prognostic significance of RP11-54H7.4 and LINC01405 in HNSC by StarBase. HNSC, head, and neck squamous cell carcinoma.




Construction and Analysis of the lncRNA-TF-mRNA Network

Next, LncMAP was applied to determine lncRNA-TF-mRNA triplets in TSCC. Seven of the nine pivotal DELs associated with TFs were traced. Venn diagrams were used to identify 33 overlapping mRNAs (i.e., overlapping mRNA in triplets and DEGs; Table 3). The expression of the intersecting mRNAs was further confirmed by GEPIA. The expression of S100A12, HSPB3, GAMT, FABP5, ASB16, CPA4, LIMCH1, MLXIPL, PDZK1IP1, TRIM55, USP13, XIRP1, and ZNF106 was not significantly different between HNSC and normal tissues (Supplementary Figures 1, 2). Moreover, the coexpression of TFs and overlapping mRNAs was analyzed with StarBase (Supplementary Figures 3, 4). Pairs of closely related TFs-mRNAs were used to build a regulatory network. Ultimately, we successfully constructed and visualized the lncRNA-TF-mRNA network, including the upregulated (Figure 8A) and downregulated (Figure 8B) DELs, with Cytoscape.


Table 3. Intersecting mRNAs between mRNA in triplets and DEGs.
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[image: Figure 8]
FIGURE 8. Coexpression regulatory network of lncRNAs-TFs-mRNAs in TSCC. Octagons represent lncRNAs. Diamonds represent TFs. Ellipses represent mRNAs. (A) Upregulated DELs and (B) Downregulated DELs.




Screening Biomarkers

Furthermore, we also compared our findings with the DELs screened by TCGA database. As expected, several biomarker expression levels in our results were consistent with TCGA. A few DELs worth noting are RP11-54H7.4, LINC00152, LINC01405, and RP11-760H22.2. The expression of RP11-54H7.4, LINC00152, LINC01405, and RP11-760H22.2 were then analyzed in the TSCC and normal tissues, and their expression in the paired groups (Figure 9). Moreover, several pivotal GSEA results of them were performed by GSEA software independently (Figure 10).


[image: Figure 9]
FIGURE 9. The expression of RP11-54H7.4, LINC00152, LINC01405, and RP11-760H22.2 were then analyzed in the TSCC and normal tissues, and their expression in the paired groups.



[image: Figure 10]
FIGURE 10. Several pivotal GSEA results of RP11-54H7.4, LINC00152, LINC01405, and RP11-760H22.2 were performed by GSEA software independently.




Validation of the Candidate Biomarkers

qRT-PCR was performed to verify the expression levels of the candidate DELs in TSCC cell lines. The expression of CDH1-205, MIR31HG, IFI44-204, IFI44-206, RP11-54H7.4, CTSB-227, HAS3-204, CDH3-210, LEPR-206, AMOT-205, CTD-2545M3.8, LINC01405, RP11-760H22.2, LINC00152, and LINC00511 was consistent with the sequencing results (Figure 11). All primers information are listed in Supplementary Table 3.


[image: Figure 11]
FIGURE 11. qRT-PCR validation of significant DELs from sequencing (***p < 0.001, **p < 0.01, and *p < 0.05).





DISCUSSION

Various studies have demonstrated that lncRNAs are abnormally expressed in diverse tumor types and have broad application prospects in cancer diagnosis, monitoring, prognosis, and treatment response prediction (7, 16, 17).

TSCC is the most common type of OSCC, and its pathogenesis involves the dysregulation of gene networks, including both protein-coding genes and non-coding RNAs (6–8). To date, multiple lncRNAs have been identified in TSCC, providing new perspectives for exploring the molecular mechanism of TSCC pathogenesis (18). In the current study, we sought to screen aberrantly expressed lncRNAs by performing RNA-seq analysis of TSCC tumor tissues. These data indicate that 51,349 transcripts, 38,567 of which are protein coding, 4,224 mRNAs and 1,470 lncRNAs are differentially expressed between TSCC tumor and adjacent tissues. Through data preprocessing and limma package analysis, we identified 40 candidate DELs in TSCC. Then, 15 dysregulated lncRNAs were further verified using qRT-PCR, the results may be related to the heterogeneity between different TSCC cell lines. We also selected nine pivotal lncRNAs through an online public database. Among them, in TSCC, RP11-54H7.4, MIR31HG, LINC00152, and LINC00511 were upregulated, while H19, CTD-2545M3.8, RP11-760H22.2, RP4-791M13.3, and LINC01405 were consistently downregulated. The most well-known lncRNA, MIR31HG, can act as a HIF-1α coactivator to modulate hypoxia signaling pathways in oral cancer (17). It has also been reported that the lncRNA MIR31HG facilitates HNSC cell proliferation and tumorigenesis via HIF1A and p21 by promoting cell cycle progression and inhibiting cell apoptosis (19). A previous study showed that LINC00152 might promote the growth and invasion of OSCC by regulating miR-139-5p (20). The same study proved that LINC00511 could modulate TSCC progression (21). Various findings have revealed that H19 plays a critical role in the regulation of TSCC migration and invasion (22, 23). Our results are consistent with those of previous studies, and we also found that there is limited research on RP11-54H7.4, CTD-2545M3.8, RP11-760H22.2, RP4-791M13.3, and LINC01405 in TSCC pathogenesis.

GO analysis of the DELs revealed that some biological processes and molecular functions, such as cellular respiration, and oxidative phosphorylation could be involved in the progression of TSCC. Annotation of the most significant KEGG pathways associated with the DELs manifested the important pathways that could play pivotal roles in the mechanism of TSCC tumorigenesis, including oxidative phosphorylation, RNA transport, and mRNA surveillance pathway, suggesting that dysregulated lncRNAs may have a great influence on these targets by regulating associated pathways in TSCC. However, the functions of most lncRNAs are not well-understood.

The most significant GO terms of the DEGs were immune system processes, the immune response, and protein binding. KEGG pathway analysis of the DEGs revealed 20 pathways that could play pivotal roles in the mechanism of TSCC tumorigenesis, including the cell cycle, metabolic, and NOD-like receptor signaling pathway. The results suggest that these pathways might contribute significantly to the pathogenesis and progression of TSCC.

This study found that RP11-54H7.4, LINC00152, and LINC01405 are significantly aberrantly expressed based on the RNA-seq expression profile and associated with poor clinical outcomes in TSCC patients, the results are consistent with prior studies (24, 25). The expression of these lncRNAs was further confirmed in GEPIA and StarBase. Besides, the expression of RP11-54H7.4, LINC00152, LINC01405, and RP11-760H22.2 were also verified with TSCC samples in TCGA. Thus, RP11-54H7.4, LINC00152, and LINC01405 could represent prognostic biomarkers of TSCC.

Research shows that lncRNAs might play a role in trans-acting regulation via TFs, while the interactions between lncRNAs and TFs may ameliorate the expression levels of their target genes (26). The expression of target genes could also be regulated by TFs combining cis-elements at promoter locations (27). It is known that some TFs are involved in TSCC pathogenesis. To further investigate the functions of DELs in TSCC, seven of nine pivotal DELs associated TFs, namely, SMAD2, E2F6, E2F4, CEBPA, STAT1, MYC, ERG, and NFYB, were further analyzed. Research has demonstrated that SMAD2 acts as a predictor of overall survival in OSCC patients (28). Additionally, SMAD2 directly binds to the lncRNA MACC1-AS1 promoter and thus increases MACC1-AS1 expression in nasopharyngeal carcinoma (29). Studies have also shown that silencing the lncRNA CEBPA-AS1 can regulate OSCC cell proliferation, cell apoptosis, migration, and invasion by targeting CEBPA and via a novel pathway, CEBPA/Bcl2 (30). Similarly, abundant studies demonstrated that E2F4, STAT1, MYC, ERG, and NFYB may play an important role in the pathogenesis and progression of various cancers, including OSCC, and the underlying mechanism may be related to dysregulated lncRNA (31–37). All of these studies confirm that the TFs screened in our research play a critical role in tumor pathogenesis. However, the underlying mechanisms remain unknown. Therefore, we hypothesized that these TFs play vital roles in the tumorigenesis of TSCC by regulating lncRNAs and mRNAs. In addition, the relationship between lncRNAs and TFs requires further investigation.

The overlapping genes were screened by comparing the mRNA in triplets and DEGs. Some vital mRNAs, including MYO1B, ACTN1, PYGL, S100A12, and SLC7A5, are associated with TSCC (38–40). We also found that many TF expression levels were significantly correlated with the expression of multiple protein-coding genes. We thus deduce that these TFs might be correlated with the carcinogenesis of TSCC by regulating coexpressing genes. Therefore, a coexpression network was built to further investigate the relationship of the dysregulated TFs and mRNAs. We were able to successfully build the lncRNA-TF-mRNA network by combining all the results. The lncRNA-TF-mRNA coexpression network was constructed to predict lncRNA function. More critically, the interaction network of the significantly dysregulated lncRNAs with their TFs and coding genes was delineated, which might provide new clues for elucidating the underlying mechanism of TSCC.



CONCLUSION

To conclude, we found a profile of dysregulated lncRNAs, TFs, and mRNAs that could serve as prospective clinical biomarkers because of their tissue specificity and association with the tumorigenesis and progression of TSCC. Our study might lay a foundation for further functional research on lncRNAs-TFs-mRNAs in TSCC. The composite analysis of lncRNAs, TFs, and differentially coexpressed genes may provide a more comprehensive understanding of the pathogenesis of TSCC. Our results also suggest that specific lncRNAs, TFs, and mRNAs could be valuable for the diagnosis and treatment of tongue cancer, contribute to the application of lncRNAs in cancer and provide deep insights into the biological mechanism of TSCC. Intriguingly, this is the first study to show that RP11-54H7.4, LINC00152, and LINC01405 can be acted as a prognostic target for TSCC.

Similar to other approaches, our study also had certain limitations. First, in the survival analysis, because of the lack of clinical data that matched our data, it was difficult to further validate some prognosis-related lncRNAs. Furthermore, the interaction between lncRNAs, TFs, and mRNAs still lacks experimental verification. These deficiencies will be improved by complementing these data in the future.
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Head and neck squamous cell carcinoma (HNSCC) is the sixth most common type of human malignancy. For decades, research into HNSCC invasion and metastasis has been dedicated to the study of protein-coding genes. Along with whole-genome and transcriptome sequencing development, long non-coding RNA (lncRNA) has attracted greater attention. Compelling evidence has proven the critical role of lncRNAs in the occurrence and development of HNSCC by means of epigenetic modifications, regulation of gene transcription, and post-transcription level. More importantly, crosstalk between lncRNAs and microRNAs was recently proven to regulate HNSCC metastasis through EMT modification. Based on these, this review summarizes the critical roles of lncRNAs in HNSCC metastasis and the crosstalk between lncRNAs and microRNAs as well as the detailed regulatory mechanism of the interaction. Thus, a deeper understanding of the lncRNA network in cancer metastasis is finally uncovered in order to provide a rationale and innovative concepts toward new therapeutic strategies for the highly metastatic HNSCC.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common type of human malignancy and involves carcinoma of several anatomic sites, such as lip, oral cavity, pharynx (nasopharynx, oropharynx, hypopharynx), and larynx, with an annual incidence of ~500,000 (1). Even through systemic therapeutic strategies have developed, the 5-years overall survival (OS) of HNSCC patients is hardly satisfying (2). Evidence has shown that the relatively poor prognosis and high recurrence of HNSCC are mainly due to the high rate of local invasion and distant metastasis (3). Consequently, it is essential to explore the detailed molecular mechanisms involved in cancer metastatic cascade so as to promote the development of target therapy and improve the overall survival of HNSCC.

Experimental and clinical studies have attempted to establish the biological basis of this metastasis cascade. Mountains of evidence highlight the irreplaceable role of long non-coding RNA (lncRNA) in cancer metastasis, including HNSCC (4, 5). Such transcripts are widely validated not to produce functional proteins, but regulate gene expression at multiple levels and participate in cancer evolution and development (6). More importantly, unique cross-regulation between lncRNA and miRNA was recently mentioned, and emerging evidence shows that such crosstalk has a great effect on human cancer metastasis, partially through EMT regulation (7). In this review, we summarize the correlation between lncRNA and EMT mediation and highlight the leading role of lncRNA/miRNA crosstalk in the metastasis of HNSCC.



LncRNAs INVOLVED IN HNSCC INVASION AND METASTASIS

LncRNAs are a heterogenous group of RNAs containing more than 200 nucleotides and recently involved in many biological processes (8). Their number is significantly larger than that of protein-coding genes and can act in a cis and/or in trans manner during the development of human cancers (9). They have well-defined subcellular sites, mainly concentrated in the nucleus and involved in the regulation of chromatin and chromosomal conformation (10).

In the past few years, there has been a paradigm shift in the understanding of non-coding RNAs (ncRNAs) and their role in cancer biology (11, 12). Due to the discovery of alternative splicing in 1970s, a major focus in various pathological and physiological processes shifted to the role of proteins and protein-coding RNAs and mutations as prominent mechanisms in disease etiology and pathophysiology. However, in 1977, the discovery of introns and ribozymes suggested the role of ncRNA as a regulatory molecule (13). Since then, more and more research focuses on lncRNAs, which are identified as playing critical roles in cancer metastasis regulation. LncRNAs are not only responsible for tumor proliferation, cell death regulation, and angiogenesis (14–16), but also for the invasion and metastasis of HNSCC (17–19). These lncRNAs described as potential transfer regulators are shown in Table 1.


Table 1. lncRNAs in HNSCC metastasis.
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LncRNA HOTAIR

LncRNA HOX transcript antisense RNA (HOTAIR) is one of the most well-studied oncogenic lncRNAs, originally characterized as a regulator of the HOX gene family, helping to control cellular identity (48). The 5′ terminal of HOTAIR can be combined with chromatin modified complex, and the 3′ terminal can bind to histone demethylase I complex. Therefore, HOTAIR regulates methylation or demethylation of H3K4me2 at the H3K27 site, which is involved in proliferation (49), apoptosis (50), and metastasis (51) of tumor cells. It was found that the expression of HOTAIR is increased in many subtypes of HNSCC. Compared with the normal oral epithelial cell lines, HOTAIR in OSCC Cal-27 and UM-1 cell lines increased significantly (52). In addition, in vitro experiments demonstrate that, compared with low invasiveness, HOTAIR in the invasive oral squamous cell carcinoma cell lines is upregulated. Moreover, knocking down HOTAIR expression levels globally inhibits cell proliferation, migration, and invasion (53). Furthermore, HOTAIR is confirmed to promote HNSCC invasion and metastasis (23) and triggers the EMT process through EZH2/H3K27me3 recruitment, which is proven to be negatively associated with clinical outcomes in HNSCC patients (54).



LncRNA UCA1

In tongue squamous cell carcinoma (TSCC), the expression level of lncRNA urothelial carcinoma antigen 1 (UCA1) is significantly increased and correlated with lymph node metastasis. In addition, the expression of UCA1 in lymph node metastasis is higher than that in the primary tumor. In a cell culture of TSCC, the overexpression of UCA1 promotes cell migration but has little effect on cell proliferation (32). Furthermore, UCA1 is also revealed to attenuate cell growth and metastasis of OSCC cell lines in vitro and in vivo, through WNT/β-catenin activation (28). Consequently, it is suggested that UCA1 may promote the metastasis of cancer cells and may be a prognostic indicator of lymph node metastasis in HNSCC.



LncRNA MALAT1

Abnormal expression of lncRNA metastasis–associated lung adenocarcinoma transcript 1 (MALAT1) is reported in multiple human cancers, including prostate cancer (55), colorectal cancer (56), hepatocellular carcinoma (57), and HNSCC (33, 34). Fang et al. reported globally increased MALAT1 expression levels in TSCC (32), especially in those with lymph node metastasis (35). DNA microarray analysis shows that MALAT1 significantly increases TSCC cell motility through regulating LAYN, CCT4, CTHRC1, and FHL1 expression levels, which are small proline-rich protein (SPRR) members (35). In parallel, Zhou and colleagues reveal that MALAT1 is significantly associated with poor prognosis in patients with OSCC and could promote invasion and metastasis of OSCC by means of EMT activation (34). In addition, by means of ChIP-PCR and RIP-PCR analysis, we also reveal that STAT3 may accelerate EMT progression and cancer metastasis through interaction with the MALAT1/miR-30a axis (33).



LncRNA H19

LncRNA H19 is described as participating in the metastasis of various cancers. In TSCC, H19 is demonstrated to be upregulated in the tumor tissue compared with adjacent samples. Furthermore, the expression level of H19 in metastatic tumor is significantly higher than in non-metastatic tumor. Subsequently, H19 is demonstrated to function as ceRNA to sponge let-7a, resulting in HMGA2 enhancement, and finally, increasing the capacity of TSCC invasion and metastasis (37). H19 is also found to be overexpressed in nasopharyngeal carcinoma (NPC) and to promote NPC cell invasion capacity via E-cadherin silencing and miR-630/EZH2 regulation (58). Mechanistically, Wu T. and colleagues report that H19 is overexpressed in laryngeal squamous cell carcinoma (LSCC) and accelerates LSCC tumor progression through miR-148a-3p attenuation and DNMT1 enhancement (39).




LncRNAs REGULATE HNSCC CELL MOTILITY VIA EMT MEDIATION

The main regulating factors of EMT include the EMT effect factor, EMT core regulating factor, and EMT induction factor (59). EMT effect factors are usually proteins that define epithelial or mesenchymal properties, such as E-cadherin, α- Catenin, γ-Catenin, Vim, and Fibronectin, which promote cell migration and invasion during EMT. Among them, E-cadherin is considered to be the leading force (60). The core regulatory factors of EMT are composed of transcription factors, including Snail-1, Snail-2, ZEB1, ZEB2, Twist-1, and Twist-2 as well as the newly discovered pair-related homeobox transcription factor 1 (Prrx1), which regulates the EMT process through E-cadherin mediation (60). Moreover, EMT inducers consist of several signaling pathways, including TGF-β/Smad, Wnt/β-catenin, Notch, and GF receptor signaling cascade. Most importantly, the TGF-β/Smad signaling pathway appears to be the major activator of EMT. In addition, tumor inflammation, and the hypoxia microenvironment also serve basic roles in EMT promotion.

Recently, it is confirmed that EMT is also regulated by post transcription factor lncRNA, which plays its role through regulatory effectors, transcription factors, and signal transduction pathways (61). Unlike microRNAs, which repress target gene expression levels post-transcriptionally, functional lncRNAs may influence the EMT process during cancer metastasis by regulating gene expression at different levels, including chromatin modification, transcription, and post-transcriptional processing (Figure 1). MALAT1 is widely confirmed as one of the most well-studied oncogenic lncRNAs that is confirmed to be involved in the EMT process. Fan Y. and colleagues illustrate that TGF-β overexpression in the tumor microenvironment could induce cancer metastasis through EMT regulation and validate MALAT1 as an important mediator of TGF-β related EMT (62). Mechanistically, MALAT1 is then proven to promote EMT through Suz12 recruitment, which acts as an H3K27 methyltransferase binding E-cadherin promoter and inhibiting its expression in a PRC2-dependent manner. Moreover, subsequent ChIP-PCR and luciferase reporter assays show that STAT3 might bind to the MALAT1 promoter region and transcriptionally activate its expression in order to induce EMT and accelerate HNSCC metastasis (33). In OSCC, MALAT1 is also reported to play oncogenic roles in EMT-related cancer metastasis. By means of siRNA, MALAT1 is validated to be required for maintaining EMT-mediated cell migration and invasion. MALAT1 knockdown significantly suppressed the expression levels of N-cadherin and Vimentin, but raised E-cadherin in vitro. Meanwhile, both cytoplasm and the nucleus NF-κB/β-catenin axis is significantly triggered after MALAT1 elevation. It is noteworthy that targeting MALAT1 globally inhibits the proliferation capacity of TSCCA-induced xenograft tumor, suggesting MALAT1 as an important prognostic factor of OSCC and a satisfactory target with therapeutic potential. Furthermore, MALAT1 also acts as a transcriptional regulator within the regulation of activating the Wnt/β-catenin signaling pathway (63). In addition to MALAT1, there are other lncRNAs proven to participate in EMT regulation, such as HOTAIR and H19. In OSCC, a significant negative correlation between HOTAIR and E-cadherin expression levels is found in both tumor tissues and cell lines. Meanwhile, HOTAIR is validated to trigger E-cadherin silencing through the recruitment of EZH2 and H3K27me3 in the promoter region of E-cadherin (23), indicating that HOTAIR might regulate OSCC metastasis in an epigenetic manner. On the other hand, compared with matched normal tissues, the expression of H19 is upregulated in TSCC specimens and significantly correlated with lymph node metastasis. Subsequently, H19 attenuation significantly suppresses cell motility in vitro through activation of β-Catenin/GSK3β/E-cadherin signaling. In addition, animal models show that H19 inhibition significantly impairs tumor progression and lung metastasis (38). Apart from those prometastatic lncRNAs, lncRNA NKILA is validated to inhibit the migration and invasion of OSCC (42). Mechanistic study shows that NKILA inhibits the phosphorylation of IκBα and NF-κB activation as well as the induction of the EMT process. An in vivo experimental metastasis model also demonstrates that NKILA inhibits lung metastasis of NOD/SCID mice with TSCC tumors, suggesting NKILA as a potential predictor for OS and distant metastasis in patients with TSCC.
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FIGURE 1. LncRNAs regulate HNSCC cell motility via EMT mediation. The text in the boxes depicts the potential pro/anti-EMT mechanisms of lncRNAs in HNSCC.




LncRNA/MICRORNA INTERACTION IN HNSCC METASTASIS

During ncRNA crosstalk, on the one hand, the stability of lncRNA can be affected due to coaction with specific miRNA. On the other hand, lncRNA, also known as competitive endogenous RNA, could bind certain miRNAs to isolate the miRNA from its target mRNA, thereby antagonizing miRNA's function (Figure 2). The tumor suppressor miR-217 is reported to inhibit MALAT1 through the Ago2-mediated pathway in order to inhibit EMT-related metastasis through upregulating E-cadherin and N-cadherin suppression (64). Similarly, the recruitment of miR-30a also reduces the stability of MALAT1 in HNSCC in order to inhibit the invasion capacity of tumor cells (33). Additionally, MALAT1 knockdown is also seen to completely suppress tumor progression through miR-140-5p elevation and PAK1 inhibition, both in vitro and in TSCC-induced xenograft tumors (36). Another lncRNA H19 is also widely mentioned in lncRNA/miRNA interaction. Kou N. and colleagues illustrate that H19 can act as ce-RNA to sponge let-7a, leading to the accumulation of metastasis regulator HMGA2, which is enriched in TSCC tissues and cell lines. Intriguingly, let-7a suppression significantly rescues the weakened tumor cell motility induced by sh-H19. These findings demonstrate that the H19/let-7a crosstalk plays a critical role in TSCC migration and invasion (37). Meanwhile, H19 is validated to regulate EZH2 by miR-630 silencing, which is a repressor of EZH2 and interacts with H19 in a sequence-specific manner, to inhibit the expression level of E-cadherin and eventually accelerate the invasion and metastasis of NPC (58). Other examples involving lncRNA ZFAS1 (65) and lncRNA UCA1 (29, 30) can also function as ceRNA during EMT-related cancer metastasis.


[image: Figure 2]
FIGURE 2. LncRNA/microRNA interaction in HNSCC metastasis. LncRNA can serve as ceRNA in order to bind certain miRNA to isolate the miRNA from its target mRNA, thereby promoting HNSCC metastasis.




PERSPECTIVES

LncRNA is constitutively deregulated during the progression and development of human cancers and globally suggested as a critical regulator in tumor cell motility. At present, the understanding of lncRNA in HNSCC metastasis remains confused and ambiguous, and there is little information about the function of lncRNA in HNSCC, which needs further research. This review provides a comprehensive study of the expression profile of lncRNA in HNSCC and summarizes the control of ncRNA crosstalk on the EMT process, emphasizing the leading influence of lncRNA crosstalk in the metastasis of HNSCC. Even so, a great deal of work is still urgently required to characterize the complex ncRNA networks that contribute to HNSCC metastasis, and it is necessary to carry out further research to clarify the relationship between lncRNA and miRNA in order to seek better treatment strategies.
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Purpose

The aim of this study was to explore the functions and associated mechanisms of long noncoding RNA LINC02487 in oral squamous cell carcinoma (OSCC).



Methods

The relative expression levels of LINC02487 in OSCC cell lines and tissue samples were examined by RT-qPCR. Intracellular localization was determined using RNA fluorescence in situ hybridization. LINC02487 was cloned into the pCMV-puro vector and then introduced into OSCC cells using lentiviral transfection. Cell processes, such as proliferation, apoptosis, migration, and invasion, were subsequently examined. LINC02487-binding proteins were identified by ChIRP–MS and confirmed by RNA immunoprecipitation. Protein expression was determined by western blotting assay.



Results

LINC02487 has been reported to be downregulated in OSCC. Here, we confirmed that the expression of LINC02487 was reduced in 6 OSCC cell lines compared with that in immortalized normal oral epithelial cells and in 50 OSCC samples compared with paired adjacent normal tissue in a Chinese population and that LINC02487 expression levels were associated with cancer metastasis. We further identified that LINC02487 was localized to the cytoplasm, aggregated around the nuclear membrane. Functional studies demonstrate that overexpression of LINC02487 significantly suppresses cell migration and invasion and also inhibits cell proliferation. For the mechanism, we reveal that LINC02487 directly binds to USP17, a deubiquitinating enzyme, and regulates cell migration and invasion through the USP17–SNAI1 axis in a process that involves epithelial–mesenchymal transition (EMT).



Conclusion

Our results confirm that long noncoding RNA LINC02487 is downregulated in OSCC tissue samples and cell lines. We also find that LINC02487 acts as a tumor suppressor through the USP17–SNAI1 axis.





Keywords: long noncoding RNA, oral squamous cell carcinoma, tumor suppressor, deubiquitinating enzyme, migration, invasion



Introduction

Oral squamous cell carcinoma (OSCC) is the most frequently diagnosed cancer of the oral cavity and oropharynx and ranks as the sixth most common malignancy in Asia. Nearly 274,300 new cases are diagnosed each year, accounting for approximately 3.8% of all cancer cases (1–3). According to recent data, China has an estimated 48,100 new OSCC cases and 22,100 OSCC-related deaths per year (4, 5). Tobacco smoking and alcohol consumption are the main risk factors for the disease, and together are responsible for approximately 75% of OSCCs. Betel quid chewing and viral infections, such as that with high-risk human papillomavirus (HPV), are also considered causative of OSCC (6). Few improvements have been made to the overall prognosis for advanced-stage OSCC in the past two to three decades, resulting in a heavy disease burden for patients and their families (7, 8). Identifying efficient biomarkers and therapeutic targets as well as better understanding the mechanisms underlying OSCC development and progression continue to be the focus of intensive research.

It is estimated that more than 70% of the human genome can be transcribed; however, most transcripts do not serve as blueprints for protein synthesis (9). Analysis of the most recent GENCODE release indicates that only 34% of the human genome comprises protein-coding genes, and the rest consists of noncoding genes, including loci for small noncoding RNAs (sncRNAs, <200 nt), long noncoding RNAs (lncRNAs, >200 nt), and pseudogenes (10). The human genome contains more than 15,000 lncRNA genes that give rise to more than 28,000 lncRNA transcripts, comprising nearly 14% of the total number of transcripts (GENCODE) (10). Small noncoding RNAs, such as microRNAs, are well characterized and have been shown to have important roles in cancer, including oral cancer (11–14). Meanwhile, lncRNAs have gained increasing interest in the last two decades and have potential as diagnostic and/or prognostic biomarkers for cancer, including OSCC (15–17).

Long noncoding RNA LINC02487, previously known as LOC441178, is 2557 bp long and located in chromosome 6. This lncRNA is reportedly downregulated in OSCCs in a study that used a microarray data set consisting of 167 cancers and 45 healthy oral mucosae, which was further validated in three independent data sets (18). Its low expression level in OSCC was also found to be associated with shorter postoperative survival time (19). Given that the differences in expression were stable and significant, LINC02487 has the potential for use as a biomarker in oral cancer diagnosis and prognosis. However, the precise role and underlying functional mechanism of LINC02487 in OSCC development remain unknown. In this study, we confirm that the expression of LINC02487 was dysregulated in OSCC samples from patients from a Chinese population and explore the biological functions of LINC02487 in OSCC as well as the underlying molecular mechanisms, using several oral cancer cell lines.

Patients with advanced OSCC often progress to have local cervical lymph node involvement or distant metastasis, which are responsible for most cancer-related deaths (8, 20). Epithelial–mesenchymal transition (EMT) plays a critical role during cancer progression and is positively correlated with poor prognosis in cancer patients. The main features of EMT are the loss of epithelial characteristics (loss of cell–cell contact, cytoskeletal remodeling, polarity changes) and the acquisition of a mesenchymal phenotype, which result in increased cell motility and invasion, enhanced migratory capacity, and elevated resistance to apoptosis, eventually leading to distant metastasis (21–23). Recent evidence indicates that lncRNAs may be involved in EMT and tumor invasion-metastasis cascade via epigenetic modifications (24, 25). For example, lncRNA SATB2-AS1 suppresses cancer progression through the regulation of SNAI1 expression in colorectal cancer (26), and lncRNA ELIT-1 promotes EMT through the TGFβ/SMAD signaling pathway by acting as a SMAD3 cofactor (27). In this study, we also explore the connection between LINC02487 and EMT in OSCC metastasis.



Materials and Methods


Patient Samples and Public Databases

This study was approved by the Ethics Committee of Zhengzhou University. Tissue samples (including cancerous and paired adjacent normal tissues) and the corresponding clinical/pathological data were obtained from OSCC patients of the Sharing Platform for the Tissue Sample and Bioinformatics Database of Oral Maxillofacial Tumor (http://mdl.shsmu.edu.cn/OMNDB/page/home/home_en.jsp; Shanghai, China). This platform contains samples from the Department of Oral and Maxillofacial-Head and Neck Oncology, Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, China. Written informed consent was obtained from all the participants. Fifty pairs of samples were included in this study, and their clinical characteristics are summarized in Table 1. Relative LINC02487 expression data for head and neck squamous cell carcinoma (HNSCC) patients and healthy controls were obtained from TANRIC, an open-access resource for interactive exploration of lncRNAs in cancer (https://ibl.mdanderson.org/tanric/_design/basic/main.html; data collected in 2018.08.06) (28), following the website’s instructions and using data sets from The Cancer Genome Atlas (TCGA) (29).


Table 1 | The relationship between relative expression of LINC02487 and clinical characteristics.





Cell Lines and Cell Culture

The HEK293T cell line was obtained from the American Type Culture Collection (ATCC; Gaithersburg, MD, USA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco/Invitrogen, Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco). The OSCC cell lines HN6 and HN30 were obtained from Shanghai Key Laboratory of Stomatology (Shanghai, China) and cultured in DMEM supplemented with 10% FBS, penicillin (100 units/mL), and streptomycin (100 μg/mL) in a humidified incubator with 5% CO2. The immortalized normal oral epithelial cell line hTERT-OME was purchased from abm™ (Vancouver, BC, Canada) and cultured in a 1:1 mixture of DMEM and Ham’s F12 medium (Gibco/Invitrogen) supplemented with 10% FBS, penicillin (100 units/mL), and streptomycin (100 μg/mL). The remaining OSCC cell lines (HN4, SCC9, SCC25, and Cal27) were also obtained from the Shanghai Key Laboratory of Stomatology and maintained as previously described (30).



Quantitative RT-PCR

Total cellular RNA was isolated using RNAiso Plus reagent (Takara Biomedical Technology, Beijing, China), and cDNA was generated using the PrimeScript™ RT reagent Kit (Takara). Real-time qPCR was performed on the Applied Biosystems StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) using the TB Green™ Premix Ex Taq™ PCR kit (Takara) following the manufacturer’s instructions. Each sample was assayed in triplicate in 10-μL reaction volumes, and all expression levels were normalized against that of GAPDH mRNA unless otherwise specified. The mean threshold cycle (Ct) values were calculated from the triplicate Ct values. Samples that had Ct values with SD >0.35 in their triplicate run were repeated. The sequences of the primers used were as follows: LINC02487, Forward GGGTATTTTGTGCTCCCCCA and Reverse CAGGCACTGAAGGTTCGGAT; USP17, Forward CTATCATTGCGGTCTTTGTCTCC and Reverse AAGTGATGCTACAGGCAGTGA; SNAI1, Forward GCTGCAGGACTCTAATCCAGA and Reverse ATCTCCGGAGGTGGGATG.



RNA Fluorescence In Situ Hybridization (FISH)

The lncRNA LINC02487 probe mix was designed and synthesized by RiboBio (Guangzhou, China). Hybridization was performed using the Ribo™ FISH Kit (RiboBio) following the manufacturer’s instructions and then observed using confocal laser microscopy (Nikon, Tokyo, Japan). The 18S ribosomal RNA and U6 probe mixes were used for quality control.



Lentivirus-Mediated Overexpression

The pCMV-MCS-PGK-Puro vector (PHY-008, HanYin Biotech, Shanghai, China) was used for the stable overexpression of LINC02487. This vector contains a puromycin resistance gene and is introduced into cells using lentiviral transfection. Full-length LINC02487 was synthesized, amplified, and cloned into the pCMV-puro lentiviral vector (HanYin Biotech). pCMV-puro empty-vector transduction particles were used as controls. Cells were seeded in a 6-well plate at a density of 6×105 cells/well 24 h before infection. The medium was removed, and 10–20 multiplicity of infection (MOI) of MISSION pCMV-LINC02487-puro lentiviral particles and 2 mL of Opti-MEM medium (Gibco) supplemented with polybrene (8 μg/mL, Sigma, St. Louis, MO, USA) was added to the cells. Lentiviral infection was performed at 37°C for 6 h unless intensive cell toxicity was observed. The medium was then replaced with 2 mL of fresh medium. Infected cells were allowed to grow for 48–72 h and then selected with puromycin-containing medium (Sigma). The expression of LINC02487 was confirmed by RT-qPCR.



SiRNA or Plasmid Transfection

For the knockdown of LINC02487 and USP17, small interfering RNAs (siRNAs) were designed and synthesized by RiboBio. For transient overexpression of tagged USP17, the pCMV-HA-puro vector was used, which contains a C-terminal HA epitope tag. Transfection was performed using Lipofectamine 3000 (Thermo Fisher Scientific) following the manufacturer’s instructions. The expression of LINC02487 was confirmed by RT-qPCR. The expression of mRNA USP17 was confirmed by RT-qPCR, and the expression of protein USP17 was confirmed by western blotting.



Cell Proliferation Assays

Cell proliferation was determined by CCK-8 assay and EdU (5-ethynyl-20-deoxyuridine) staining. For the CCK-8 assay, 1000 cells of different groups/well were seeded into 96-well plates. At each time point (24, 48, 72, and 96 h after seeding), 10 μL of CCK-8 reagent (Beyotime Biotech, Shanghai, China), and 100 μL of medium were added to each well followed by incubation at 37°C for 2 h. The optical density of the wells was measured at 450 nm using a microplate reader (SpectraMax i3, Molecular Devices, San Jose, CA, USA). Data were from three separate experiments, each with three replications. For the EdU staining assay, the Cell-Light™ EdU Cell Proliferation Detection Kit (RiboBio) was used. Cells from different groups were seeded into 96-well plates at the appropriate density. After incubation at 37°C and 5% CO2 for 48 h, 50 mM EdU reagent was added to the cells, followed by incubation for another 2 h. The cells were then fixed in 4% paraformaldehyde and stained with Apollo Dye solution to label proliferating cells. Nuclei were counterstained with DAPI. The cell proliferation rate was calculated according to the manufacturer’s instructions. Images were obtained using a fluorescence microscope (Zeiss, Jena, Germany).



Clone Formation Assay

From each group, 500 cells were plated per well of a 6-well culture plate, three wells per group. The cells were incubated at 37°C for 14 days with the growth medium being replaced every third day. After 14 days, the cells were washed twice with phosphate buffer saline (PBS) and fixed in 4% paraformaldehyde and then stained with 0.5% crystal violet. The number of colonies containing ≥50 cells was counted under a microscope. These experiments were performed in triplicate.



Cell Apoptosis Assays

Analysis of cell apoptosis was performed using both flow cytometry and caspase-3 detection. For flow cytometry, the Annexin V/FITC Apoptosis Detection Kit (BD Pharmingen, Franklin Lakes, NJ, USA) was used as per the manufacturer’s instructions. The stained cells were analyzed on a FACSCalibur flow cytometer using CellQuestPro software (BD Pharmingen) to determine the rate of cell apoptosis. For the caspase-3 assay, caspase-3 activity was measured according to the rate of cleavage of the chromogenic caspase substrate, Ac-DEVD-pNA (acetyl-Asp-Glu-Val-Asp p-nitroanilide), using the Caspase-3 Activity Assay Kit (Beyotime Biotech). Cells from each group were harvested, and approximately 50 pg of total protein was added to a reaction buffer containing Ac-DEVD-pNA (2 mM), followed by incubation for 2 h at 37°C; the absorbance of the yellow pNA cleavaged from its corresponding precursor was measured at 405 nm using a spectrometer (SpectraMax i3, Molecular Devices). The specific caspase activity, normalized for total protein content of the cell lysates, was then expressed as a fold change compared with the baseline.



Wound Healing Assay

Cells were cultured in 6-well plates until they had reached 70%–90% confluence. A scratch was made on the bottom of each well using a 10-μL tip to form wounds. The cells were then washed twice with PBS and cultured under the previous conditions. The wounds were imaged at different time points, and the distance migrated by cells from five different areas for each wound was measured. For each visual field, two straight lines were drawn in the front of both sides of the gap, and the average distance was calculated as the average of the distance of the two lines at the left, middle, and right points of the view.



Cell Migration and Invasion Assays

A total of 4×104 cells were suspended in 100 μL of DMEM without FBS and seeded into the top chamber of 24-well plate transwell inserts (BD Pharmingen) with an 8-µm membrane pore size. Medium containing 10% FBS was placed into the lower chamber as a chemoattractant. After incubating for 24 h, the cells that did not migrate through the pores were manually removed with a cotton swab. Cells at the bottom of the membrane were fixed and stained with a crystal violet solution (Beyotime Biotech) and then counted and imaged under a microscope. Cell numbers were calculated in eight random fields for each chamber, and the average value was calculated. Each experiment was conducted in triplicate. The cell count index was also used as the counting of migrated cells. Stained cells from the bottom of the chambers were eluted with 500 μL of 33% acetic acid; the absorbance of the eluant was read under a microplate reader at 570 nm (SpectraMax i3, Molecular Devices), and the optical density was recorded as the cell count index to reflect cell number. Cell invasion assays were performed using Matrigel (diluted 1:5 with medium without FBS; BD Pharmingen)-coated transwell inserts following the same procedure as described above.



Chromatin Isolation by RNA Purification (ChIRP)

An optimized ChIRP assay to identify lncRNA-associated proteins was performed following previously described protocols (31–33) with modifications. The EZ-Magna ChIRP™ RNA Interactome Kit (Merck Millipore, Darmstadt, Germany) was used on the immortalized normal oral epithelial cell line hTERT-OME. Twenty antisense DNA tiling probes targeting LINC02487 were designed using the online probe designer at singlemoleculefish.com (http://www.singlemoleculefish.com/designer.html) and synthesized (Sangong Biotech) with Biotin-TEG at the 3′ end. Probes were separated into two pools (even and odd) to help eliminate nonspecific signals. A LacZ probe set was used as a negative control, and a blank control without probes was used to eliminate background interference. Approximately 1×108 cells were used per reaction. Cells of the four groups (even, odd, LacZ, and blank) were harvested and cross-linked with formaldehyde to preserve RNA interaction, following which the cell pellets were lysed and sonicated in a water bath at 4°C to shear the complex. The cell lysates were incubated with the biotinylated DNA probes and subjected to capture by streptavidin magnetic beads. The RNA was then extracted from the ChIRP samples and quantified by RT-qPCR as quality control. The proteins were subsequently precipitated, separated by bis–tris SDS–PAGE (Invitrogen) for mass spectrometry (ChIRP–MS) (Applied Protein Technology, Shanghai, China), and verified by western blotting (ChIRP–WB). The raw data from the mass spectrometry were analyzed and searched using Mascot in the UniProt database (34). Peptides with a false discovery rate (FDR) <1% were chosen for further data processing.



RNA Immunoprecipitation (RIP)

RIP was performed as previously described (35–37) with the following modifications. First, the RIP assay was conducted in 293T cells transiently expressing HA-tagged USP17 through plasmid transfection. A total of 2×107 cells were used per reaction. Second, immunoprecipitation was performed by incubating cell lysates containing RNA–protein complexes with anti-HA-coated magnetic beads. Third, biotin-coupled magnetic beads were used as control. Briefly, cells were cross-linked and lysed in the presence of an RNase inhibitor and a protease inhibitor cocktail, followed by sonication on ice. After immunoprecipitation, purified beads containing RNA–protein complexes were washed following standard procedures. The protein samples were retrieved and detected by western blotting as quality control. The RNA samples were extracted using the RNeasy MinElute Cleanup Kit (Qiagen, Düsseldorf, Germany) and detected by RT-qPCR. The results were presented as LINC02487 fold enrichment compared with the control.



Antibodies and Western Blot Analysis

Cells from different groups were harvested, rinsed twice with PBS buffer, and then lysed with lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 mM MgCl2, 0.5% NP-40, 1 mM Na3VO4, 1 mM NaF, protease inhibitor cocktail). Protein samples were heated to 95°C for 10 min and then resolved by SDS–PAGE and transferred to an Immobilon-P membrane (Millipore). The membrane was incubated with primary antibody at 4°C overnight and with secondary antibody at room temperature for 1 h. An ECL reagent (Millipore) was added for chemiluminescent detection. The primary antibodies used for immunoblotting were as follows: rabbit anti-USP17 (1:1000), anti-GAPDH (1:5000), anti-HA (1:3000), anti-SNAI1 (1:500), anti-N-cadherin (1:1000), anti-E-cadherin (1:1000), and anti-vimentin (1:1000).



Statistical Analysis

Statistical analyses were performed with GraphPad 7 (GraphPad Software, San Diego, CA, USA). The 2-ΔΔCT method was used to analyze the relative expression level of RNAs. All data were expressed as means ± SD of three or more independent experiments. Sample sizes were selected based on previous publications or related articles. A two-tailed Student’s t-test was used for comparison between two groups. Multiple comparisons were made using one-way ANOVA. Statistical significance was determined at P < 0.05.




Results


LINC02487 Was Downregulated in OSCC Samples and Cell Lines, and LINC02487 Expression Levels Were Correlated With Cancer Metastasis

To determine the status of LINC02487 in OSCCs, we used RT-qPCR to compare the relative expression levels of LINC02487 in 50 paired OSCC cancer tissues and adjacent normal tissues. The characteristics of all the patients and the relative LINC02487 expression levels in the different groups are summarized in Table 1. The results showed that LINC02487 expression was significantly downregulated in OSCC samples compared with that in paired adjacent normal tissues (P < 0.01) (Figure 1A). The average fold change was 51.4. Moreover, the expression level of LINC02487 differed significantly between patients with or without near and/or distant metastasis, indicating that the LINC02487 level was potentially associated with cancer metastasis (Table 1). We also evaluated LINC02487 expression in OSCC cell lines. The results demonstrated that LINC02487 expression was also downregulated in the OSCC cell lines HN4, HN6, HN30, SCC9, SCC25, and Cal27 compared with that in immortalized normal oral epithelial cell line hTERT-OME (Figure 1B). To confirm these results, we also analyzed the relative expression level of LINC02487 in TCGA data and found that it was markedly lower in HNSCC than in normal controls (P < 0.0001) (Figure 1C).




Figure 1 | The expression levels of LINC02487 in tissue samples and cell lines. (A) The expression of LINC02487 was downregulated in OSCC samples compared with paired adjacent normal tissues. (B) The relative expression levels of LINC02487 were significantly lower in the OSCC cell lines Cal27, SCC25, SCC9, HN30, HN6, and HN4 than in the immortalized normal human oral mucosal epithelial cell line hTERT-OME. (C) The expression of LINC02487 was downregulated in HNSCC samples compared with normal control samples in TCGA data sets. HNSCC, head and neck squamous cell carcinoma; ns, not significant; **P < 0.01, ****P < 0.0001.





LINC02487 Was Localized to the Cytoplasm and Aggregated Around the Nuclear Membrane

We next performed FISH to explore the subcellular localization of LINC02487. Confocal microscopy analysis showed that the LINC02487 signal was mainly localized to the cytoplasm and aggregated around the nuclear membrane (Figure 2).




Figure 2 | Long noncoding RNA LINC02487 was mainly localized to the cytoplasm and aggregated around the nuclear membrane. 18S ribosomal RNA and U6 were used as controls. ns, not significant.





Overexpression of LINC02487 Inhibited Cell Proliferation

To investigate the function of LINC02487 in OSCCs, we established LINC02487-overexpressing HN6 and HN30 OSCC cell lines through the lentiviral transfection of pCMV-puro plasmids. RT-qPCR results showed a more than 3000-fold stable overexpression of LINC02487 after transfection in HN6 cells and a more than 2000-fold overexpression in HN30 cells (Figure 3A). Next, we compared the phenotypic changes occurring in LINC02487-overexpressing cells compared with control cells. CCK-8 and EdU staining assays both revealed that cell viability was decreased in LINC02487-overexpressing cells (Figures 3B, C). Cell apoptosis was also examined through analysis of both caspase-3 activity and Annexin V/FITC staining in the two cell lines. Overall, no significant differences in the rate of apoptosis were found between the two cell lines (Supplementary Figure 1A, B). A colony formation assay showed that fewer clones formed with LINC02487 overexpression (Figure 3D). Moreover, flow cytometry analysis demonstrated that the ratio of cells in the G1 phase of the cell cycle was increased in LINC02487-overexpressing cells (Supplementary Figure 1C). In summary, overexpression of LINC02487 suppressed cell proliferation in OSCC cell lines.




Figure 3 | Overexpression of LINC02487 inhibited cell proliferation in the OSCC cell lines HN6 and HN30. (A) The relative expression level of LINC02487 after lentiviral plasmid transfection. (B, C) CCK-8 and EdU staining assays showed that cell proliferation was inhibited after LINC02487 overexpression. (D) Overexpression of LINC02487 also diminished the colony-forming ability of OSCC cells. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Overexpression of LINC02487 Significantly Inhibited Cell Migration and Invasion in OSCC Cells

To further explore the function of LINC02487, we investigated the effect of overexpressing LINC02487 on the migratory and invasive capabilities of HN6 and HN30 cells. We first analyzed cell migration using a wound healing assay. A significant increase in the average migrated distance was observed in LINC02487-overexpressing cells compared with that in mock control cells (Figures 4A, B). Transwell assays with or without Matrigel-coated upper chambers showed that both migratory and invasive abilities were significantly suppressed in LINC02487-overexpressing cells (Figures 4C, D).




Figure 4 | Overexpression of LINC02487 inhibited the migratory and invasive abilities of the OSCC cell lines HN6 and HN30. (A, B) A wound healing assay showed that overexpression of LINC02487 affected cell migration. (C, D) A transwell assay showed that both cell migration (without Matrigel) and invasion (with Matrigel) were inhibited after LINC02487 overexpression. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.





LINC02487 Directly Bound to USP17

To explore the mechanisms underlying LINC02487 function, we purified its binding complexes and identified LINC02487-binding proteins by mass spectrometry (ChIRP–MS). As previously reported, peptides detected in both the even and odd groups but not in the LacZ and blank groups were considered to be LINC02487-binding proteins. Twenty-nine peptides representing two protein families were detected with most (26 out of 29) belonging to the ubiquitin carboxyl-terminal hydrolase 17 (USP17) family (Figure 5A). The mass spectrometry data is shown in the Supplementary data. Analysis of double-fluorescence staining by confocal microscopy showed that LINC02487 and USP17 displayed a high ratio of overlap in the cytoplasm (Figure 5B). This result can also be confirmed by western blotting (ChIRP–WB) assay (Figure 5C). To verify this result, we then performed RNA immunoprecipitation using HA-tagged USP17; the complex was purified using HA magnetic beads, followed by detection of LINC02487 by RT-qPCR. The result shows that LINC02487 was more than three times higher in the USP17-HA group (Figure 5D). Together, these results demonstrate that LINC02487 bound directly to USP17 and suggests that LINC02487 may modulate cell functions through USP17.




Figure 5 | LINC02487 directly bound USP17. (A) Chromatin isolation by RNA purification–mass spectrometry (ChIRP–MS) results show that LINC02487 binds primarily to two proteins: USP17 and CKM. (B) Colocalization of LINC02487 and USP17 using confocal microscopy. (C) ChIRP-western blot demonstrated the direct binding of LINC02487 and USP17; LacZ was used as control. (D) RNA immunoprecipitation confirmed the binding of LINC02487 and USP17. Biotin beads were used as control. ns, not significant; *P < 0.05.





LINC02487 Suppressed Tumor Migration and Invasion Through EMT-Related Processes

USP17 is reported to regulate cancer metastasis through modulation of EMT (38, 39). To determine whether LINC02487 modulates OSCC cell function through this path, we examined EMT-related markers in LINC02487-overexpressing cell lines HN6 and HN30. The level of the epithelial marker E-cadherin was increased compared with that in control cells, and the levels of the mesenchymal markers N-cadherin and vimentin were decreased after LINC02487 overexpression (Figure 6A). We also find that the expression of the key EMT regulator SNAI1 was increased at the mRNA level but decreased at the protein level; meanwhile, the expression of USP17 was decreased at both the mRNA and protein level (Figures 6A, B). This result could be explained by the posttranslational regulation resulting from the activity of the deubiquitinating enzyme USP17.




Figure 6 | Overexpression of LINC02487 suppressed EMT through the USP17–SNAI1 axis. (A) The protein expression of USP17 and EMT-related markers in the OSCC cell lines HN30 and HN6. Blots for vimentin were spliced from two scans due to expression differences between the two cell lines. (B) The expression levels of USP17 and SNAI1 mRNA in the cell lines HN30 and HN6. ns, not significant; **P < 0.01, ***P < 0.001, ****P < 0.0001.





LINC02487 Inhibited EMT Through the USP17–SNAI1 Axis

We next determined whether the effect of LINC02487 on cell mobility was mediated through the USP17–SNAI1 axis using the OSCC cell line HN6. First, we assessed the silencing efficiency of three siRNAs and selected siRNA-1 for subsequent experiments (Figure 7A). A transwell assay showed that knockdown of LINC02487 increased the migratory ability of the HN6 cells (Figure 7B). We then performed a series of transwell and western blot assays to unravel the associated regulatory network. The results showed that knocking down USP17 decreased cell migration and invasion, and this effect could be rescued by simultaneously knocking down LINC02487 and USP17 (Figures 7C, D). Western blotting assay further revealed that this rescue was mediated through the EMT process. When USP17 was knocked down, cells presented a more epithelial-like phenotype, and this effect could be rescued by silencing LINC02487 (Figure 7E).




Figure 7 | (A) The efficiency of the three LINC02487 siRNAs in the OSCC cell line HN6; Si-LINC02487-1 was chosen for subsequent experiments. (B) The knockdown of LINC02487 increased cell migration. (C, D) The knockdown of LINC02487 increased the migratory and invasive capacity of the OSCC cell line HN6 although knockdown of USP17 suppressed these processes. Simultaneous knockdown of LINC02487 and USP17 restored cell functions. (E) Western blot assay showed that the changes in cell migratory ability were mediated through EMT. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.






Discussion

LncRNA expression contributes significantly to the whole transcriptome and is dysregulated in many cancer types, including OSCC (15, 40, 41). LncRNAs can be epigenetic, transcriptional, and posttranscriptional regulators in various cancer types (42–45). Studies have reported that LINC02487 (previously known as LOC441178) is significantly downregulated in OSCC samples when compared with samples obtained from healthy controls (18, 19), and LINC02487 expression levels were found to be associated with postoperative survival time, indicating that it has potential for use as a biomarker for OSCC diagnosis and prognosis. In this study, we find that LINC02487 expression was significantly decreased in OSCC samples derived from a Chinese population; this is consistent with previous studies and confirms the similarity in LINC02487 OSCC expression pattern between different continents and populations. As lncRNAs have been reported to display additional tissue-specific expression patterns (10, 40), using TCGA data, we explored the LINC02487 status in different cancer types through TANRIC, an open-access resource for interactive exploration of lncRNAs. The analysis indicates that LINC02487 was also downregulated in HNSCC, but upregulated in breast cancer and kidney renal papillary cell carcinoma when compared with nontumor controls (data not shown). This result is also consistent with previous reports and is further confirmed in OSCC cell lines in a comparative analysis with immortalized normal oral epithelial cells. Additionally, the expression level of LINC02487 is associated with cancer metastasis, indicating that this lncRNA may be involved in OSCC development.

Functionally, overexpression analysis shows that the increased expression of LINC02487 influences several cell characteristics, including viability, mobility, and cell cycle progression. In particular, LINC02487 gain-of-function inhibits cell proliferation, migration, and invasion, indicating that this lncRNA might play a role as a tumor suppressor in OSCC.

The functional mechanisms of lncRNAs are determined by their cellular localization, at least partially (24, 46). Most lncRNAs are predominantly localized to the chromatin and nucleus and have lower expression levels than coding mRNAs (10). In this study, we use FISH to show that LINC02487 was mostly localized to the cytoplasm, and aggregated around the nuclear membrane. This suggests that LINC02487 acts mainly at the posttranscriptional or posttranslational level.

We performed ChIRP–MS to explore the mechanisms underlying the cell functions of LINC02487 and find that LINC02487 bound directly to USP17. According to UniProt, USP17 is mainly found in the nucleus and endoplasmic reticulum (34, 47). In our study, we demonstrate that LINC02487 was located in the cytoplasm, aggregated near the nuclear membrane, where USP17 is reported to also be localized (47). The binding of LINC02487 and USP17 was further verified by ChIRP–WB and RIP. These results indicate that LINC02487-regulated cell functions may be mediated through USP17.

USP17 belongs to a subfamily of deubiquitinating enzymes (DUBs). These enzymes are key regulators of posttranslational protein modifications through ubiquitination in many cellular processes, including transcription, DNA repair, cell-cycle progression, and apoptosis (48, 49). Additionally, as a cytokine-inducible DUB, USP17 is also reported to inhibit proliferation, increase apoptosis, and regulate the G1/S phase transition of the cell cycle (50–52). Several studies also indicate that USP17 may be involved in cancer metastasis through EMT regulation (39, 49, 53). Tumor cells undergoing EMT acquire a mesenchymal phenotype and begin to express markers such as N-cadherin and lose the expression of epithelial markers such as E-cadherin, leading to tumor progression, invasion, and eventually distant metastasis. EMT is an essential step in cancer metastasis. Emerging evidence has shown that lncRNAs influence the EMT process mainly through cross-talk with master regulators, such as SNAI1 and ZEB (21, 25, 30, 54, 55). In this study, western blot analysis showed that overexpressing LINC02487 led to the upregulation of the epithelial marker E-cadherin and downregulation of the mesenchymal markers N-cadherin and vimentin, indicating that LINC02487 regulates cell invasion and migration through the EMT process. Mechanistically, we also tested the expression of USP17 and SNAI1 in the OSCC cell lines HN6 and HN30. Overexpression of LINC02487 suppressed the expression of USP17 at both the mRNA and protein level. Interestingly, however, we found that overexpressing LINC02487 led to a reduction in the protein level, but not the mRNA level, of SNAI1. The SNAI1 protein is highly unstable and can be posttranslationally degraded through the ubiquitin–proteasome pathway. USP17 is reported to exert its role in EMT through the posttranslational deubiquitination and stabilization of SNAI1. Inhibition of USP17 promotes SNAI1 degradation, thereby suppressing breast cancer invasion and metastasis (49, 53). Our findings are consistent with previous reports.

We further tested the cell function of LINC02487 in the OSCC cell line HN6. As USP17 is known to have several cellular functions, we only tested its role in cell mobility. First, a transwell assay revealed that silencing LINC02487 led to an increase in cell migration, whereas knocking down USP17 suppressed cell migration and invasion, and this effect could be rescued by the loss of LINC02487. We then examined the expression levels of EMT-related markers with the results demonstrating that the expression levels of these proteins were changed accordingly. When we silenced LINC02487, OSCC cells showed increased mesenchymal characteristics, and when USP17 was silenced, OSCC cells displayed a more epithelial phenotype. However, this effect could also be rescued by the loss of LINC02487. Together, these results indicate that LINC02487 may be a negative regulator of USP17, and has a role in the EMT process through the USP17–SNAI1 axis. McFarlane et al. identify that USP17 is highly expressed in several tumor biopsies, and USP17 depletion significantly impairs G1-S phase transition and blocks cell proliferation (56). In our study, we observed that the overexpression of LINC02487 exerted similar effects on cells (Supplementary Figure 1C). Whether it was also through the LINC02487-USP17 axis has yet to be proved. Altogether, we demonstrated that LINC02487 binds directly to, and negatively regulates, USP17 in OSCC cells.

In conclusion, our study confirms that long noncoding RNA LINC02487 is downregulated in OSCC samples and cell lines, and its expression level is correlated with cancer metastasis. We further show that LINC02487 binds directly to USP17 and acts as a tumor suppressor through the USP17–SNAI1 axis.
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Huntingtin (HTT) is one of the target genes of miR-146-a and regulates various cancer cell activities. This study aims to explore the miR-146a expression pattern in oral squamous cell carcinoma (OSCC) and its role and mechanism in OSCC progression and metastasis via targeting the HTT gene. OSCC tissue and non-cancerous matched tissue (NCMT) were obtained from 14 patients. OSCC cell lines and normal HOK cells were used to analyze migration and invasion assay. OSCC-induced miR-146a knockout mice (B6.Cg-Mir146tm1.1Bal) model was developed. Transwell cell migration/invasion and scratch wound assays were used to investigate the OSCC cell migration and invasion in vitro. Kaplan-Meier survival analysis was used to investigate the association of HTT expression patterns in cancer tissue with patient survival percentage and duration. Pearson’s correlation analysis tested the association between miR-146a and HTT expression in OSCC tissues. miR-146a mimic and inhibitor transfection were performed to overexpress and knockdown the miR-146a in OSCC cells, respectively. miR-146a expression was highly upregulated in OSCC tissues and OSCC cell lines. Cancer cell migration/invasion was enhanced in miR-146a overexpressed cells and reduced in mi-R146a knockdowned cells. HTT expression was reduced in OSCC tissues and cell lines compared to NCMT and HOK cells, respectively. HTT expression was downregulated in miR-146a overexpressed OSCC cells and upregulated in miR-146a knockdowned OSCC cells. The expression pattern of miR-146a in OSCC cell lines and tissues was inversely correlated with HTT expression. Prediction of miRNA target analysis showed that HTT possesses the binding sites for miR-146a. HTT overexpression in OSCC tissues was associated with patients’ higher survival percentage and duration. HTT knockdown in OSCC cells enhanced miR-146a expression and cell migration/invasion. Inducing OSCC in miR-146a knockout mice increased the HTT expression in tongue tissue and alleviated the cancer aggressiveness and epithelial damage. Overexpressed miR-146a in OSCC targets the HTT gene and enhances cancer cell migration/invasion unraveling the possible role of HTT in miR146a-mediated OSCC cell migration and invasion.




Keywords: oral squamous cell carcinoma, mir-146a, Huntington gene, migration, invasion, metastasis, tumorigenesis



Introduction

Oral cavity cancer is the most common head and neck cancer with poor prognosis and a high recurrence rate (1). Oral squamous cell carcinoma (OSCC) accounts for more than 90% of all head and neck cancer and is the sixth most common cancer worldwide (2, 3). The incidence rate of OSCC is increasing rapidly, especially among young and middle-aged individuals resulted from smoking and alcohol abuse. Despite the progress of surgery, radiotherapy, and chemotherapy treatments, the 5-year survival rate of OSCC patients was still less than 50% in the last 30 years (2, 4). OSCC has a high rate of metastasis in the head and neck region due to local invasion and due to lack of early diagnostic markers (5). The pathogenesis of OSCC is a complicated process, and the molecular mechanisms of OSCC tumorigenesis, progression, and metastasis are still unclear. Therefore, the molecular level understanding in OSCC progression and metastasis is necessary to unveil novel diagnostic and therapeutic targets.

MicroRNAs (miRNAs) are an evolutionarily conserved group of small single strand non-coding RNA molecules of 20 to 22 nucleotides that regulates mRNA expression at transcriptional and post-transcription level (6, 7). Emerging pieces of evidence had indicated that the mature miRNAs play critical roles in a broad range of physiologic and pathologic processes, such as development, cell proliferation, differentiation, apoptosis, signal transduction, and development of diseases, including inflammation and cancers (8–13). Literature had reported the involvement of various miRNAs, including miR-146a, miR-145, miR-433, miR-195-5p, and miR-375 in OSCC (14–17). Overexpression or underexpression of miRNAs regulates the OSCC development and progression. The role of miR-146a in various cancer etiology, including blood, breast, cervical, kidney, liver, and lung cancer, had been extensively studied (18). Only pieces of literature are available regarding the role of miR-146a in OSCC, and the results are controversial (17, 19, 20). Hung and colleagues reported the upregulation of miR-146a in OSCC tissues and blood circulation of OSCC patients, and the involvement in OSCC oncogenicity (17). Similarly, Min and colleagues reported a higher expression of miR-146a in OSCC (19). In contrast, Shi and colleagues reported the loss of miR-146a expression in high-grade oral cancer tumors and re-expression of miR-146a reduced oncogenic phenotypes and metastasis (20). Therefore, further studies are necessary to elucidate the exact expression pattern of miR-146a in OSCC as well as its role and mechanism in OSCC progression.

miR-146a targets specific genes, regulates signaling pathways, and involves in cancer biology (18). miR-146a targets IRAK1 and TRAF6 to promote NF-κB signaling in oral, cervical, breast, and prostate cancer (17, 18, 21). Similarly, miR-146a targets EGFR to promote growth and proliferative signaling of various cancer cells, including breast, liver, lung, prostate, and gastric cancer (18). However, other target genes of miR-146a and their role in OSCC etiology have not been fully understood. HTT gene mutation causes a neurodegenerative Huntington’s disease (22). Most of the HTT-related studies are mainly focused on the role of HTT in the nervous system. The expression of the HTT gene and protein is ubiquitous. Some recent studies have reported the role of HTT in cancer development and progression. HTT expression is downregulated in breast cancer and regulates cancer cell differentiation via the maintenance of tight junctions (23). HTT gene expression is downregulated in oral cancer tissues and is one of the candidate genes involved in oral cancer biology (24). Moreover, miR-125b, miR-146a, miR-150, and miR-214 target both human and mice HTT and regulate diverse cellular processes (25, 26). However, whether the miR-146a targets the HTT gene in OSCC to regulate tumorigenesis and metastasis is still unknown.

In this study, we hypothesized that miR-146a targets the HTT gene to regulate OSCC cell migration and invasion. We found overexpressed miR-146a and underexpressed HTT in OSCC clinical tissues and cell lines. The overexpressed miR-146a downregulated HTT expression in OSCC cells, suggesting the HTT targeting potential of miR-146a. Overexpressed miR-146a or underexpressed HTT enhanced OSCC cell migration/invasion. Inducing OSCC in miR-146a knockout mice mitigated the cancer aggressiveness and tongue epithelial damage compared to in wild-type mice. For the first time, our study reported the overexpression of miR-146a in OSCC as an inducer of cancer cell migration and invasion possibly via targeting the HTT gene.



Materials and Methods


OSCC Tissue Collection

A total of 14 patients with OSCC were included in this study. The independent diagnosis of each case was confirmed by both pathologists and physicians following the standard criteria (27). Surgical resection of primary tumors along with paired non-cancerous matched tissues (NCMT) from OSCC patients was collected with the written informed consent from the patients. NCMT sample was obtained from 2 cm distance of the tumor tissue. Tissue specimens were stained with H&E staining to distinguish cancerous tissue from NCMT. This study was approved by the Ethical Institutional Review Board of Affiliated Stomatology Hospital of Guangzhou Medical University (ethical approval number: KY2017018). All the procedures were per institutional ethical standards. All samples were obtained during tumor removal surgery and were frozen immediately in liquid nitrogen and stored at −80°C until the detection of miR-146a and HTT. The tumors underwent TNM classification, according to the American Joint Committee on Cancer (AJCC) system (27). The patient’s characteristics and demographics are presented in Table 1.


Table 1 | Clinical parameters of OSCC patients.





In Vitro Cell Culture Study

SCC9, SCC25, and CAL27 human oral squamous carcinoma cell lines were used in this study. SCC25 (CRL-1628) was purchased from ATCC. HOK cell line was obtained from ScienCell (Chemie Brunschwig, Basel, CH). SCC9 and CAL27 were obtained from the Key Laboratory of Oral Medicine, Affiliated Stomatology Hospital of Guangzhou Medical University. SCC25 cells were cultured in DMEM/F12 supplemented with 400 ng/ml hydrocortisone and 10% fetal bovine serum. SCC9 and CAL27 cells were cultured in DMEM/F12 supplemented with 10% FBS and 1% Penicillin-Streptomycin (Gibco, 15140122). All cells were incubated in an atmosphere of 5% CO2 and saturated moisture at 37°C.



Cell Transfections

miR-146a mimic (cat. #4464066), miR-146a mimic negative control (designated miR-146a mimic NC, cat. #4464058), miR-146a inhibitor (cat. #4464084), and miR-146a inhibitor negative control (designated miR-146a inhibitor NC, cat. #4464076) were obtained from Thermo Fisher (life technology, Carlsbad, CA). Transfection was performed using GenMute @ (SignaGen) according to the manufacturer’s protocol. Briefly, cells were seeded in 6-well plates at 30%–40% confluence for 24 h, transfected with miR-146a mimic, miR-146a mimic negative control, miR-146a inhibitor, and miR-146a inhibitor negative control at a final 50 nM concentration for 48 h.



Knockdown of HTT Gene in OSCC Cells

HTT gene in OSCC cells was knock downed using si-RNA. HTT knockdown efficiency of three different si-RNAs (si-HTT1, si-HTT2, si-HTT3) in SCC9 and CAL27 cells was tested. Since, si-HTT1 (targeted sequence: GCACCTTCCTCCTGAGAAA, Guangzhou RIBOBIO) showed the highest inhibition of HTT expression, we used the si-HTT1 to downregulate the HTT in OSCC cells. HTT knockdown efficiency, miR-146 expression pattern, and OSCC cell migration and invasion were further analyzed.

The cells in the logarithmic growth phase were seeded in a 6-well plate. When the cell fusion degree was 80%, siRNA transfection was performed. The specific steps were performed according to the method provided in the instructions of the siRNA transfection kit. After the cells were transfected for 48 h. The morphological changes of cells were observed under an inverted light microscope, and total RNA was extracted, and the silencing effect was detected by quantitative real-time PCR (qRT-PCR).



Quantitative Real-Time PCR Assay

Total RNA was extracted from cultured cells, OSCC clinical tissues, and mice tongue tissues using TRIzol Reagent (Invitrogen, CA, USA). The miRNA was extracted from cultured cells using miRNAiso for small RNA reagent (TaKaRa, Dalian, China). The RNA samples were then reverse-transcribed into cDNA with the PrimeScript RT Master Mix (TaKaRa, Dalian, China) and the SYBR PrimeScript miRNA RT-PCR Kit (TaKaRa, Dalian, China). Real-time PCR was performed with the SYBR Premix Ex Taq II and the SYBR PrimeScript miRNA RT-PCR Kit (TaKaRa, Dalian, China), using an Applied Biosystems 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The expression of HTT mRNA was quantified with GAPDH mRNA expression as an endogenous control. The levels of miR-146a were quantified with U6 control. Quantification of the relative levels was determined by the ΔΔCt method (28). Primers used for qPCR are listed in Table 2.


Table 2 | Primers used in this study.





Cell Invasion Assay

Cell invasion assay was performed using Transwell chambers (8.0 μm pore size; Corning, US). The chambers were prepared by thawing Matrigel (BD Bioscience, San Jose, CA) at 4°C, and then 100 μl of the thawed Matrigel was added to each insert. After incubating at room temperature for 1 h, the unsolidified liquid was gently removed by pipette. Transfected cells were starved overnight and then seeded in the upper chamber at a density of 2.5 × 106 cells/ml in 200 µl of medium with no FBS. A medium with 10% FBS (600 µl) was added to the lower chamber. Following a 24 h-incubation at 37°C with 5% CO2, non-invading cells in the upper chamber were removed with a cotton swab, and invading cells were fixed in 4% paraformaldehyde and stained with 0.5% crystal violet. Photographs were taken randomly from five fields of each membrane. The number of invading cells was expressed as the average number of cells per microscopic field over five fields.



Cell Migration Assay

For migration assays, a protocol similar to the invasion experiment. However, the upper chamber was not pre-coated with Matrigel, and cells in the upper chamber were seeded at a density of 1.0 × 106 cells/ml.



Scratch Wound Assay

The cell migration was measured by scratch wound assay. Transfected OSCC cells were cultured in 6-well plates to 100% confluence as monolayers and then scratched with a 200-µl sterile pipette tip (29). The medium and cell debris were aspirated away by PBS and replaced with 2 ml of fresh serum-free medium. The area between wound gaps was measured at different time points under an inverted phase-contrast microscope (Olympus, Germany) and then calculated by ImageJ software. Five randomly selected fields along each wound were marked, and each experiment was conducted in triplicate.



Mouse Model for Oral Cancer

Male C57BL/6 mice (wild-type) 6–7 weeks old, weighing 250–350 g, were obtained from Medical Laboratory Animal Center of Guangdong Province. miR-146a knockout mice (B6.Cg-Mir146tm1.1Bal) were obtained from the Jackson Laboratory. All mice were housed at the Specific Pathogen Free (SPF) animal facility at Guangzhou Medical University according to animal protocol and regulation of the University Laboratory Animal Resources. All animal experiments were approved by Guangzhou Medical University Institutional Animal Care and Institutional Biosafety Committee (ethical approval number: 2020-002). Animal experiments were performed following the ARRIVE guidelines. OSCC was induced in wild-type (9 mice) and miR-146a (9 mice). The OSCC in mice was induced following the protocol established by our lab (30), as illustrated in Supplementary Figure 1. In brief, the mice were treated with freshly prepared 4-NQO (Cat# N8141; Sigma, St Louis, MO) for 10 weeks and then treated with normal drinking water for 10 weeks. 4-NQO (Sigma Chemical) was dissolved in propylene glycol (final concentration 5 mg/ml) and then added to the drinking water at 60 μg/ml, keeping at −20°C. Drinking water containing NQO was freshly prepared every week in deionized water and was stored in the dark at 4°C until used. Bottles containing 4-NQO-supplemented water were wrapped with foil to preclude photodegradation of the carcinogen and were changed at two- to three-day intervals throughout the study. The drinking water was changed every day, and mice were allowed access to the drinking water at all times while receiving treatment. The mice were anesthetized (xylazine, intraperitoneal injection, 0.13 mg/kg body weight) and euthanized by exsanguination prior to tissue collection. Mice were euthanized at 0, 16, and 20 weeks after treatment, respectively. The tongue tissues were collected and stored at −80°C for the histology and qPCR.



Hematoxylin and Eosin Staining

The tongue tissues were fixed in 4% paraformaldehyde for 16 hours, then dehydrated and embedded in paraffin. Sections (3 μm thick) were stained with hematoxylin and eosin (H&E). The sections of the tongue epithelium were photographed with an inverted optical microscope.



Immunochemistry

Immunohistochemistry was performed to observe the expression of HTT. The anti-HTT antibody (ab109115, Abcam) was incubated overnight at 4°C, followed by incubation with biotinylated anti-rabbit secondary antibodies for one hour and counterstained with hematoxylin to detect HTT expression on human OSCC tissue sections. The number of HTT-positive cells and nucleated cells in five random fields of view on each human OSCC tissue and NCMT tissue section were counted Using ImageJ software. Their ratio (HTT-positive cells/nucleated cells) was used for statistical analysis. Table 1 summarizes the clinicopathological characteristics of patients with OSCC.



Kaplan-Meier Survival Analysis and Pearson’s Correlation Analysis

Kaplan-Meier survival curve for 397 OSCC/HNSCC patients with high expression of HTT and 99 patients with low HTT expression was plotted to evaluate the survival percentage and duration as described previously (31). Primary data (survival duration and HTT expression) of the patients were taken from the Kaplan Meier plotter (http://www.oncolnc.org/). Pearson’s correlation analysis was performed using GraphPad Prism 7.04 software to investigate the correlation between miR-146a and HTT expression in OSCC tissues.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism 7.04 software and the SPSS 20.0 statistical package (SPSS, Inc., Chicago, IL, USA). Data were presented as the mean ± SD. A nonparametric unpaired Mann-Whitney test was used to compare the mean of two independent groups. Differences were examined using a one way ANOVA followed by Tukey-Kramer post-hoc test and independent samples t-test. Chi-Square was used to test differences between two or more group samples. P < 0.05 was considered statistically significant.




Results


miR-146a Is Highly Expressed in OSCC

To explore the role of miR-146a in OSCC, we analyzed the expression of miR-146a in OSCC tissues and NCMT from 14 patients. Patient characteristics, demographics, and clinical data are provided in Table 1. miR-146a was highly expressed in OSCC tissue compared to NCMT (Figure 1A). We also analyzed the miR-146a expression in OSCC cell lines and HOK cells. miR-146a expression was highly upregulated in all the OSCC cell lines tested (SCC9, SCC25, and CAL27) compared to HOK cells (Figure 1B). SCC9 showed the highest expression of miR-146 (135-fold higher) compared to HOK cells. The results of miR-146a expression from clinical samples directly correlated with the results from OSCC cell lines.




Figure 1 | MiR-146a expression was upregulated in OSCC tissues and OSCC cell lines. (A) MiR-146a expression pattern in OSCC tissues and non-cancerous matched tissues (n = 14). (B) MiR-146a expression pattern in HOK cells and OSCC cell lines (n = 3). Data are presented as mean ± SD. The significant difference, ***P < 0.001 [in (B) compared to HOK-group]. NCMT, non-cancerous matched tissue; OSCC, oral squamous cell carcinoma.





Overexpression of miR-146a Promotes OSCC Cell Migration and Invasion

miR-146a was transfected in OSCC cells to analyze the effect of miR146a on OSCC cell migration and invasion. Transfection of miR-146a successfully upregulated the expression of miR-146a in SCC9, SCC25, and CAL27 cells (Figure 2A). In vitro cell migration and invasion assay, showed a higher number of migrated and invaded cells in miR-146a transfected SCC9, SCC25, and CAL27 cells (Figures 2B, C). Quantitative analysis data showed that overexpression of miR-146a enhanced the cell migration and invasion by ~1.5-fold in SCC9, SCC25, and CAL27 cells (Figures 2D, E). This result indicates that the overexpressed miR-146a in OSCC cells promotes cancer cell migration and invasion.




Figure 2 | Transfection of miR-146a in OSCC cells enhanced cell migration and invasion. (A) miR-146a expression pattern in OSCC cells transfected with miR-146a negative mimic control or miR-146a mimic. Representative microscopic images of (B) OSCC cell migration, and (C) OSCC cell invasion assays. Purple dots and patches indicate the migrated and invaded cells. Quantitative analysis of (D) migrated, and (E) invaded cells from figure B and C. Data are presented as mean ± SD form three independent experiments in triplicate. Significant effect of miR-146a transfection, *P < 0.05, **P < 0.01, and ***P < 0.001. NC, negative control. Scale bar, 100 μm.





Knockdown of miR-146a in OSCC Inhibits OSCC Cell Migration

We knockdowned miR-146a in OSCC cells to further confirm the role of miR-146a in OSCC migration and invasion. The transfection of miR-146a inhibitor dramatically reduced the expression of miR-146a expression in SCC9, SCC25, and CAL27 cells (Figure 3A). The scratch wound assay revealed that miR-146a knockdown reduces the migration of SCC9, SCC25, and CAL27 cells, as indicated by the higher wound area in the miR-146a inhibitor group (Figures 3B–D). The quantitative analysis of wound closure showed a higher wound area percentage in miR-146a inhibitor transfected SCC9, SCC25, and CAL27 cells (Figures 3E–G). Moreover, the knockdown of miR-146a inhibited the OSCC cell invasion (Supplementary Figure 2). Our results indicate that miR-146a overexpression and knockdown in OSCC have a stimulatory and inhibitory effect on cancer cell migration/invasion, respectively (Figures 2 and 3).




Figure 3 | The knockdown of miR-146a inhibited the OSCC cell migration in scratch wound assay. (A) Relative expression of miR-146a in OSCC cells transfected with miR-146a inhibitor or miR-146a negative control. Representative microscopic images scratch wound assay in (B) SCC9, (C) SCC25, and (D) CAL27 cells. In the scratch wound assay, quantitative analysis was performed on migrating cells at 0, 24, and 48, (E) SCC9, (F) SCC25, and (G) CAL27 cells. Data are presented as mean ± SD form three independent experiments in triplicate. Significant effect of the miR-146a inhibitor treatment, *P < 0.05, **P < 0.01, and ***P < 0.001. NC, negative control. Scale bar, 100 μm.





HTT Expression Is Downregulated in OSCC

Since miR-146a targets the HTT gene, we evaluated the expression pattern of the HTT gene in OSCC tissue and the role of the level of HTT expression on survival percentage and duration in oral cancer patients. We plotted the Kaplan-Meier survival curve from 397 OSCC/HNSCC patients with high HTT expression and 99 OSCC/HNSCC patients with low HTT expression. Cancer patients with higher HTT expression showed a better survival percentage with longer survival duration compared to the OSCC patients with HTT expression (Figure 4A). We also analyzed the HTT gene expression in OSCC tissues and NCMT of 14 patients as well as in OSCC cell lines. HTT expression was significantly downregulated in OSCC tissues compared to NCMT (Figure 4B). Similarly, the lower expression of the HTT gene was observed in OSCC cells (SCC9, SCC24, and CAL27) compared to HOK cells (Figure 4C). The immunohistochemistry study showed a lower expression of HTT protein in OSCC tissues compared to NCMT (Figures 4D, E). This result indicated that the downregulation of HTT in OSCC correlates with lower survival percentage and duration.




Figure 4 | HTT expression pattern in OSCC correlated with survival rate and duration. (A) Kaplan-Meier survival curves for 397 OSCC patients with high HTT expression and 99 OSCC patients with low HTT expression. (B) HTT mRNA expression pattern in OSCC tissue and non-cancerous matched tissue (n = 14). (C) HTT mRNA expression pattern in HOK cells and OSCC cell lines (n = 3). (D) Representative images of immunohistochemistry sections showing HTT protein expression in OSCC tissue and non-cancerous matched tissue. (E) Quantitative analysis of HTT protein expression in immunohistochemistry sections (n = 14). Data are presented as mean ± SD. Significant difference, *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bar, 100 μm.





miR-146a Expression Inversely Correlates With HTT Expression in OSCC

Prediction of miRNA targets using TargetScanHuman online tool (http://www.targetscan.org/vert_72/) showed the binding site of miR146a in HTT gene (Figure 5A). We performed Pearson’s correlation analysis to investigate the correlation between miR-146a and HTT expression in OSCC. As expected, the miR-146a expression in OSCC tissues was inversely correlated (r = −0.7022, P = 0.01) with the HTT expression (Figure 5B). The miR-146a transfected OSCC cells showed a lower expression of the HTT gene (Figure 5C). The knockdown of miR-146a in OSCC cells robustly enhanced the HTT gene expression (Figure 5D).




Figure 5 | HTT expression was inversely related to miR-146a expression in OSCC tissues. (A) The binding site of miR-146a in the HTT gene. (B) Pearson analysis showing the correlation between miR-146a and HTT mRNA expression level in OSCC tissues (n = 14; r = −0.7022, P < 0.01). HTT expression pattern in (C) miR-146a transfected, and (D) miR-146a knockdowned OSCC cells. Data are presented as mean ± SD form three independent experiments in triplicate. Significant effect of treatment, *P < 0.05, **P < 0.01, and ***P < 0.001. NC, negative control. Scale bar, 100 μm.





Knockdown of HTT Enhances OSCC Cell Migration and Invasion

To analyze the role of HTT in OSCC cell migration and invasion, we knockdowned the HTT gene by using HTT specific si-RNA (Figure 6A). Interestingly, knockdown of HTT upregulated the miR-146a expression in OSCC cells (Figure 6B). This result further confirms the inverse correlation between miR-146a and HTT expression in OSCC cells, as observed in Figure 5.




Figure 6 | HTT inhibits the migration and invasion of OSCC cell lines. (A) HTT expression pattern in OSCC cell lines transfected with HTT si-RNA. (B) miR-146a expression pattern in OSCC cells transfected with HTT si-RNA. Representative microscopic images of (C) OSCC cell migration, and (D) OSCC cell invasion assays. Quantitative analysis of (E) migrated, and (F) invaded cells (F). Data are presented as mean ± SD form three independent experiments in triplicate. Significant effect of treatment compared to a si-NC group, *P < 0.05, **P < 0.01, and ***P < 0.001. NC, negative control.



Cell migration and invasion assay showed a higher number of migrated and invaded OSCC cells in HTT knockdown groups (Figures 6C, D). The quantitative analysis showed ≥ 1.5-fold higher number of migrated and invaded cells in HTT knockdowned OSCC cells (Figures 6E, F). This result indicates the inhibitory effect of HTT on OSCC cell migration and invasion.



Knockout of miR-146a Inhibits the OSCC Progression in Mice

We tested the role of miR-146a in OSCC progression in miR-146a knockout mice with OSCC. Inducing OSCC in wild-type mice showed the tongue epithelial damage at week 10. The higher degree of carcinoma aggressiveness and epithelium damage was observed at week 16 and 20 in wild-type mice (Figure 7A). In miR-146a knockout mice, OSCC progression was relatively slow, and the epithelial damage was mitigated compared to in wild-type mice at week 16 and 20, respectively (Figure 7A). Tongue epithelial damage was increased in OSCC wild-type mice at week 16 and 20. Interestingly, OSCC-induced epithelial damage was alleviated in miR-146a knockout mice (Figure 7B). We also analyzed the HTT mRNA expression in the tongue tissue of OSCC mice at week 20 (Figure 7C). HTT mRNA expression was highly upregulated in the OSCC tongue tissue of miR-146a knockout mice compared to wild-type mice. This result indicates the protective role of the HTT gene against OSCC by reducing the cancer aggressiveness and tongue epithelial damage.




Figure 7 | Knocking out of miR-146a in mice mitigates OSCC progression and tongue epithelial layer damage. (A) Representative images of histological section (H&E staining) of tongue tissue of wild-type and miR-146a knockout mice with OSCC. (B) Quantitative analysis of tongue epithelium thickness. (C) HTT mRNA expression pattern in wild-type and miR-146 knockout mice. Data are presented as mean ± SD form three independent experiments in triplicate. Significant effect of treatment compared to WT, *P < 0.05, **P < 0.01, and ***P < 0.001. KO, knockout; WT, wild-type; ns, not significant. Scale bar, 100 μm.






Discussion

Evidence from literature demonstrated that the over or under expression of miR-146a in specific cancer acts as either a cancer suppressor or inducer by targeting specific genes (18). However, the expression pattern and function of miR-146a in OSCC is still a controversy (17, 19, 20). This study investigated: (a) the expression pattern of miR-146a in OSCC tissues and cells, (b) unravel the possible target gene of miR-146a, and (c) the role of miR-146a in OSCC development and metastasis. miR-146a was overexpressed, and its possible target HTT gene and protein was underexpressed in OSCC tissues and cell lines. The expression of miR-146a and the HTT gene in OSCC was inversely correlated. The higher expression of HTT in cancer tissues correlated with higher survival percentage and duration. Overexpressed miR-146a enhanced OSCC cell migration and invasion possibly by targeting the HTT gene. Inducing OSCC in miR-146a knockout mice enhanced HTT expression in tongue OSCC tissue and alleviated cancer aggressiveness and tongue epithelial damage. Figure 8 illustrated the main findings of this study. Our results showed that the overexpressed miR-146a in OSCC possibly targets the HTT gene to induce cancer cell migration and invasion, suggesting the role of miR-146a and HTT in OSCC progression, metastasis, and invasion.




Figure 8 | Scheme of miR-146a/HTT axis-mediated possible mechanism of OSCC cell migration and invasion. Red arrow, downregulation; green arrow, upregulation.



Overexpression of miR-146a had been reported in various cancers, including breast (8, 32), gastric (33), cervical (21), and bladder cancer (34). The expression pattern of miR-146a in OSCC is still a controversy as two studies reported overexpression (17, 19), and one study reported underexpression (20). In this study, OSCC tissues from 14 patients and OSCC cell lines SCC9, SCC25, and CAL19 showed a higher expression of miR-146a. Overexpressed miR-146a in various cancers such as breast (8), bladder (34), gastric (35), and prostate cancer (36) had been reported to regulate cancer cell migration, invasion, and metastasis. Similar to other types of tumors, the metastasis of OSCC mostly involves local invasion restricted to the head and neck region that frequently remain undetected until the advanced stage. Irani S had summarized the distant metastasis of OSCC, including heart, lung, bone, and brain (37). Therefore, it is crucial to unravel the role of miR-146a on OSCC metastasis and its mechanism. We overexpressed and knockdowned the miR-146a in OSCC cell lines to investigate the role of miR-146a in OSCC migration and invasion. miR-146a overexpression promoted and knockdown inhibited the OSCC cell migration and invasion in vitro (Figures 2 and 3). Our data indicated the possible role of overexpressed miR-146a on OSCC metastasis.

Differentially expressed miR-146a targets specific genes, affects gene transcription and translation, and regulates tumor biology (18). TRAF6, IRAK1, and SOX2 had been reported as a target gene of miR-146a in OSCC (17, 19, 20). miR-146a has specificity to target the HTT gene, and HTT plays a vital role in oral and breast cancer biology and many other cellular activities (23–26). This study hypothesized that the miR-146a might target the HTT gene to regulate OSCC progression and metastasis. We extensively analyzed the expression pattern of HTT and its role in OSCC (Figure 4). HTT gene and protein expression were downregulated in OSCC tissues with higher pathological grade. A similar result in OSCC expression was observed in SCC9, SCC25, and CAL27 cells (Figure 5). Our results suggest HTT as a possible diagnostic or therapeutic target in OSCC. Thion and colleagues had reported the anti-metastatic role of the HTT gene in breast cancer (23, 38). We unraveled the strong association between the lower expression of HTT in OSCC/HNSCC with reduced survival rate/duration and vice versa, indicating a critical role of HTT in OSCC.

Since high throughput sequencing analysis revealed the HTT gene as a putative target of miR-146a, we further analyzed the regulatory role of miR-146a on HTT gene expression in OSCC. The expression patterns of miR-146a and HTT in OSCC tissues were inversely correlated. These findings inmiR-146a overexpression downregulated, and knockdown upregulated the HTT gene/protein expression in OSCC cells. Similarly, knockdown of the HTT gene upregulated miR-146a expression in OSCC cells. Our results indicate the HTT targeting potential of miR-146a in OSCC.

Results from literature and our current study showed that the lower expression of HTT in oral and breast cancer is related to cancer metastasis and lower patient survival (23, 24, 38). In this study, we found that knockdown of the HTT gene in OSCC cells robustly enhanced the cancer cell migration and invasion in vitro. HTT gene expression was upregulated in the OSCC tongue tissue of miR-146a knockout mice. Aggressive OSCC in tongue tissue with a disrupted tongue epithelial layer was observed in wild-type mice. In contrast, the reduced aggressiveness of OSCC in tongue tissue and intact tongue epithelial layer was observed in miR-14a knockout mice. Our results indicate the role of overexpressed miR-146a on OSCC aggressiveness via targeting the HTT gene.

In this study, we evaluated the expression pattern of miR-146a and HTT gene/protein, as well as HTT targeting potential of miR-146a in well-characterized OSCC clinical samples, mouse model, and cell lines. We also investigated the role of miR-146a in OSCC cell migration, invasion, and cancer aggressiveness. Use of OSCC mice model in miR-146a knockout mice to investigate the role of miR-146a in OSCC and HTT expression in another novelty of this study. This is the first study to illustrate the expression pattern of HTT in OSCC tissues and cell lines, as well as the role of miR-146a in OSCC development and HTT expression in knockout mice model. Using only 14 OSCC patients is a limitation of this study. Another limitation of this study is that we did not investigate the molecular mechanism of miR-146a/HTT-mediated OSCC cell migration/invasion and metastasis. Therefore, future research recruiting more OSCC patients and unraveling the molecular mechanism of miR-146a/HTT-mediated signaling pathways in OSCC metastasis are strongly recommended. Knockdown of HTT in OSCC cells enhanced the cancer cells migration and invasion, and miR-146a knockout OSCC mice showed higher expression of HTT and inhibited the cancer aggressiveness and epithelial damage (Figures 7A–C). Based on these results we predict that miR-146a overexpression in oral squamous cell carcinoma potentiates cancer cell migration and invasion possibly via targeting HTT. However, the future in vitro and in vivo studies, overexpressing HTT in miR-146a overexpressed OSCC cells or mice model, as well as inhibiting HTT in miR-146a knockdowned OSCC cells or miR-146a knockout OSCC mice model, are indispensable to further confirm the findings of this study.



Conclusion

miR-146a was overexpressed in OSCC tissues and cell lines. miR-146a overexpression and knockdown in OSCC cell lines enhanced and inhibited cell migration/invasion, respectively. HTT was underexpressed in OSCC, and the expression pattern was inversely correlated with the miR-146a. The knockdown of HTT in OSCC cells enhanced cell migration/invasion. Higher HTT expression in cancer tissues was associated with longer survival percentage and duration. miR-146a knockout OSCC mice model not only showed higher expression of HTT in tongue tissue but also mitigates the OSCC progression and tongue epithelial layer damage. Our results suggest the involvement of the miR-146a/HTT axis on OSCC cell migration and invasion.
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Background

The long noncoding RNA actin filament associated protein 1 antisense RNA1 (AFAP1-AS1) is a critical player in various cancers. However, the clinical value and functional mechanisms of AFAP1-AS1 during the tumorigenicity of nasopharyngeal carcinoma (NPC) remain unclear. Here, we investigated the clinical application and potential molecular mechanisms of AFAP1-AS1 in NPC tumorigenesis and progression.



Methods

The expression level of AFAP1-AS1 was determined by qRT-PCR in 10 paired fresh human NPC tissues and adjacent normal tissues. RNAscope was performed on 100 paired paraffin-embedded NPC and adjacent nontumor specimens. The biological functions of AFAP1-AS1 were assessed by in vitro and in vivo functional experiments. RNA-protein pull-down assays were performed to detect and identify the AFAP1-AS1-interacting protein KAT2B. Protein-RNA immunoprecipitation (RIP) assays were conducted to examine the interaction of AFAP1-AS1 and KAT2B. Chromatin immunoprecipitation (ChIP) and luciferase analyses were utilized to identify the binding site of transcription intermediary factor 1 alpha (TIF1α) and H3K14ac on the RBM3 promoter.



Results

AFAP1-AS1 is upregulated in NPC and is a poor prognostic indicator for survival in NPC patients. AFAP1-AS1 was required for NPC proliferation in vitro and tumorigenicity in vivo. Mechanistic investigations suggested that AFAP1-AS1 binds to KAT2B and promotes acetyltransferase activation at two residues (E570/D610). KAT2B further promotes H3K14 acetylation and protein binding to the bromo domain of TIF1α. Consequently, TIF1α acts as a nuclear transcriptional coactivator of RBM3 transcription, leading to YAP mRNA stabilization and enhanced NPC tumorigenicity.



Conclusions

Our findings suggest that AFAP1-AS1 functions as an oncogenic biomarker and promotes NPC tumorigenicity through enhanced KAT2B acetyltransferase activation and YAP mRNA stabilization.





Keywords: lncRNA AFAP1-AS1, KAT2B, YAP, nasopharyngeal carcinoma, nasopharyngeal carcinoma tumorigenicity



Introduction

Nasopharyngeal carcinoma (NPC), a common head and neck malignancy, has a high incidence rate in Southern China (1–3). Although radiotherapy is one of the most effective treatments for NPC patients (4, 5), recurrence and local advancement often lead to treatment failure. Therefore, understanding the potential molecular mechanisms underlying NPC pathogenesis is urgent. The identification of novel therapeutic targets can help in the development of new therapeutic programs that will improve the overall survival rates of patients with NPC. Increasing evidence suggests that long noncoding RNAs (lncRNAs) play important roles in NPC tumorigenicity (6–8). However, the mechanisms through which NPC tumorigenicity is regulated remain poorly understood.

Actin filament associated protein 1 antisense RNA1 (AFAP1-AS1) is an oncogenic lncRNA associated with the pathogenesis of a variety of cancers. AFAP1-AS1 was first mapped to the antisense strand of AFAP1 DNA (9). Studies have shown that AFAP1-AS1 is upregulated in esophageal cancer (9), lung cancer (10), hepatocellular carcinoma (11), pancreatic cancer (12), colorectal cancer (13), and nasopharyngeal carcinoma (14). Recently, it was shown that higher AFAP1-AS1 expression levels are associated with a poor prognosis in NCP patients (15, 16). Recent evidence suggests that AFAP1-AS1 binds to and promotes EZH2 methyltransferase activity in colorectal cancer (13). AFAP1-AS1 has also been linked to regulation of the Rho/Rac pathway via competition with endogenous miR-423-5p (14). Interestingly, AFAP1-AS1 has been shown to influence both KRT1 and AFAP1 expression via both trans- and cis-regulatory mechanisms (17). Furthermore, AFAP1-AS1 was also shown to be a direct downstream gene target for c-Myc (18). However, the function of AFAP1-AS1 in NPC tumorigenicity remains largely unknown.

In this study, we used RNA-Seq and liquid chromatography–tandem mass spectrometry (LC-MS/MS) assays to evaluate NPC cell lines. Through our study, we identified a new molecular mechanism underlying the role of AFAP1-AS1 in NPC tumorigenicity. We found that AFAP1-AS1 enhances KAT2B acetyltransferase activation, which upregulates H3K14ac activity against TIF1α, resulting in enhanced RBM3 transcription and subsequent stabilization of YAP mRNA, inducing AFAP1-AS1-driven NPC tumorigenicity.



Materials and Methods


Clinical Specimens

Ten pairs of freshly frozen NPC tumor and adjacent nontumor specimens were obtained from Zhongshan City People’s Hospital. We also collected an additional 100 pairs of formalin-fixed paraffin-embedded NPC tumor and adjacent nontumor specimens from Zhengjiang Provincial People’s Hospital. None of the samples were collected from patients undergoing chemo- or radiotherapy at the time of biopsy. Written ethics consent (No:2020QT254) was obtained from the Institutional Ethical Review Board of the Zhengjiang Provincial People’s Hospital before the samples were analyzed.



Cell Culture

HNE-1, C666-1, SUNE-1, CNE-1, CNE-2, and NP69 cell lines were all procured from the Cell Bank of the Chinese Scientific Academy (Shanghai, China). NPC cell lines were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum. NP69 was cultured in DMEM/F12 supplemented with epidermal growth factor (20 ng/mL), cholera toxin (100 ng/mL), insulin (10 μg/mL), penicillin–streptomycin (100 μg/mL), hydrocortisone (0.5 μg/mL), and horse serum (5%). All cells were cultured in an incubator with CO2 (5%) at 37°C. STR DNA fingerprinting was performed by the Shanghai Biowing Applied Biotechnology Co., Ltd. (Shanghai, China) to confirm identity before the start of the study.



Quantitative Reverse Transcriptase PCR Analysis

Quantitative reverse transcriptase PCR (qRT-PCR) was performed as previously described (6). Briefly, total RNA was isolated from NPC cell lines and the collected specimens using TRIzol reagent (Invitrogen), followed by reverse transcription using reverse transcriptase (Promega). Finally, the QuantiTect SYBR Green PCR Kit (Thermo Fisher) was used to perform qRT-PCR. mRNA quantification was normalized to β-actin. All the primers used in this study are listed in Supplementary Table 1.



Immunoprecipitation and Western Blotting Assays

Immunoprecipitation (IP) and Western blotting (WB) assays were conducted as previously described (19). The specific antibodies used were as follows: KAT2B (#3378, 1:1000, Cell Signaling Technology), H3K9ac (#9649, 1:1000, Cell Signaling Technology), H3K14ac (#26828, 1:1000, Cell Signaling Technology), H3K9ac (#9649, 1:1000, Cell Signaling Technology), Histone H3 (#4499, 1:1000, Cell Signaling Technology), TIF1α (ab38264, 1:1000, Abcam), TIF1β (#4124, 1:1000, Cell Signaling Technology), TIF1γ (#13387, 1:1000, Cell Signaling Technology), NCOA1 (#20301, 1:1000, Cell Signaling Technology), NCOA2 (#96687, 1:1000, Cell Signaling Technology), NCOA3 (#2126, 1:1000, Cell Signaling Technology), RBM3 (ab211356, 1:1000, Abcam), YAP (#14074, 1:1000, Cell Signaling Technology), Flag M2 antibody (#14793, 1:1000, Cell Signaling Technology), HA antibody (#2367, 1:1000, Cell Signaling Technology), and β-actin (#4970, 1:1000, Cell Signaling Technology).



Colony Formation and Cell Proliferation Assays

To perform the colony formation assay, cells were seeded into six-well plates with DMEM supplemented with 10% fetal bovine serum and cultured (as described in the “Cell Culture” section) for approximately 10 days. The cell colonies were then fixed, stained, and counted. For the cell proliferation assays, cells were seeded into DMEM containing 10% fetal bovine serum, passaged, and finally detected using a WST-1 assay kit.



RNA Pull-Down and RNA Immunoprecipitation Assays

RNA pull-down and RNA immunoprecipitation (RIP) assays were performed as previously shown (20). The specific antibodies used were as follows: KAT2B (#3378, 1:1000, Cell Signaling Technology) and Flag M2 antibody (#14793, 1:1000, Cell Signaling Technology).



Chromatin Immunoprecipitation-qPCR

We first performed chromatin immunoprecipitation (ChIP) using the Chromatin Immunoprecipitation Kit (Millipore-17-408) in accordance with the manufacturer’s instructions. Then, we purified the immunoprecipitated DNA using the phenol extraction method and quantified the relevant DNA using qPCR. All the primers used in this study are listed in Supplementary Table 1.



Promoter Reporter and Dual-Luciferase Assays

The RBM3 promoter was amplified from NP69 cells using PCR and then subcloned into an empty pGL3 vector. Renilla luciferase reporter plasmid was also transfected as a normalization control. Dual-luciferase assays were performed using a dual-luciferase assay kit (#E1910, Promega) according to the manufacturer’s instructions. The details of the primers used to clone the RBM3 promoter are described in Supplementary Table 1.



In Situ Hybridization

In situ hybridization analysis of AFAP1-AS1 interactions was performed on paraffin-embedded sections using the RNAscope 2.5 HD Detection Reagent-BROWN kit (ACDBio). All analyses were carried out according to the manufacturer’s instructions using an AFAP1-AS1–specific probe purchased from ACDBio.



Plasmids

AFAP1-AS1, KAT2B, TIF1α, and RBM3 transcripts from NP69 cells were amplified using RT-PCR, sequenced, and then subcloned into the pcDNA3.0 or pLVX-Puro vector (Clontech). AFAP1-AS1 or TIF1α-truncated constructs were generated using PCR with AFAP1-AS1 or TIF1α-pcDNA3.0 as templates and inserted into pcDNA3.0. KAT2BE570A/D610A and TIF1αF979A/N980A point mutations were generated using a PCR-based site-directed mutagenesis kit from Invitrogen following the manufacturer’s instructions.



shRNA Knockdown and Transfection

shRNA-knockdown and transfection assays were performed as previously described (21). shRNA sequences were purchased from Shanghai Biogene Co., Ltd. (Shanghai, China). These sequences and the packaging plasmids were transfected into HEK293 cells and used to generate viral particles. The supernatants were collected at 48 and 72 hours posttransfection and filtered through a 0.22 µm membrane (Millipore). The viruses were then concentrated. HNE-1 and CNE-2 cells were infected with these shRNA or shGFP control viruses in the presence of 8 µg/mL polybrene. Infected cells were enriched by selection with 5 μg/mL puromycin 48 hours after infection. Multiple monoclonal cultures were screened for shRNA integration and activity using WB and RT-PCR.



RNA-Seq and Differentially Expressed Gene Analysis

RNA-Seq and differentially expressed gene analysis were performed as previously described (6). RNA-Seq data generated in this study are available from the NCBI BioProject database (http://www.ncbi.nlm.nih.gov/bioproject) under Bioproject ID: PRJNA594347.



Mass Spectrometry of AFAP1-AS1-Associated Proteins

AFAP1-AS1 and its antisense plasmid were cut, transcribed, and biotin-labeled in vitro with Bio16-UTP (Life Technologies) using a MAXIscript T7 Transcription Kit (Life Technologies). Protein–RNA interactions in HNE-1 cell lysates were analyzed using a Pierce Magnetic RNA-Protein Pull-Down Kit (Life Technologies). The retrieved proteins were then subjected to WB analysis or resolved by gradient gel electrophoresis and subjected to LC-MS/MS sequencing and data analysis.



Immunohistochemical Staining

Immunohistochemistry (IHC) was performed using an anti-KAT2B antibody (#3378, 1:1000, Cell Signaling Technology). Each sample was assigned a score according to the intensity of the KAT2B staining (0 = no staining, 1 = weak staining, 2 = moderate staining, and 3 = strong staining) and the proportion of stained cells (0 = 0%, 1 = 1%–25%, 2 = 25%–50%, 3 = 50%–75%, 4 = 75%–100%). Negative control slides without primary antibodies were included as a reference. The core staining was scored as negative (0) when <10% tumor cells showed KAT2B expression. The stained tissues were scored by three individuals blinded to the clinical parameters.



Tumorigenesis Studies

To evaluate NPC tumorigenicity, four-week-old female BALB/c nude mice, maintained in a mouse-specific pathogen-free (SPF) facility, were injected subcutaneously with HNE-1 cells (2 × 106). All experimental procedures were performed in accordance with the Animal Care and Use Committee of Chinese Academy of Medical Science guidelines.



Statistics

All statistical analyses were performed using GraphPad Prism version 5.0 software. Survival rates were determined using the Kaplan-Meier method, and significance was determined using multiple comparison tests. A P value < 0.05 was considered statistically significant.




Results


lncRNA AFAP1-AS1 Expression Is a Biomarker of Poor Prognosis in NPC Patients

To determine the roles of AFAP1-AS1 in NPC progression, we first evaluated changes in AFAP1-AS1 expression in HNE-1, C666-1, SUNE-1, CNE-1, CNE-2 NPC, and NP69 nasopharyngeal epithelial cells. As shown in Figure 1A, AFAP1-AS1 expression was higher in all five NPC cell lines than in the NP69 control, and its expression was the highest in HNE-1 and CNE-2 cells. To elaborate on these results, we examined AFAP1-AS1 expression in 10 pairs of freshly frozen NPC tumor and adjacent nontumor specimens using qRT-PCR. Interestingly, AFAP1-AS1 expression was significantly higher in NPC tumors than in their adjacent nontumor pair (Figure 1B). RNA in situ hybridization was then used to analyze AFAP1-AS1 expression in 100 pairs of paraffin-embedded NPC tumor and adjacent nontumor specimens, which revealed that AFAP1-AS1 expression was higher in NPC tumors (Figures 1C, D), confirming the aforementioned qRT-PCR result.




Figure 1 | lncRNA AFAP1-AS1 is a marker for poor prognostic outcomes in NPC patients. (A) AFAP1-AS1 expression in NPC cells and nasopharyngeal epithelial cells. (B) Compared with paired nontumor specimens, AFAP1-AS1 expression is upregulated in freshly frozen NPC tumor tissues. (C) Representative images of AFAP1-AS1 expression in paraffin-embedded NPC tumors and paired adjacent nontumor specimens detected using RNAscope. Scale bars: 50 µm. (D) Quantification of AFAP1-AS1 expression in (C). (E) Kaplan-Meier analysis of overall survival (OS) in NPC patients with high vs. low AFAP1-AS1 expression. (F, G) AFAP1-AS1 is expressed in both the nucleus and cytoplasm of NPC cells as detected using qRT-PCR. Error bars represent the standard deviation for each value. *P < 0.05. ***P < 0.001. The data represent three independent experiments. lncRNA, long noncoding RNA.



To reveal the clinical significance of AFAP1-AS1 expression in NPC, we analyzed the correlation between AFAP1-AS1 expression and NPC patient survival rates. Kaplan-Meier survival assays (Figure 1E) demonstrated that NPC patients with higher AFAP1-AS1 expression levels had lower overall survival rates than patients with lower AFAP1-AS1 expression levels. Additionally, AFAP1-AS1 was shown to be expressed in both the nucleus and cytoplasm of NPC (Figures 1C, F, G), suggesting that AFAP1-AS1 may have multiple functions in both the nucleus and cytoplasm of tumor cells. In conclusion, these data suggest that AFAP1-AS1 expression is a good biomarker for the prognosis of NPC patients.



AFAP1-AS1 Expression Is Important for NPC Growth and Tumorigenicity

To reveal whether AFAP1-AS1 is important for NPC tumorigenicity, we first depleted endogenous AFAP1-AS1 using two different shRNAs in both HNE-1 and CNE-2 cell lines (Figure 2A). We then performed RNA-Seq to compare mRNA expression profiles. Several differentially expressed genes (DEGs) were identified (P < 0.05 and a fold change > 1.5) in AFAP1-AS1 knockdown-inhibited HNE-1 cells (Figure 2B). These DEGs were then subjected to gene ontology (GO) analysis (Figure 2C), which revealed that the majority of enrichment occurred in the cellular proliferation pathways. These data suggest that AFAP1-AS1 may play a vital role in NPC proliferation.




Figure 2 | AFAP1-AS1 is important for NPC growth and tumorigenicity. (A) qRT-PCR analysis of AFAP1-AS1 knockdown by two shRNAs (shAFAP1-AS1-1 and shAFAP1-AS1-2) vs. a control shRNA (shC). (B) Scatter plot of gene expression in HNE-1 cells transfected with AFAP1-AS1 shRNA (y-axis) compared with the control (x-axis). Green dots, genes that are significantly downregulated following AFAP1-AS1 knockdown. Red dots, genes that are significantly upregulated following AFAP1-AS1 knockdown. Black dots, genes with no change in expression following AFAP1-AS1 knockdown. (C) GO analyses of AFAP1-AS1 knockdown-associated biological process signaling pathways. (D, E) AFAP1-AS1 depletion-inhibited cellular proliferation in HNE-1 and CNE-2 cells. (F) Effects of AFAP1-AS1 depletion on cell colony formation. (G) Quantification of colony formation in (F). (H) Representative bioluminescence images following AFAP1-AS1 depletion suppressing HNE-1 subcutaneous tumor growth. (I) Quantification of the bioluminescence activity in (H). Error bars represent standard deviation. *P < 0.05. **P < 0.01. ***P < 0.001. The data represent three independent experiments. GO, gene ontology.



To confirm the results of the RNA-Seq data, we evaluated the effects of AFAP1-AS1 depletion using cellular proliferation (Figures 2D, E) and colony formation (Figures 2F, G) assays in both HNE-1 and CNE-2 cells. AFAP1-AS1 knockdown markedly reduced HNE-1 tumorigenicity (Figures 2H, I). In contrast, AFAP1-AS1 overexpression promoted cellular proliferation and colony formation in NP69 cells (Supplementary Figure 1). Collectively, these data suggest that AFAP1-AS1 is important for NPC growth and tumorigenicity, and may be important in the transition of normal cells to tumor precursors.



AFAP1-AS1 Enhances NPC Cellular Proliferation via YAP

To understand the potential mechanisms by which AFAP1-AS1 enhances cellular proliferation, we first conducted Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. This analysis revealed that the Hippo signaling pathway was one of the top differentially changed AFAP1-AS1–induced pathways (Figure 3A). Furthermore, both mRNA and protein expression of YAP, a vital regulator of the Hippo pathway, were inhibited by AFAP1-AS1 depletion (Figures 3B, C), suggesting that YAP may be a critical component of the AFAP1-AS1-mediated network. Moreover, we found AFAP1-AS1 knockdown inhibited YAP expression in vivo (Supplementary Figure 2).




Figure 3 | AFAP1-AS1 enhances NPC cell proliferation via YAP stabilization. (A) KEGG analyses of AFAP1-AS1 knockdown-associated signaling pathways. (B, C) Effects of AFAP1-AS1 depletion on YAP mRNA (B) and protein (C) expression. (D, E) Effects of reduced YAP mRNA stability in AFAP1-AS1–depleted HNE-1 cells (compared to the control). Cells were treated with 1 μg/mL actinomycin D, and RNA was extracted at 0, 1, and 2 hours. (F–H) YAP rescued AFAP1-AS1 depletion-inhibited YAP expression (F), cellular proliferation (G), and colony formation (H). Error bars represent standard deviation. **P < 0.01. ***P < 0.001. The data represent three independent experiments.



Interestingly, we found that YAP mRNA degraded faster upon AFAP1-AS1 knockdown in HNE-1 cells, which were treated with the RNA synthesis inhibitor actinomycin D, and analyzed at 0, 1, and 2 hours post-exposure (Figures 3D, E). These results indicate that AFAP1-AS1 may play a vital role in YAP mRNA stability.

To assess the role of YAP in AFAP1-AS1-regulated NPC proliferation, we overexpressed YAP in AFAP1-AS1–depleted HNE-1 and CNE-2 cells (Figure 3F). Exogenous YAP overexpression rescued AFAP1-AS1 depletion-inhibited cell proliferation (Figure 3G) and colony formation (Figure 3H). Taken together, these results reveal that YAP is a downstream effector of AFAP1-AS1–mediated NPC proliferation.



AFAP1-AS1 Physically Binds to KAT2B

Increasing evidence suggests that lncRNAs can exert their function through binding histone acetyltransferase proteins, including the KAT family proteins (6, 22). We hypothesized that AFAP1-AS1–mediated proliferation may rely on its association with certain KAT family proteins. As shown in Figures 4A, B, we used biotin-labeled RNA pull-down and mass spectrometry to establish that KAT2B was significantly associated with AFAP1-AS1. Thus, we selected KAT2B as the effector protein for all our downstream analyses. First, we validated the AFAP1-AS1/KAT2B association using an RNA pull-down and RNA Immunoprecipitation assay (Figures 4B, C), which also confirmed that AFAP1-AS1 did not bind to other KAT family proteins (KAT2A, KAT3A, KAT3B, KAT6A, KAT6B, KAT7, KAT8) (Supplementary Figure 3A). KAT2B is also a proven oncogene that activates gene transcription in medulloblastoma and glioblastoma (23). Second, we found that KAT2B was higher in NPC tumor tissues than in their adjacent nontumor tissues (Supplementary Figure 3B, C). Taken together, these data indicate that AFAP1-AS1 directly binds to KAT2B, which then modulates histone modification.




Figure 4 | AFAP1-AS1 physically binds to KAT2B. (A) Schematic description of the RNA pull-down assay for the identification of AFAP1-AS1–associated proteins. (B) Representative image of silver staining, revealing AFAP1-AS1–associated proteins in HNE-1 cells. (C) RIP assay showing that AFAP1-AS binds to KAT2B. (D) Schematics of full-length AFAP1-AS1 and various AFAP1-AS1 deletion mutants. (E) Effects of AFAP1-AS1 mutations on (D). KAT2B binding evaluated by an RNA pull-down assay. (F, G) Western blot detection of KAT2B binding of AFAP1-AS1–truncated constructs using a Flag-MS2bp-MS2bs–based pull-down assay. (H) Effects of AFAP1-AS1 depletion on AFAP1-AS1 binding of KAT2B. Error bars represent standard deviation. ***P < 0.001. The data represent three independent experiments. RIP, RNA immunoprecipitation.



To further validate these findings, we performed deletion mapping followed by a pull-down to reveal KAT2B associations with specific regions of AFAP1-AS1 (Figures 4D, E). As shown in Figure 4E, a region covering 0–1500 nucleotides at the 5′ end of AFAP1-AS1 is critical for KAT2B binding. A Flag-MS2bp-MS2bs system used in conjunction with immunoprecipitation assays demonstrated similar results (Figures 4F, G), suggesting that this was a valid observation and not the result of the assay design. Finally, AFAP1-AS1 depletion inhibited the KAT2B association in RIP qRT-PCR assays (Figure 4H).



AFAP1-AS1 Promotes YAP mRNA Stability via KAT2B

As YAP is an important downstream effector of AFAP1-AS1 and since AFAP1-AS1 is bound to KAT2B, we hypothesized that AFAP1-AS1 promotes YAP mRNA stability via KAT2B regulation in NPC cells. We first downregulated AFAP1-AS1 expression and found that both YAP mRNA and protein expression were also inhibited (Figures 5A, B). Moreover, KAT2B overexpression restored AFAP1-AS1 depletion-inhibited YAP protein (Figure 5C) and mRNA expression (Figure 5D) as well as improved its mRNA stability (Figure 5G) in NPC cells. Both cellular proliferation and colony formation were also rescued following KAT2B overexpression in AFAP1-AS1–depleted HNE-1 and CNE-2 cells (Figures 5E, F).




Figure 5 | AFAP1-AS1 promotes YAP mRNA stability via KAT2B. (A, B) AFAP1-AS1 depletion inhibited YAP protein (A) and mRNA (B) expression. (C–G) Effects of KAT2B overexpression on AFAP1-AS1 depletion: inhibited YAP protein expression (C), YAP mRNA expression (D), cellular proliferation (E), colony formation (F), and YAP mRNA stability (G). (H) Schematics of full-length AFAP1-AS1 and AFAP1-AS1 deletion mutants at the nitrogen (N) or carbon (C) protein sites. (I) Effects of AFAP1-AS1 plasmids in (H) overexpressing HNE-1 cells. (J–M) Effects of AFAP1-AS1 plasmid in (H) overexpressing cells on YAP mRNA expression (J), YAP protein expression (K), cellular proliferation (L), and colony formation (M). Error bars represent the standard deviation. *P < 0.05. **P < 0.01. ***P < 0.001. The data represent three independent experiments.



To evaluate the mechanisms underlying the AFAP1-AS1/KAT2B/YAP associations, we constructed full length AFAP1-AS1 WT, n-AFAP1-AS1 mutant, and c-AFAP1-AS1 mutant plasmids (Figure 5H) and designed specific qRT-PCR primers to detect their transcripts (Figure 5I). As shown in Figure 5J–M, n-AFAP1-AS1, which contains the AFAP1-AS1/KAT2B association domains, promoted YAP mRNA and protein expression, cell proliferation, and colony formation. The same was not true for the c-AFAP1-AS1 mutant, which lacked this functional domain. Taken together, our results suggest that AFAP1-AS1 promotes YAP mRNA stability by binding to KAT2B.



KAT2B Acetyltransferase Activity Promotes AFAP1-AS1–Induced Stabilization of YAP

As AFAP1-AS1 stabilized YAP mRNA by binding to KAT2B, we further explored the potential molecular mechanisms underlying this observation. To do this, we evaluated histone H3 acetylation levels in NPC cell lines. We found that the acetylated levels of H3K9 and H3K14, the proven targets of KAT2B (24), were upregulated in the presence of AFAP1-AS1. As shown in Figure 6A, AFAP1-AS1 knockdown decreased H3K9 and H3K14 acetylation, but did not impact KAT2B protein expression. When histone H3 acetylation marks were compared, H3K14 acetylation levels were particularly inhibited by AFAP1-AS1 depletion in both HNE-1 and CNE-2 cells (Figure 6A). These results indicate that AFAP1-AS1 may promote KAT2B acetyltransferase activity.




Figure 6 | KAT2B acetyltransferase activity promotes AFAP1-AS1 stabilization of YAP. (A) Effects of AFAP1-AS1 depletion on the acetylation of H3K9 and H3K14 and KAT2B expression. (B) Overexpression of AFAP1-AS1 wild-type, but not c-AFAP1-AS1 deletion mutants, rescues AFAP1-AS1 depletion-suppressed YAP expression. (C) Effects of overexpression of KAT2B wild-type and acetyltransferase activity-deficient mutant, E570A/D610A, on KAT2B depletion-suppressed YAP expression. (D–F) Overexpression of KAT2B wild-type, but not the acetyltransferase activity-deficient mutant E570A/D610A, restored AFAP1-AS1 depletion-suppressed YAP expression (D), cellular proliferation (E), and colony formation (F). (G) Inhibition of YAP reduced AFAP1-AS1–enhanced YAP protein expression. (H–J) Effects of YAP inhibition on KAT2B-enhanced YAP protein expression (H), cellular proliferation (I), and colony formation (J). Error bars represent standard deviation. ***P < 0.001. The data represent three independent experiments.



As the roles of H3K14 acetylation modulated by AFAP1-AS1 in NPC remain poorly understood, we sought to determine how H3K14ac modulation affects the function of AFAP1-AS1–regulated NPC cell proliferation. To assess whether KAT2B acetyltransferase activity promoted the function of AFAP1-AS1–stabilized YAP, we created a KAT2B acetyltransferase activity-deficient mutant, KAT2AE570A/D601A (25), and checked whether AFAP1-AS1 could bind to these KAT2B peptides (Figure 4B). Next, we hypothesized that the E570/D610 residues of KAT2B were critical for AFAP1-AS1–driven YAP stabilization. As shown in Figure 6B, n-AFAP1-AS1, but not c-AFAP1-AS1, mutants could rescue AFAP1-AS1 depletion-inhibited YAP expression. Exogenous KAT2BWT, but not the KAT2BE570A/D601A mutant, restored KAT2B depletion-regulated changes in YAP expression (Figure 6C). Furthermore, YAP expression (Figure 6D), cell proliferation (Figure 6E), and colony formation (Figure 6F) abilities in AFAP1-AS1–depleted HNE-1 cells were suppressed by the overexpression of KAT2BWT, but not the KAT2BE570A/D601A mutant. These data support our hypothesis that residues E570/D610 are required for AFAP1-AS1–modulated YAP stabilization.

Next, we evaluated whether the YAP inhibitor verteporfin mediates AFAP1-AS1–induced or KAT2B-induced NPC cellular proliferation. As shown in Figure 6G, verteporfin significantly decreased YAP expression in AFAP1-AS1-WT–overexpressed HNE-1 cells compared with that in c-AFAP1-AS1 or empty vector-overexpressing HNE-1 cells. We then observed that verteporfin markedly suppressed YAP expression (Figure 6H), cellular proliferation (Figure 6I), and colony formation (Figure 6J) in HNE-1 cells transfected with KAT2BWT compared with cells transfected with KAT2BE570A/D601A or empty vector controls. This led us to conclude that KAT2B acetyltransferase activity promotes AFAP1-AS1–mediated stabilization of YAP and cellular proliferation.



Binding of TIF1α to H3K14ac Is Required for AFAP1-AS1–Driven YAP Stabilization

Recent evidence has shown that H3 acetylation of the transcription intermediary factor (TIF) family of proteins is important for cell proliferation in a number of different cancers (26–29). We hypothesized that KAT2B enhanced H3K14 acetylation of TIF proteins, which then acted as transcriptional activators enhancing downstream gene expression, resulting in improved YAP stability and promoting NPC proliferation. To validate this hypothesis, we used immunoprecipitation to show that TIF1α, TIF1β, and TIF1γ, but not NCOA1, NCOA2, or NCOA3, bind to H3K14ac (Supplementary Figure 4A). Further investigations revealed that TIF1α, but not TIF1β or TIF1γ, rescued AFAP1-AS1 depletion-inhibited YAP mRNA stability (Supplementary Figure 4B). Thus, we focused on TIF1α for further investigation. To determine which region of TIF1α is critical for the TIF1α association with H3K14ac, we created deletion mutants removing various functional regions of the protein (Figure 7A) and then transfected them into HNE-1 cells. As shown in Figure 7B, D2 and D3 mutants, but not the D1 mutant, without PHD and bromodomain domains could not associate with H3K14ac. This demonstrated that amino acids 824–1050 in TIF1α are critical for the interaction between TIF1α and H3K14ac. Next, we revealed that AFAP1-AS1 depletion suppressed the TIF1α association with H3K14ac, while exogenous KAT2B expression restored it (Figures 7C, D). We also found that KAT2BWT overexpression restored AFAP1-AS1–mediated interference between TIF1α and H3K14ac binding, but that KAT2BE570A/D601A overexpression could not (Figure 7E). A recent study reported that residues F979/N980 in TIF1α are required for its association with H3K9ac (23), and we hypothesized that TIF1α binds to H3K14ac via F979/N980. To test this hypothesis, we generated one TIF1αF979A/N980A mutant in which the binding between H3K14ac and TIF1α was disrupted. As shown in Figure 7F, overexpression of TIF1αWT rescued the AFAP1-AS1–mediated loss of TIF1α associated with H3K14ac, while overexpression of TIF1αF979A/N980A did not. Moreover, TIF1αWT overexpression, but not TIF1αF979A/N980A overexpression, restored AFAP1-AS1 depletion-suppressed YAP mRNA stability (Figure 7G), cellular proliferation (Figure 7H), and colony formation (Figure 7I) in HNE-1 cells. Taken together, our results suggest that the interaction between TIF1α and H3K14ac is crucial for AFAP1-AS1–driven YAP stabilization.




Figure 7 | Binding of H3K14ac to TIF1α is required for AFAP1-AS1–driven YAP stabilization. (A) Schematics of TIF1αWT and various TIF1α deletion mutants. (B) H3K14ac interacts with TIF1α through amino acid residues 824–1050. (C) AFAP1-AS1 depletion inhibited TIF1α interaction with H3K14ac. (D) Effects of KAT2B overexpression on AFAP1-AS1 depletion-inhibited TIF1α interaction with H3K14ac. (E) Effects of KAT2B wild-type and E570A/D610A mutant overexpression on AFAP1-AS1 knockdown suppressed the binding of H3K14ac to TIF1α. (F–I) Overexpression of TIF1α wild-type and F979A/N980A mutant restored AFAP1-AS1 knockdown- suppressed binding of H3K14ac with TIF1α (F), YAP mRNA stability (G), cellular proliferation (H), and colony formation (I). Error bars represent standard deviation. **P < 0.01. ***P < 0.001. The data represent three independent experiments.





TIF1α/H3K14ac Complex-Activated RBM3 Transcription Is Required for the AFAP1-AS1 Modulation of YAP Stability

Heatmaps of the RNA-Seq analysis revealed that RBM3 and its downstream genes (28) were significantly affected by KAT2B deletion (Figure 8A). RBM3 has been shown to stabilize YAP mRNA expression during cold stress (30). We hypothesized that activation of RBM3 transcription by the TIF1α/H3K14ac complex might be required for AFAP1-AS1 modulation of YAP  stability. As shown in Figures 8B, C, KAT2B deletion markedly decreased RBM3 mRNA and protein expression. Overexpression of KAT2B restored AFAP1-AS1 knockdown-inhibited RBM3 expression (Figure 8D). We also determined that KAT2B bound to the RBM3 promoter at –879 to –634 bp (Figure 8F), and KAT2B overexpression restored the promoter activity of RBM3 suppressed by AFAP1-AS1 knockdown (Figure 8E). Knockdown of RBM3 suppressed YAP protein expression, mRNA expression, and mRNA stability (Supplementary Figure 5). Moreover, RBM3 overexpression restored AFAP1-AS1 knockdown or KAT2B knockout-suppressed YAP expression (Figures 8G, H). We further found that overexpression of TIF1αWT restored the loss of YAP expression caused by AFAP1-AS1 depletion, but overexpression of TIF1αF979A/N980A did not alter the YAP expression profile (Figure 8I). Consistent with these results, exogenous TIF1αWT expression promoted TIF1α/H3K14ac binding to the RBM3 promoter, while exogenous expression of TIF1αF979A/N980A did not (Figures 8J, K). These data support our conclusion that activation of RBM3 transcription by the TIF1α/H3K14ac complex is critical for AFAP1-AS1–mediated YAP stability.




Figure 8 | TIF1α/H3K14ac complex activation of RBM3 transcription is required for AFAP1-AS1–modulation of YAP stability. (A) Heatmaps of RNA-Seq data for RBM3 and its target genes in HNE-1 cells with KAT2B sgRNA or a control sgRNA. (B, C), KAT2B knockout inhibits RBM3 mRNA (B) and protein (C) expression. (D, E) Effects of KAT2B overexpression on AFAP1-AS1 knockdown-suppressed RBM3 protein expression (D) and RBM3 promoter activity (E). (F) ChIP-qPCR assay of KAT2B binding at different loci within the RBM3 promoter. IgG is used as a control. (G) RBM3 overexpression rescues AFAP1-AS1 knockdown-mediated suppression of YAP. (H) Effects of RBM3 overexpression on KAT2B knockout-mediated YAP repression. (I) TIF1α wild-type, but not the F979A/N980A mutant, restores AFAP1-AS1 knockdown-suppressed YAP expression in HNE-1 cells. (J, K) Effect of TIF1α wild-type and F979A/N980A mutant overexpression on AFAP1-AS1 knockdown-suppressed TIF1α binding (J), H3K14ac (K), and the RBM3 promoter. (L) A working model for AFAP1-AS1–mediated NPC tumorigenicity. Error bars represent the standard deviation. *P < 0.05. ***P < 0.001.The data represent three independent experiment.






Discussion

Our results show that AFAP1-AS1 binds to KAT2B and induces KAT2B acetyltransferase activity in NPC cells. KAT2B-enhanced H3K14ac, in turn, binds to TIF1α, leading to the upregulation of RBM3 transcription, YAP mRNA stability, and increased NPC tumorigenicity (Figure 8L).

Our results also suggest that AFAP1-AS1 acts as an oncogene in NPC, which is in accordance with the results of previous studies (14–16). Additionally, AFAP1-AS1 expression was upregulated in NPC tissues, and the high level of expression was negatively associated with NPC survival prognosis. The results of the RNA-Seq data analysis show that AFAP1-AS1 is positively correlated with cellular proliferation-associated pathways. Moreover, AFAP1-AS1 is required for NPC cell proliferation and colony formation in vitro and tumorigenicity in vivo. These findings support our hypothesis that AFAP1-AS1 drives NPC tumorigenicity.

Our data also support the hypothesis that YAP stability is critical for AFAP1-AS1–driven cell proliferation in NPC. Previous studies have reported that AFAP1-AS1 promotes cell proliferation in non-small-cell lung cancer (31), colorectal cancer (32), triple-negative breast cancer (33), and esophageal squamous malignancies (34). However, the role and mechanism of AFAP1-AS1 in NPC pathogenesis remain poorly understood. AFAP1-AS1 has been reported to predict NPC survival prognosis and promote NPC metastasis through the inhibition of miR-423-5p (14). A study reported that AFAP1-AS1 depletion significantly suppresses NPC migration and invasion through the modification of the actin cytokeratin signaling pathway (15).

The Hippo-YAP signaling pathway is significantly altered after AFAP1-AS1 knockdown, as shown by the KEGG analysis performed using our RNA-Seq data. This links YAP signaling with NPC tumorigenesis, a finding consistent with those of previous reports (35). LncRNA THOR has also been reported to regulate YAP (36). This suggests that our AFAP1-AS1 model, which shows that lncRNA modulates YAP signaling, leading to enhanced NPC cell proliferation, may be feasible. Furthermore, YAP is reported to be a critical effector in the Hippo-YAP signaling pathway (37), and we observed that AFAP1-AS1 knockdown inhibited YAP expression. Additionally, lncRNA B4GALT1-AS1 enhanced YAP mRNA stability and promoted cell stemness and migration in osteosarcoma (38). We also found that AFAP1-AS1 stabilized YAP mRNA. In addition, RBM3, an RNA-binding protein, has been shown to function as an oncogene in many cancers (39, 40) and promote YAP mRNA stability (30). Using RNA-Seq analysis, we showed that RBM3 expression was downregulated due to KAT2B deletion. We also noted that AFAP1-AS1 stabilized YAP mRNA, which could be rescued by RBM3 overexpression. In conclusion, our results support the hypothesis that AFAP1-AS1 regulates NPC cellular proliferation through the stabilization of YAP mRNA.

Our study demonstrates that AFAP1-AS1 binds to KAT2B and enhances its acetyltransferase activity, which, in turn, upregulates TIF1α/H3K14ac complex formation and RBM3 transcription, thus leading to increased YAP mRNA stability. Previous studies have revealed that the KAT family protein KAT2A can bind to the lncRNAs GClnc1 and PVT1 in gastric cancer and NPC, respectively (6, 22). However, the specific KAT family protein member that binds to AFAP1-AS1 was unknown. Herein, we provide data suggesting that AFAP1-AS1 binds to KAT2B and validated these interactions using a KAT2B E570A/D610A mutant that suppressed AFAP1-AS1–enhanced KAT2B acetyltransferase activity. In accordance with previous reports on KAT2B histone acetylation modifications (30), our results revealed that KAT2B increased H3K14ac levels in NPC cells, while an F979A/N980A mutant in the bromodomain domain of TIF1α impaired TIF1α binding to H3K14ac, and inhibited AFAP1-AS1–induced and KAT2B-induced NPC cell proliferation. Moreover, the binding of TIF1α to H3K14ac was important for AFAP1-AS1–mediated YAP mRNA stabilization. We also determined that RBM3 expression stabilized YAP, and its overexpression rescued YAP stability that was inhibited by AFAP1-AS1 knockdown or KAT2B knockout. TIF1α and H3K14ac can directly bind to downstream gene promoters and enhance their expression (6, 30). We showed that TIF1α and H3K14ac directly promoted RBM3 transcription by binding to its promoter. These data help identify the mechanism of AFAP1-AS1–driven YAP mRNA stabilization as being mediated by KAT2B acetyltransferase activity and TIF1α/H3K14ac complex-promotion of RBM3 transcription inducing NPC cell proliferation

In conclusion, our data demonstrate that AFAP1-AS1 is a potential target for the development of novel therapeutic interventions in NPC. We uncovered a novel molecular mechanism wherein the KAT2B/H3K14ac/TIF1α/RBM3/YAP signaling pathway is important for AFAP1-AS1–driven NPC tumorigenicity. This information may contribute to the creation of personalized treatments for NPC patients.
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Background

Circular RNAs (circRNAs) are involved in the pathogenesis of several diseases. Among oral maxillofacial cancers, oral squamous cell carcinoma (OSCC) has the highest incidence. However, the role of circRNAs in OSCC is still not clear. The aim of our study was to evaluate the circRNA expression profile in OSCC and explore further the potential role of circRNAs in the pathogenesis of OSCC.



Methods

CircRNA sequencing was performed in 6 pairs of samples of OSCC and normal oral mucosal tissues. Expression of selected circRNAs was validated by qRT-PCR. GO and KEGG analyses were performed and binding relationships between circRNAs and miRNAs were predicted. The hsa_circ_0001766/miR-877-3p/VEGFA axis was selected to further elucidate its role in OSCC.



Results

We showed that there were 122 differentially expressed (DE) circRNAs. Eight out of 10 selected circRNAs were validated by qRT-PCR. GO and KEGG analyses indicated that the identified DE circRNAs might be involved in the progression of OSCC. Then, after identification by Sanger sequencing and RNase R assay, the upregulated hsa_circ_0001766 was selected to investigate its potential role in OSCC. Bioinformatics analysis showed that hsa_circ_0001766 might act as a competing endogenous RNA (ceRNA) that sponged miR-877-3p to upregulate VEGFA expression. We selected OSCC cell lines SCC9 and SCC25. PCR results showed that the expression of hsa_circ_0001766 and VEGFA was upregulated in SCC9 and SCC25. Subsequently, using western blot, PCR, CCK8, and colony formation assays, we found that knocking down circRNA0001766 inhibited the expression of VEGFA and the proliferation of OSCC cells. Following this, miR-877-3p inhibitor reversed the inhibitory effect of si-hsa_circ_0001766 on expression of VEGFA and proliferation of OSCC cells.



Conclusions

In conclusion, our study revealed the possible role of circRNAs in the pathogenesis of OSCC, and identified the potential role of the hsa_circ_0001766/miR-877-3p/VEGFA axis in OSCC progression.
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Introduction

Oral squamous cell carcinoma (OSCC) is the commonest cancer in the oral maxillofacial region, and is often accompanied by regional lymph node metastasis and even distant metastasis. However, the pathogenesis of OSCC is still unclear and there are no effective or satisfactory treatments available currently. According to reports, the 3-year overall survival rates for low-risk, intermediate-risk, and high-risk OSCC are 93, 70.8, and 46.2%, respectively, and the current 5-year survival rate for OSCC is 63% (1). Molecularly-targeted anti-tumor drugs have been widely used in various cancers clinically in recent years, since they have less side effects and better efficacy. Therefore, looking for key molecules in the pathogenesis of OSCC is of vital importance in the treatment for OSCC.

Circular RNAs (circRNAs) are a novel class of non-coding RNAs that are mainly distributed in eukaryotic cells and are over hundreds of nucleotides in length. CircRNAs are characterized by covalent closed loop structures with neither 5′ or 3′ polarities nor polyadenylated tails, which renders them resistant to degradation by RNA exonuclease and endows them with high conservatism and stability (2). The circRNAs discovered so far are mainly structured by head-to-tail splicing of exons (3). There are other types of circRNAs, such as intronic and sense overlapping ones.

Produced by back-splicing, most circRNAs distribute in the eukaryotic cells’ cytoplasm and have tissue and disease specificity. CircRNAs play an important role in the development of various diseases through regulation of gene expression by processes, such as transcription, translation, and splicing. In addition, numerous microRNA (miRNA) binding sites are located on circRNAs, which makes circRNAs the competing endogenous RNA (ceRNA) of miRNAs (4). Functioning as a miRNA sponge, circRNA can ameliorate the inhibitory effect of miRNA on its host gene and promote gene expression.

Stomatology researchers have expressed concern about circRNAs’ role in the pathogenesis of multiple diseases, such as oral squamous cell carcinoma (5–10), oral mucosal melanoma (11), and mucoepidermoid carcinoma of salivary glands (12). Regarding OSCC, Chen et al. (5) found that circRNA_100290 could regulate the function of cyclin-dependent kinase 6 (CDK6) by miR-26 sponging. Wang et al. (6) speculated that circDOCK1 is related to cellular apoptosis in OSCC. The knockdown of circDOCK1 expression and the upregulation of miR-196a-5p expression led to a decrease in BIRC3 formation and an increase in apoptosis in OSCC cells. Qiu et al. (7) detected 322 differentially expressed (DE) circRNAs between human tongue squamous cell carcinoma and corresponding adjacent tissues through high-throughput sequencing. Wang et al. (8) identified that circ_000334, circ_006740, and circ_006371 were significantly downregulated in OSCC and could act as ceRNA participating in the development of OSCC. Ouyang et al. (9) demonstrated that knockdown of has_circ_0109291 inhibited proliferation and migration of OSCC cell lines in vitro. Su et al. (10) verified that has_circ_0007059 was downregulated in OSCC and suppressed cell growth, migration, and invasion of SCC15 and CAL27 cells via AKT/mTOR signaling. Despite the putative role of circRNAs in OSCC reported in previous studies, the results of circRNA sequencing in OSCC varied in different studies, perhaps because of the limited amounts of samples (due to high costs), different control group selection, varied sites of sampling, and significant individual differences.

In this study, we aimed to evaluate the circRNA expression profile in OSCC and normal oral mucosa tissue samples and further explore the ceRNA networks and the potential role of circRNAs in the OSCC.



Materials and Methods


Patients and Samples

Twelve patients were enrolled in this research at the Shanghai Ninth People’s Hospital from August 2018 through December 2018. OSCC tissues were obtained from 4 males and 2 females (n = 6) with a histopathological diagnosis of OSCC and subjected to primary surgical treatment in the Department of Oral and Maxillofacial-Head and Neck Oncology. Normal oral mucosal tissues were obtained from 2 males and 4 females (n = 6) who underwent plastic surgery in the Department of Plastic and Reconstructive Surgery. All tissue samples were frozen in liquid nitrogen immediately after resection and stored at −80°C until RNA extraction. Patients with a previous history of chemo- or radiotherapy, and those suffering from severe diseases, including but not limited to cardiac dysfunction, hepatic and renal dysfunction, as well as pregnant women were excluded. Written informed consent was taken from all subjects prior to sample collection. The Ethics Committee of Shanghai Ninth People’s Hospital approved this study.



RNA Extraction

Trizol reagent (Life Technologies, Carlsbad, CA, USA) was used to extract total RNA from tissue samples. The concentration and purity were detected by the NanoDrop ND1000 (Thermo Fisher Scientific, Waltham, MA, USA). All RNA samples passed the quality control according to the OD260/OD280 readings (1.8–2.1).



CircRNA Sequencing

CloudSeq Biotech (Shanghai, China) provided high-throughput sequencing service. CircRNA high-throughput sequencing and bioinformatics analysis were done by Cloud-Seq Biotech. After ribosomal RNAs (rRNAs) were removed from the total RNA using Ribo-Zero rRNA Removal Kits (Illumina, USA), RNA libraries were constructed by using rRNA-depleted RNAs with TruSeq Stranded Total RNA Library Prep Kit (Illumina). The quality of libraries was controlled by the BioAnalyzer 2100 system (Agilent Technologies, USA). Libraries of 10 pM were denatured as single-stranded DNA molecules and sequenced for 150 cycles on Illumina HiSeq 4000 Sequencer (Illumina, San Diego, CA, USA).



CircRNA Profiling Analysis

Paired-end reads were harvested by Illumina HiSeq 4000 sequencer, and the quality was controlled by Q30. After 3′ adaptor-trimming and removal of low-quality reads by cutadapt software (v1.9.3), the high-quality trimmed reads were left for circRNA analysis. Then, the high-quality reads were aligned to the reference genome/transcriptome with STAR software (v2.5.1b). CircRNAs were detected and identified by DCC software (v0.4.4). edgeR software (v3.16.5) was used to normalize the data and analyze DE circRNAs. CircRNAs with a fold change (FC) in expression ≥ 2.0 (P < 0.05) between the OSCC and the control samples were considered statistically significant and selected for further analysis. GO and KEGG analyses were performed. Binding relationships between circRNAs and miRNAs were predicted by TargetScan 7.0 and miRanda v3.3a. The network of circRNAs, miRNAs, and mRNAs was constructed with Cytoscape 3.1 software.



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Validation

qRT-PCR was used to identify the selected circRNAs in the circRNA profile. Total RNA (2 μg), dNTPs Mix (HyTestLtd, Turku, Finland), SuperScript III Reverse Transcriptase (Thermo Fisher Scientific, Chino, CA, USA), and RNase Inhibitor (Enzymatics, GreenBay, Wisconsin, USA) were used for cDNA synthesis. GAPDH served as an endogenous control gene for circRNAs. qRT-PCR was performed by QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific). The experiment was duplicated in three times. Data analysis was performed by the 2-△△Ct method.

The primers were designed as follows: hsa_circ_0000857, 5’-CAGACGGACCCCACAGAC-3’ (forward) and 5’-TGGCGTTGAAACTGGGAT-3’ (reverse); hsa_circ_0006151, 5’-GGCACCAGCATAGCCAGT-3’ (forward) and 5’-CCAGGCGCTTTTCACAGT-3’ (reverse); hsa_circ_0005050, 5’-CCCAGCTGCTAGAGAACCA-3’ (forward) and 5’-TTGGTTGCCTGCTGGATT-3’ (reverse); hsa_circ_0001766, 5’-CCCATTCCTGTTGCCAAG-3’ (forward) and 5’-TCCTCCTCCTCCTCCTCTTC-3’ (reverse); hsa_circ_0032822, 5’-AGAAAGGCAGGAGCAGCTT-3’ (forward) and 5’-TCCAGCTGACCACGATGA-3’ (reverse); hsa_circ_0001470, 5’-TGCTCCAACAGGGGATGT-3’ (forward) and 5’-CGTCTCATTCCACAAGCCT-3’ (reverse); hsa_circ_0004390, 5’-CGGAGGACACCCATGAAG-3’ (forward) and 5’-GGCAGAAAAACGTCCCAA-3’ (reverse); hsa_circ_0104368, 5’-ATGGCGAATGTGGCTGAT-3’ (forward) and 5’-TAGTTGACCCGAGCTGCC-3’ (reverse); hsa_circSENP2, 5’-CCTCAACAGCTGAATGGGA-3’ (forward) and 5’-CCCACATCTCCCCCTTCT-3’ (reverse); hsa_circ_0008603, 5’-TCAAAGGTGGATTGGGGA-3’ (forward) and 5’-CATCCAGCATGGTGAGCA-3’ (reverse); VEGFA, 5’- AGGGCAGAATCATCACGAAGT-3’ (forward) and 5’- AGGGTCTCGATTGGATGGCA-3’ (reverse). miR-877-3p, 5’- TCCTCTTCTCCCTCCTCCCAG-3’. GAPDH, 5’-GGCCTCCAAGGAGTAAGACC-3’ (forward) and 5’-AGGGGAGATTCAGTGTGGTG-3’ (reverse). U6, 5’- CTCGCTTCGGCAGCACA-3’ (forward) and 5’- AACGCTTCACGAATTTGCGT-3’ (reverse)



RNase R Assay and Sanger Sequencing

After total RNAs were extracted, RNA solutions were treated with RNase R (20U/μl, Epicentre) and the treated RNAs were detected by qRT-PCR. RNase R could digest linear RNA molecules, but not circRNAs. So, the change of results of PCR could determine the circular structure of RNAs. Additionally, Sanger sequencing was performed to verify the sequence and head-to-tail splicing structure of circRNAs.



RNA Interference

Small interfering RNA (si-RNA) targeting hsa_circ_0001766 (5’GATTCTTCTAACA3’) and an inhibitor targeting miR-877-3p (5’GGGAGGAGGGAG3’) were constructed (Shanghai Asia-Vector Biotechnology Co., Ltd). Non-targeting control siRNA and inhibitor negative control were used as controls. Cells were transfected using Lipofectamine 3000 transfection reagent (Invitrogen, USA).



Cell Culture

OSCC cell lines SCC9 and SCC25 were obtained from Cell Bank of China. Cells were cultured in DMEM/F12 culture medium supplemented with 10% fetal bovine serum (FBS). HOK cells were purchased from BeNa Culture Collection and were grown in RPMI 1640 medium with 10% FBS. All cells were incubated at 37°C in a humidified atmosphere of 5% CO2.



Western Blotting

SCC9 and SCC25 cells were collected and total protein was collected using RIPA lysis buffer. The following antibodies and reagents were used: anti-VEGFA (Abcam, ab46154), anti-GAPDH (Cell Signaling Technology, #5174), and anti-rabbit IgG (Cell Signaling Technology, #7074). Then, samples were subjected to western blot.



Cell Viability and Colony Formation Assays

Cell viability was tested using Cell Counting Kit-8 (CCK-8, Dojindo) assay according to the manufacturer’s guidance. SCC9 and SCC25 cells were incubated in an incubator at 37°C for 0, 24, 48, 72, and 96 h. The cell viability was determined by the absorbance at 450 nm using a microplate reader (Bioteck, Epoch2). About 1,000 cells/well were plated in six-well plates. Cells were incubated for 2 weeks to form colonies. Then, cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Visible colonies with more 50 cells were manually counted. The experiments were duplicated in three times.



Statistical Analysis

All data were analyzed using SPSS 19.0 (SPSS, Chicago, IL, USA). Data were represented as mean ± SD. The grouped t-test was used to compare between-group differences. All statistical tests employed a level of significance of α = 0.05 at 95% confidence level.




Results


CircRNA Expression Profile

We analyzed the circRNA expression profile in 6 pairs of samples of OSCC and normal oral mucosal tissues. A total of 21,505 DE circRNAs were detected, including 16,420 upregulated and 5,085 downregulated circRNAs. One hundred and twenty-two DE circRNAs, among which 109 ones were upregulated and 13 ones were downregulated, fitted the standard (FC ≥ 2 and P≥0.05) and were considered statistically significant. The statistically significantly DE circRNAs are shown in a cluster heatmap (Figure 1A) and volcano plots (Figure 1B).




Figure 1 | Identification of DE circRNAs in OSCC. (A) The characteristics of statistically significantly DE circRNAs with heatmap. (B) The characteristics of statistically significantly DE circRNAs with volcano plots. (C) The number of statistically significantly DE circRNAs. (D) The length of statistically significantly DE circRNAs. (E) The chromosomal localization of statistically significantly DE circRNAs. (F) The category of statistically significantly DE circRNAs.



Among the 122 DE circRNAs, 12 circRNAs were identified for the first time as novel circRNAs. The other 110 circRNAs can be searched in the existing circRNA database (Figure 1C). The lengths of most of the 122 DE circRNAs were less than 2,000 nucleotides (Figure 1D). The 122 DE circRNAs were localized in all human chromosomes (Figure 1E). The circRNAs, based on the sequences, were categorized into 3 types, including exonic circRNAs consisting of only exonic sequences, intronic circRNAs consisting of only intronic sequences, and sense overlapping circRNAs consisting of both exonic and intronic sequences. Among the 122 DE circRNAs, there were 108 exonic circRNAs, 7 intronic circRNAs, and 7 sense-overlapping circRNAs (Figure 1F).



Validation for Top 10 DE CircRNAs

According to the fold changes, P values, and cancer-association of the DE circRNAs between the 6 pairs of samples of OSCC and normal oral mucosa tissues, we selected the top 10 DE circRNAs (7 upregulated and 3 downregulated) for validation in the same samples from 6 pairs of patients by qRT-PCR. The results suggested that 8 out of 10 circRNAs showed the same trends of expression changes significantly as the circRNA sequencing (Figure 2). Then, Sanger sequencing and RNase R assay were done. Two out of 10 circRNAs (hsa_circ_0005050 and hsa_circ_0001766) were identified as DE circRNAs. The biological features of the 2 validated circRNAs are summarized in Table 1.




Figure 2 | Eight out of 10 circRNAs showed the same directions and statistical significance as the expression changes of the circRNA sequencing, using PCR (*P < 0.05). (A–J) Expression of hsa_circ_0000857, hsa_circ_0001470, hsa_circ_0001766, hsa_circ_0004390, hsa_circ_0005050, hsa_circ_0006151, hsa_circ_0008603, hsa_circ_0032822, hsa_circ_0104368, hsa_circSENP2 in OSCC tissues and normal oral mucosal tissues.




Table 1 | Biological features of validated circular RNAs (circRNAs).





Bioinformatics Analysis

GO and KEGG analyses were used to predict the role of DE circRNAs. We predicted the function of host genes by GO enrichment analysis, based on biological process, cellular components, and molecular function. Top annotation cluster terms (collective biological process, cellular components and molecular function) of upregulated and downregulated circRNAs are shown in Figure 3. In addition, possible functions of validated circRNAs are shown in Table 2.




Figure 3 | (A–C) The top annotation cluster terms of upregulated circRNAs. (D–F) The top annotation cluster terms of downregulated circRNAs.




Table 2 | Biological processes of validated circRNAs.



KEGG pathway analysis was performed to elucidate the role of host genes of circRNAs in different pathways. Thirty pathways that were related to the functions of 30 DE circRNAs were found in the KEGG analysis. In the validated DE circRNAs, hsa_circ_0001470 was involved in transcriptional misregulation in cancer (hsa05202), whereas hsa_circ_0004390 was involved in pathways in cancer (hsa05200) and Rap1 signaling pathway (hsa04015), which have been reported to contribute to the regulation of tumorigenesis and tumor progression (Figure 4) (13).




Figure 4 | Transcriptional misregulation in cancer (hsa05202), Rap1 signaling pathway (hsa04015), and pathways in cancer (hsa05200).





Hsa_circ_0001766 Could Potentially Act as a ceRNA in OSCC

Considering the P values in the qRT-PCR results, hsa_circ_0001766 was chosen to carry out further research. CircRNAs could regulate the activities of miRNAs by miRNA sponging, thereby regulating gene expression. The binding relationship between hsa_circ_0001766 and miR-877-3p was predicted by TargetScan 7.0 and miRanda v3.3a, which showed that hsa_circ_0001766 might be a ceRNA of miR-877-3p. It has been reported that miR-877-3p targets VEGFA and negatively regulates VEGFA (14). Moreover, multiple studies have demonstrated the role of VEFGA in OSCC (15–18). Hence, we hypothesized that hsa_circ_0001766 sponged miR-877-3p to upregulate VEGFA expression.

Subsequently, we investigated the possible role of hsa_circ_0001766/miR-877-3p/VEGFA in OSCC. Compared with HOK cells, in OSCC cell lines SCC9 and SCC25, expressions of hsa_circ_0001766 and VEGFA mRNA were significantly upregulated (Figures 5A, B). Using qRT-PCR and western blotting, we identified the role and effect of hsa_circ_0001766 and miR-877-3p on VEGFA. While knockdown of hsa_circ_0001766 inhibited the expression of VEGFA, miR-877-3p inhibitor reversed this inhibitory effect of si-hsa_circ_0001766 on expression of VEGFA (Figures 5C–F). To elucidate the role of hsa_circ_0001766 on OSCC cell proliferation, CCK8 and colony formation assays were done (Figure 6). In SCC9 and SCC25 cell lines, knockdown of hsa_circ_0001766 suppressed cell proliferation. However, when SCC9 and SCC25 cells were treated with si-hsa_circ_0001766 plus miR-877-3p, the inhibitory effect of si-circ001766 on cell proliferation was inversed by underexpression of miR-877-3p. These findings indicated that hsa_circ_0001766 might act as a ceRNA in OSCC and play an important role in OSCC cell proliferation through the hsa_circ_0001766/miR-877-3p/VEGFA axis.




Figure 5 | miR-877-3p inhibitor reversed the inhibitory role of si-circ0001766 on expression of VEGFA in SCC9 and SCC25 cell lines. (A, B) circ0001766 and VEGFA were upregulated in SCC9 and SCC25. miR-877-3p was downregulated in SCC25. (C–F) Identification of the effects of si-circ0001766 and miR-877-3p on VEGFA in SCC9 and SCC25, using PCR and western blotting. * vs Ctrl p < 0.05; ** vs Ctrl p < 0.01; *** vs Ctrl p < 0.001; ### vs si-circ0001766 p < 0.001; && vs miR-877-3p inhibitor p < 0.001; &&& vs miR-877-3p inhibitor p < 0.001.






Figure 6 | miR-877-3p inhibitor reversed the inhibitory role of si-circ0001766 on expression of cell proliferation in SCC9 and SCC25 cell lines. (A, B) CCK assays revealed the effects of circ0001766 and miR-877-3p on cell proliferation in SCC25 and SCC25 cell lines. (C, D) Colony formation assay was used to evaluate cell viability after knocking down of circ0001766 and/or miR-877-3p. * vs Ctrl p < 0.05; ** vs Ctrl p < 0.01; *** vs Ctrl p < 0.001; ## vs si-circ0001766 p < 0.01; ### vs si-circ0001766 p < 0.001; && vs miR-877-3p inhibitor p < 0.001; &&& vs miR-877-3p inhibitor p < 0.001.






Discussion

CircRNA is a new class of RNA, which is widely expressed in many animals. Since the publications on circRNAs by Memczak and Hansen in 2013 (3, 4), an increasing number of studies have found that circRNAs are involved in the pathogenesis of various human diseases. The functions of circRNA include protein binding, miRNA sponging, and promoting host gene expression and protein translation. In recent years, circRNAs have been shown to play an important role in the pathogenesis of cancer and could be potential biomarkers for this disease.

In this study, we investigated the circRNA expression profiles in 6 pairs of samples of OSCC and normal oral mucosal tissues. One hundred and twenty-two DE circRNAs, among which 109 were upregulated and 13 were downregulated, were considered statistically significant. We validated 8 circRNAs by qRT-PCR, which showed the same directions and statistical significance as the expression changes of the circRNA sequencing. Then, hsa_circ_0005050 and hsa_circ_0001766 were identified as DE circRNAs using Sanger sequencing and RNase R assay. Hsa_circ_0005050 is spliced from XPO1, which could regulate the nuclear export of cellular proteins. Hsa_circ_0005050 has been reported to be differential expressed in many cells and tissues, including platelets, brain, epidermal keratinocytes, and liver cancer cells (19–21). Hsa_circ_0001766 is derived from PDIA4, which encodes protein disulfide isomerase in the endoplasmic reticulum. To our knowledge, this is the first study to report that hsa_circ_0001766 is upregulated in OSCC. After taking the P values in the results of qRT-PCR into consideration, hsa_circ_0001766 was selected to explore further the role of circRNA in OSCC.

The results of GO enrichment analysis suggest that DE circRNAs participate in numerous biological processes. The biological processes that upregulated circRNAs participate in include T cell tolerance induction, regulation of T cell tolerance induction, positive regulation of T cell-mediated cytotoxicity, and regulation of T cell-mediated immunity. Sun et al. (22) found that regulatory T cells are important components in the tumor microenvironment and play a role in local immune regulation. CD4+ T cells increased gradually with the progression of oral dysplasia in oral mucosa. This suggested that the local change to immunosuppressive cells had significant effects on progression of OSCC (22). Furthermore, it is reported that Gal3, that is highly expressed in OSCC, on one hand, is involved in negative selection of T cells during thymic T cell maturation and, thereby promotes central immune tolerance, and on the other hand, Gal3 can act as an immune checkpoint to inhibit T cell activation and thus promotes peripheral immune tolerance. Immune tolerance plays an important role in progression of OSCC (23). The biological processes that downregulated circRNAs participate in include regulation of neurotransmitter uptake and negative regulation of the circadian rhythm. The body clock has an effect on cells and tissues through endocrine and neurotransmitter regulation; the circadian rhythm plays an important role in the development of tumors, and in the therapeutic and side effects of anticancer drugs (24). These indicate that DE circRNAs may modulate the aforementioned biological processes to influence OSCC progression. The results of KEGG analysis suggested that hsa_circ_0001470 is involved in transcriptional deregulation in cancer, whereas hsa_circ_0004390 is involved in pathways in cancer and Rap1 signaling pathway, which have been reported to contribute to the regulation of tumorigenesis and tumor progression (13). This may perhaps explain the role of circRNAs in the pathogenesis of OSCC.

CircRNAs can regulate the activities of miRNAs by miRNA sponging and, thereby participate in the pathogenesis of cancer. In our study, binding relationships between circRNAs and miRNAs were predicted by TargetScan 7.0 and miRanda v3.3a. The results of prediction showed that hsa_circ_0001766 might act as a ceRNA and targets miR-877-3p. It has been reported that miR-877-3p targets VEGFA and negatively regulates VEGFA (14). Positive expression of VEGFA was associated with significantly poor prognosis in OSCC (15, 16). VEGFA contributed to OSCC cell proliferation and tumor initiation (17, 18). In OSCC cell lines SSC9 and SCC25, hsa_circ_0001766 and VEGFA were upregulated. Subsequently, miR-877-3p inhibitor reversed the inhibitory effect of si-hsa_circ_0001766 on inhibition of VEGFA. We further investigated the role of hsa_circ_0001766 in OSCC cell proliferation. While knockdown of hsa_circ_0001766 suppressed cell proliferation, miR-877-3p inhibitor reversed the inhibitory effect of si-hsa_circ_0001766 on cell proliferation. These findings indicated hsa_circ_0001766 might act as a ceRNA in OSCC and played an important role in OSCC cell proliferation through the hsa_circ_0001766/miR-877-3p/VEGFA axis.

In conclusion, we have established that numerous circRNAs were dysregulated in OSCC and normal oral mucosal tissues in this study. Results of bioinformatics analysis implied that circRNAs were enriched in many cancer-related biological processes and might be involved in these pathways. However, this study has a few limits, such as limited numbers of patients and using normal tissues in the non-cancer patients as control. Then, we identified the potential role of the hsa_circ_0001766/miR-877-3p/VEGFA axis in OSCC cell proliferation. Our study not only reveals the possible role of circRNAs in the progression of OSCC, but also provides a base for future research on elucidation of new biomarkers in OSCC.
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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.
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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.
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The incidence of thyroid cancer (TC) is rapidly increasing worldwide. The diagnostic accuracy and dynamics of TC need to be improved, and traditional treatments are not effective enough for patients with poorly differentiated thyroid cancer. Exosomes are membrane vesicles secreted specifically by various cells and are involved in intercellular communication. Recent studies have shown that exosomes secreted by TC cells contribute to tumor progression, angiogenesis and metastasis. Exosomes in liquid biopsies can reflect the overall molecular information of tumors, and have natural advantages in diagnosing TC. Exosomes also play an important role in tumor therapy due to their special physicochemical properties. TC patients will benefit as more exosome patterns are discovered. In this review, we discuss the role of TC-derived exosomes in tumorigenesis and development, and describe the application of exosomes in the diagnosis and treatment of TC.
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Introduction

Thyroid cancer (TC), one of the fastest-growing cancers in the world, has become the most common malignancy of the endocrine system in recent years (1–3). More than 90% of TCs diagnosed annually are differentiated thyroid cancer (DTC), which histologically includes papillary thyroid cancer (PTC) and follicular thyroid cancer (FTC), whereas the remaining subset of TC comprises medullary thyroid cancer (MTC) and anaplastic thyroid cancer (ATC); however, these two subtypes are associated with a poor prognosis (4, 5). Through common treatment methods, including surgery, radioactive iodine therapy, chemotherapy, external irradiation, and targeted therapy, most cases of TC have high cure rates and low tumor recurrence (6). However, there are still not adequate treatment options for advanced TC (7, 8). The median survival time of patients with ATC is less than 6 months regardless of stage. Although aggressive therapy has been used, it has not significantly changed in recent years (9). The exploration of new treatment strategies is mandatory to improve the survival of these patients and guarantee good quality of life (8, 10).

Extracellular vesicles (EVs) are heterogeneous groups of vesicles with membranous subcellular structures released by almost all cell types. They can be found in various physiological fluids including blood, urine, saliva, lymph, and seminal fluid (11, 12). Based on the origin and diameter of vesicles, EVs can be divided into three major subclasses: exosomes, microvesicles, and apoptotic bodies. Exosomes are of endosomal origin and range in size from 30 to 120 nm and can be released by both eukaryotic and prokaryotic cells (13–15). Exosomes produced by tumor cells can create favorable conditions for tumor progression, such as induction of the angiogenic switch, increased vascular permeability, enhanced drug resistance and instigation of immune escape (16, 17). In addition, different types of cells, including mesenchymal stem cells (MSCs), adipocytes, fibroblasts, and immune cells in the tumor microenvironment (TME), can also induce the release of exosomes that promote tumor progression (18, 19). Understanding the role of exosomes in these cells will help unravel the mechanism underlying cancer. Furthermore, exosomes and their functions will provide more ways to diagnose, predict, and treat cancer (20). The utility of exosome detection in liquid biopsies is particularly promising for TC, and exploration of the use of exosomes as vehicles for the delivery of drug payloads is actively in progress. With the vast amount of information on exosomes emerging in the literature, these particles will likely be increasingly used in organisms. This review describes the function, separation methods, and biomedical applications of exosomes as well as current information on exosomes in TC.



The Biogenesis and Isolation of Exosomes

The general understanding of EVs continued to improve for decades since they were first defined as "platelet dust" in the 1960s (21). There has been a paradigm shift from garbage carriers to new modes of intercellular communication and clinical applications (22–24). EVs are nanoparticles surrounded by lipid membranes that contain proteins, lipids, metabolites, and biologically active nucleic acids, which include DNA, mRNA, and noncoding RNA (ncRNA). These contents can be transported to recipient cells and interact with them to trigger biological responses (25, 26). In response to various internal and external conditions, the molecular properties and contents of EVs are often altered (11). Exosomes are an important class of EVs and an attractive tool for diagnosing and treating diseases, with special biological significance. Exosomes play critical roles in a variety of pathways, including cancer (27), cardiovascular disease (28), nervous system disorders (29), infectious diseases (30), and immunological diseases (31). However, normal bodily functions are also dependent on exosomes (32). For example, exosomes can protect host cells in vitro by acting as scavenging agents for a variety of toxins (33, 34). TSHR exosomes from patients with Graves' disease can reduce autoantibody-mediated activation of thyroid function (35). The dichotomous behavior and plasticity of exosomes have encouraged researchers to put more efforts into manipulating exosomes and determining how they can harm or benefit an organism.

Exosomes arise from either intraluminal vesicles (ILVs) released after multivesicular bodies (MVBs) fusion with the plasma membrane or other means (22, 27, 32) (Figure 1). The formation of exosomes begins with the emergence of the initial endosomes through the endocytosis of extracellular components and then their gradual maturation into late sorting endosomes before they finally become MVBs, which contain several ILVs (22, 36). Concomitant with this process, proteins, DNA and RNA can be selectively loaded into MVBs, after which the exosomes are released into the extracellular space by MVBs. Furthermore, MVBs can also be degraded by fusion with lysosomes or recovered by the plasma membrane through the back-fusion pathway (32, 37). The released exosomes can deliver cargo to target cells through endocytosis, receptor-ligand interactions, and fusion with the plasma membrane. Indeed, the biogenesis of exosomes and the sorting of exosome cargoes are complex and worthy of further investigation. Both lipids, such as lysophospholipids and ceramides, and proteins, such as CD81, CD9, Rab, Ral, Alix, and the endosomal sorting complexes required for transport (ESCRT), participate in these processes (20, 27, 37). It should be emphasized that protein classification in endosomes is crucial for protein stability, endosome maturation, etc., and the ESCRT mechanism is an important contributor to this activity (38). ESCRT located on the MVB membrane encompasses four complexes: 0, I, II, and III. ESCRT-0 combined with ESCRT-I recruits ESCRT-II and cargoes, and then ESCRT-II recruits ESCRT-III to assist with ILV budding. Other studies have shown that proteins containing Bro1 domains, such as ALIX, HD-PTP, and yeast Bro1, can bypass ESCRT-II and ESCRT-I and promote the assembly of ESCRT-III components (38–40). Interestingly, there are also ESCRT-independent mechanisms that can influence exosome occurrence. For example, RAB31 drives the formation of ILV independently of the ESCRT machinery and tetraspanin pathway (41). In general, multiple molecules and mechanisms are involved in the biological processes of exosomes, but their control pathways are still poorly understood. Due to their cellular origin, intrinsic biology, microenvironment and other factors, the size, content, inclusion, and function of exosomes may also differ (20). Basic research on exosomes is key for their clinical development; however, technical barriers to exosome extraction procedures limit the basic and applied research of exosomes to a certain extent (42).




Figure 1 | The biogenesis of exosomes and their communication with recipient cells. Constituents from the extracellular space enter the cell by endocytosis, leading to the formation of early endosomes and gradually maturing into late endosomes. After the endosomes undergo inward budding and the cargo is further packaged, intraluminal vesicles (ILVs) form and constitute multivesicular bodies (MVBs). Subsequently, MVBs degrade in lysosomes, are transported back to the plasma membrane, or fuse with the plasma membrane to release ILVs as exosomes. These loaded exosomes release proteins, nucleic acids, and other contents to recipient cells though direct fusion, internalization, and ligand-receptor interactions.



Current exosome separation strategies include ultracentrifugation, ultrafiltration, size-exclusion chromatography, immunoaffinity capture, charge neutralization-based polymer precipitation, and microfluidic techniques, but none of them are sufficient for high-yield extractions (43, 44). Although ultracentrifugation is the most widely used primary isolation method for exosomes, it is also susceptible to contamination, and has low reproducibility, and low sample throughput (45, 46). Exosome heterogeneity also remains a research challenge. Because the current exosome separation technology is still limited and there is no particularly uniform standard, the term "exosome" used in this paper is not specifically distinguished from a mixture of EVs, as suggested in the guidelines of the International Society for Extracellular Vesicles (ISEV) (47). Appropriate separation techniques or combination applications will help researchers solve many of the problems facing exosome research (43). Standardized exosome separation criteria will need to be developed in the future to meet the growing need for the specific screening of different sample types and for accurate exosome characterization.



Exosome Biomarkers for TC

The diagnosis of TC is a challenging issue. Multiple methods, including radionuclide scanning, high-resolution ultrasonography, and fine needle aspiration cytology (FNAC), are used to diagnose TC (48) (Figure 2). FNAC is a reliable application but not perfect, and a small ratio of indeterminate samples results in unnecessary surgeries or missed diagnoses (49). In oncology, liquid biopsy is an alternative, complementary diagnostic and prognostic tool that can overcome some weaknesses of tissue biopsy. It lacks the pitfalls of invasive and nonrepeatable sampling and may have more advantages in safety, early diagnosis, and dynamic monitoring (50, 51). In liquid biopsies, compared with circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), cell-free DNA (cfDNA), and cell-free RNA (cfRNA), exosomes are more likely to have unique advantages in patients sometimes (52, 53). For example, KRAS mutations can be detected in tumor exosomes at a higher rate than in cfDNA for patients with pancreatic ductal adenocarcinoma (54).




Figure 2 | Common auxiliary examinations for thyroid cancer. (A) Radionuclide scanning. (B) CT/PET-CT/MRI. (C) Ultrasonography. (D) Fine needle aspiration cytology (FNAC). (E) Serological tests, such as Tg and Calcitonin, which are commonly used serum markers, can be used for the postoperative assessment and monitoring of DTC and the diagnosis and follow-up of MTC, respectively. (F) Liquid biopsy.



Recent studies have shown that exosomal microRNAs (miRNAs) are an appropriate and promising marker for the clinical diagnosis of tumors. The advantage of miRNAs in diagnosis is that they are highly stable, protected by a bilayer membrane, and contain key information related to the biological response of the tumor (55, 56). Lee and his collaborator found that the levels of miR-146b and miR-222 in TPC-1 exosomes were higher than those in NTHY cells, indicating that these two miRNAs may be biomarkers for PTC recurrence (57). Interestingly, another study detected plasma exosomes in PTC patients with or without lymph node metastasis (LNM), confirming that circulating exosomal miR-146b-5p and miR-222-3p have high diagnostic value for predicting LNM in PTC patients (58). Although most PTC patients have a good prognosis, LNM often occurs in the early stage, and predicting and diagnosing LNM in advance can prevent patients from experiencing unnecessary pain. The discrimination of follicular lesions is another difficulty in TC, and the current traditional diagnostic methods are often inadequate (52, 59). Samsonov et al. compared patients with benign thyroid nodules, and found that miR-31 in the serum exosomes of PTC patients was significantly upregulated. Moreover, miR-21 in the serum exosomes of FTC patients also showed the same changes. In addition, compared with FTC patients, PTC patients have reduced miR-21 levels in serum exosomes but significantly upregulated miR-181a-5p content. Therefore, these miRNAs in exosomes can be used as diagnostic markers for PTC and FTC (60). With the continuous improvement in high-throughput assays, more miRNAs were subsequently discovered. Wang ZY et al. conducted a plasma miRNA profile analysis on PTC patients and healthy subjects and then verified the experimental results. Among the candidate miRNAs, miR-346, miR-34a-5p, and miR-10a-5p were found to be upregulated in PTC plasma exosomes (61). Pan Q et al. isolated exosomes from the plasma of patients with PTC and nodular goiters through small RNA sequencing and a comprehensive analysis and identified a group of miRNAs in plasma exosomes as candidate biomarkers for the diagnosis of thyroid nodules; among these, miR-5189-3p had the best effect on diagnosing PTC (55). Dai D et al. discovered that miR-485-3p and miR-4433a-5p might serve as biomarkers for PTC diagnosis. Plasma exosomal miR-485-3p could enable discrimination between high-risk and low-risk PTCs (62). Li MH et al. screened a panel of miRNAs in plasma exosomes by analyzing exosomes from different patients and found that the combination of these miRNAs is more effective in identifying PTC and thyroid nodules than any single marker (63). These results suggest that the comprehensive detection of multiple exosome contents may be more advantageous.

Exosomes contain a large amount of ncRNAs that are involved in every stage of cancer progression. Circular RNAs (circRNAs) are a class of covalently closed endogenous biomolecules of ncRNAs. Special structural features make them highly stable (64). Under the protection of exosomes, circRNAs have been proposed as novel predictive biomarkers with clinical promise (65). Wu G et al. investigated the expression of circRNAs in PTC tissues and normal tissues by microarray analysis and demonstrated that circRASSF2 was upregulated in serum exosomes from PTC patients, suggesting the importance of circRASSF2 in tumor progression (66). Yang C et al. identified altered circRNA expression in serum exosomes from patients with PTC by high-throughput sequencing. circ_007293, circ_031752, and circ_020135 have been shown to be differentially expressed in the plasma of patients with PTC (67). In addition to serum exosomes, thyroglobulin in urine exosomes has also been found to be an emerging diagnostic marker for TC (68). These results suggest that the application of exosomes detected in TC could contribute to its diagnosis. However, due to the complex fluid composition of tumors, the dynamics of biomarkers, and the need for efficient enrichment and high sensitivity, the application of exosomes in cancer diagnosis remains challenging (26, 51). In recent years, the rapid development of nanotechnologies, including single‐exosome analysis used for the rapid and readable detection and molecular analysis of exosomes, may provide a great opportunity for expanding the use of exosomes (23, 51, 69). The combined application of multiple diagnostic methods, including exosomes, will accelerate the arrival of an era of more precise and refined thyroid diagnoses.



TC-Derived Exosomes in Tumor Progression

The development of tumors is a complex process, and malignant cells constantly interact with their surroundings (70). During this process, exosomes act as connectors and regulators to help the tumor grow. We have come to realize that the biological changes that occur in exosomes reflect their cell state (including oncogenic transformation) (11). A large body of evidence suggests that tumor cells often secrete more exosomes than do healthy cells, and the onset of cancer may cause changes in the molecular cargo of exosomes (71, 72). The number of exosomes is significantly higher in TC patients than in healthy subjects (53, 73), suggesting that exosomes are an important mediator in the progression of TC (Figure 3).




Figure 3 | Role of thyroid cancer-derived exosomes in cancer progression. Exosomes act on tumor cells themselves, regulate angiogenesis, induce immunosuppression, and then remodel the tumor microenvironment to achieve tumor growth and metastasis. Exosomes secreted by thyroid cancer (thyroid CSCs) can also promote the oncogenic transformation of normal cells.




The Role of Exosomes in TC Growth and Metastasis

An increasing number of studies have shown that exosomes can not only be used for clinical diagnosis and treatment, but also play an important role in the formation and metastasis of TC. Exosome-mediated intercellular communication plays a critical role in the development of cancer (74). Tumor cells actively produce, release, and utilize exosomes to promote tumor growth (72). As mentioned earlier, miR-146b and miR-222, which are relatively abundant in the exosomes of TPC-1 cells, caused a negative proliferative effect on both TPC-1 and NTHY cells (57). Jiang K et al. observed that exosomal miR-146b-5p and miR-222-3p were not only associated with LNM but also significantly enhanced the migration and invasion abilities of PTC cells (58). The exosome cargo continuously changes, and the quantity depends on the course of disease progression (75). For instance, high expression of exosomal miR-485-3p correlates with tumor size, extrathyroidal extension, the BRAF mutation, LNM and an advanced clinical stage (62). Ye W et al. revealed that miR-423-5p may be involved in the carcinogenic activities of TC. Silencing miR-423-5p in TPC-1 cells inhibited PTC cell migration and invasion owing to reduced miR-423-5p in exosomes, providing a new approach for the treatment of PTC (76). The substances in exosomes play a significant role in the formation and metastasis of TC. Wu G et al. indicated the oncogenic property of circFNDC3B in PTC cells; circFNDC3B was upregulated in serum exosomes from PTC patients compared with healthy patients and could modulate PTC progression by activating the miR-1178/TLR4 pathway (77). In addition, Wu G confirmed that circRASSF2 can exert oncogenic activity in the tumorigenesis of PTC by sponging miR-1178 to upregulate TLR4 expression (66). The metastasis and survival of tumor cells depend on the TME in addition to intrinsic changes in cancer cells. Exosomes released by cancer cells can alter the behavior of localized or recruited stromal cells via external interactions that shift the phenotype of these stromal cells into a metastatic one. This leads to the formation of premetastatic niches that promote tumor growth (71, 78). Cancer-related fibroblasts (CAFs) are the primary stromal cells in the TME and play an essential role in several processes in cancer biology (79). Exosomes released from CAFs contribute to tumor progression and metastasis by transferring substances to cancer cells, and exosomes secreted by cancer cells can promote CAF transformation (20, 80). The crosstalk between TC cells and CAFs has been continuously revealed, and the role of exosomes in their interactions is worthy of further investigation (81). The ongoing revelation of the underlying mechanisms and pathogenesis of TC progression, as well as the influence of exosomes on these mechanisms, may provide more strategies for eventually curing TC.



Epithelial-Mesenchymal Transition (EMT) in TC

EMT is a cellular process during which epithelial cells acquire mesenchymal phenotypes and behaviors following the downregulation of proteins that indicate epithelial features (82). EMT arises early during tumor metastasis, playing a key role in mediating the development of an aggressive and invasive tumor phenotype. The main features of EMT include reduced adhesion and increased motility (83). EMT is triggered when a cell receives a signal from the microenvironment (82, 84). Studies have found a close link between EMT and cancer stem-like cells (CSCs), which are subsets of malignant tumor cells with the potential for self-renewal and differentiation and the ability to initiate tumors in vivo (85, 86). There are multiple ways by which EMT and CSCs interplay with each other (84, 87). Hardin et al. found that exosomes from thyroid CSCs transferred the long noncoding RNA (lncRNA) MALAT1, lncRNA ROR, and the EMT marker SLUG and induced EMT in normal thyroid cells (73). PTC-CSCs can also transmit the exosomal lncRNA DOCK9-AS2 to PTC, which can aggravate its malignant activities, including EMT, through the Wnt/β-catenin pathway (88). Critical components such as nucleotides, proteins, and organic intermediates in exosomes can serve as promising EMT regulators (89). Luo D et al. reported the differential expression of several proteins including the overexpression of proteins that are significantly related to cancer cell metastasis are associated with EMT (SRC, TLN1, ITGB2, and CAPNS1), in the exosomes of PTC patients with LNM (90). Some well-characterized miRNAs are important mediators involved in EMT-related signaling pathways induced by exosomes (91). Myriem et al. found that the overexpression of miR-145 in TPC-1 cells inhibited VEGF secretion and N-cadherin expression, which are closely related to the EMT process. Tumors actively excrete miR-145 into the blood via exosomes to reduce its expression in tumor tissue, thus inducing EMT and promoting the growth and metastasis of TC (92). Growing evidence has revealed that tumor cells are often in a different state along the EMT spectrum, as EMT is a continuous process with varying degrees of epithelial and mesenchymal characteristics and is often reversible (93, 94). We hypothesize that exosomes are involved in the dynamic changes between the epithelial and mesenchymal states. Future studies that show the inhibition of EMT-related changes and the reversal of EMT induction of tumors through exosomes will provide evidence of the use of exosomes to mitigate TC invasion and metastasis.



Effect of Exosomes on TC Angiogenesis

The growth and metastasis of malignant tumors depend on the formation and dilation of blood vessels (95). Exosomes from various tumors, such as breast cancer (15), colorectal cancer (96), gastric cancer (97), and lung cancer (80), have been shown to play an important role in promoting angiogenesis. It should be noted that the exact mechanism of exosome-driven angiogenesis is not clear, and the angiogenic characteristics of exosome cargoes from different tumor cells vary widely (98). The thyroid is an important endocrine organ with abundant vascularity (99). In addition, there are more blood vessels in thyroid tumor tissue than in normal thyroid tissue (100). In cancerous tissues, angiogenesis is implicated not only in primary tumors but also in the formation and further outgrowth of metastases (101). Some conditions, such as hypoxia or acidosis, enhance the secretion of exosomes into bodily fluids (102). Tumors are often hypoxic, and this hypoxic state results in advanced but dysfunctional vascularization and can alter different aspects of tumor metabolism (103). Feng W and colleagues revealed that exosomal miR-21-5p secreted by hypoxic PTC cells enhanced the angiogenic activities of human umbilical vein endothelial cells (HUVECs) both in vitro and in vivo. Exosomal miR-21-5p is a potent proangiogenic factor that increases angiogenesis by inhibiting the expression of TGFBI and COL4A1. In addition, it was also found to be elevated in the serum of PTC patients (104). This enhanced angiogenesis and increased vascular permeability in tumors support tumor growth and metastasis by continuously providing sufficient oxygen and nutrients to meet the nutritional needs of subsequent rapid metastatic growth, thereby increasing the proliferation of cancer cells and the formation of a premetastatic niche (105, 106). Currently, some drugs, such as docosahexaenoic acid and curcumin, that can inhibit the angiogenic effects induced by exosomes have been reported (107, 108).



Exosomes Mediate the Immune Regulation of TC

Cancer immune surveillance is considered a significant host protection process to maintain cell homeostasis and inhibit carcinogenesis (109). Cancer cells secrete exosomes to regulate the function and abundance of components in the TME, including immune effector cells and antigen-presenting cells, to escape their surveillance (110). In the microenvironment, exosomes also interact with tumor-associated macrophages (TAMs), which contribute to tumor growth, invasion, angiogenesis, and overall metastasis (105). Cancer-derived exosomes can act as cellular messengers to modulate macrophage polarization to the M2 phenotype, thus providing an immunosuppressive microenvironment for cancer cell survival and invasion (111). Macrophage infiltration is frequently detected in human thyroid tumors (112), and an increase in TAM density is positively correlated with the progression of TC, with TAMs accounting for more than 50% of nucleated cells in cases of ATC (113, 114). We suspect that TC can also affect TAMs through exosomes, but this hypothesis requires further study. Natural killer (NK) cells are recognized as particularly effective immune cells involved in immune surveillance because they are not restricted by the expression of MHC molecules (115). Exosomes from different tumor cells can not only be taken up by NK cells, but also inhibit NK cell cytotoxicity in several cancer types (116, 117). Cancer-derived exosomes induce NK cell dysfunction, inhibit antigen-presenting cells, block T cell activation, and enhance T cell apoptosis to block adaptive immune responses and suppress the antitumor immune response (118, 119). Additionally, the stimulation of NK cells, for example, with cytokines, can improve their tumor-killing effects. Zhu et al. demonstrated that exposure of NK cells to IL-15 results in the increased production of EVs and enhances the immunotherapeutic effects of EVs against several human cancers, including TC (120). Heat shock proteins (HSPs) can mediate immunomodulatory effects and the immune response (121). Caruso et al. found that the levels of Hsp27, Hsp60, and Hsp90 were increased in TPC tissue compared with normal peritumoral tissue and benign goiters. The levels of HSPs in the exosomes of patients with TPC before surgery were significantly higher than those in the exosomes from the same patients after surgery and from patients with benign goiters (122). TC is considered one of the most immunogenic cancers (123); thus, the rapid development of immunotherapy and exosomes as a delivery system brings new opportunities for the treatment of TC.



The Potential of Exosomes in TC Treatment

The ability of exosomes to transport biomolecules to recipient cells has led to the increased exploration of exosomes as a tool in the field of cancer therapy (23). Elucidation of the role of exosomes in improving drug sensitivity, tumor radiosensitivity, and other responses to treatments will provide ideas for patients with advanced TC. Therapeutic applications of exosomes are promising because they have been shown to be well tolerated and have high bioavailability, low toxicity, and low immunogenicity (124). Notably, employing exosomes as a drug delivery system can easily avoid the first-pass metabolic effect and be effectively delivered to target sites. Compared to liposomes, exosomes can function better at a distance because of their superior systemic retention (125). Encapsulating anticancer drugs within exosomes has shown potential for targeted delivery to tumors in animal models. Gangadaran et al. isolated EVs containing Renilla luciferase in conditioned medium from cultured ATC cells (CAL62) to test the targeting ability of tumor-derived exosomes to their parental tumor in a mouse model. Exosomes injected into ATC model mice were directly internalized into CAL62 tumors and accumulated in the tumor region 30 min after injection (126). Previous studies have shown that cancer cells readily internalize EVs to a greater extent than normal cells. These results support the notion that cancer cell-derived exosomes harbor a specific tropism that can be exploited to deliver drugs into tumor cells. Despite the controversy, the ability of exosomes secreted by stem cells (such as MSCs) to inhibit tumorigenic properties has raised interest in research into their treatment of tumors (127). For instance, bone marrow MSCs can deliver exosomal miR-152 to repress the proliferation and migration of TC cells by targeting DPP4 (128). MSC-derived exosomes have many advantages over stem cells or synthetic nanoparticles, such as availability, ease of manipulation, and preferential access to tumors (24, 129). However, continuous efforts are still needed before exosomes can be applied clinically. Driven by chemical engineering and nanotechnology, in silico exosomes have been fully developed and are predicted to further promote the development of treatments.

The benefits of using exosomes to enhance antitumor immune responses in tumor microenvironment are also emerging. As mentioned above, the IL-15-mediated release of EVs by NK cells has an immunotherapeutic effect on TC (120). More experiments are underway; for instance, engineered macrophage-coated nanoparticles are a promising drug delivery strategy for treating triple-negative breast cancer (130). Exosomes derived from processed dendritic cells showed strong antitumor effects in inducing effective antigen-specific humoral and cellular immune responses (131). Clinical trials of exosomes as cancer vaccines are also underway with the help of immune cells (26). Another benefit of using exosomes therapeutically is that certain environmental niches may allow only exosomes to pass through (24). With the joint efforts of researchers from different disciplines, these nanoparticles will translate from the laboratory to the clinic faster and more efficiently (69).




Conclusions and Perspectives

Exosomes promote the growth and development of TC via various strategies. The critical role of exosomes and their cargoes in TC has led to many insightful studies (Table 1). As discussed, tumor-derived exosomes can be used as a potentially valuable noninvasive diagnostic tool for TC in the field of liquid biopsy because they provide a broad diagnostic window for TC detection and monitoring, and future studies will aim to clinically validate promising treatments that may benefit more TC patients. In addition, work aimed at the clinical validation of promising treatments is ongoing. Although the field of exosome research has been deepened and enriched in recent years, the mechanistic understanding and clinical application of exosomes in TC are still lacking. Tumor immunity, drug resistance, radiotherapy sensitivity, and other aspects of TC are the primary difficulties associated with treating advanced TC, however, studies on the involvement of exosomes in these processes are rare. In addition to research on the cancer-promoting mechanism of tumor exosomes, for most TC patients with a good prognosis, the role of exosomes in tumor inhibition may provide ideas for the treatment of other tumors. Further research on exosomes will contribute to a more comprehensive and multidimensional understanding of TC. We also recognize that there is still a long way to go before exosomes are ready for clinical use, as the underlying mechanisms relating to exosome biogenesis, selective cargo loading, transport and function need to be clarified, and the best practices for isolating and identifying large numbers of high-quality vesicles for clinical use remain problematic (26). Considering the complexity of exosomes, more research is needed to deepen the understanding of exosomes and develop new diagnostic and therapeutic strategies for TC.


Table 1 | Function of exosomal substances in thyroid cancer.
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Circular RNAs (circRNAs) contain microRNA (miRNA)-specific binding sites and can function as miRNA sponges to regulate gene expression by suppressing the inhibitory effect of miRNAs on their target genes. MiR-21-5p has been reported to be involved in the development of head and neck squamous cell carcinoma (HNSCC) and plays an important role in the activation of epithelial-mesenchymal transition (EMT). However, the upstream regulatory mechanism and downstream targets of miR-21-5p in tumor cells remain unknown. CircRNA_ACAP2 inhibits the function of miR-21-5p by binding to its specific binding sites in HNSCC cells. Overexpression of CircRNA_ACAP2 inhibits the proliferation and migration of HNSCC cells, while downregulation of CircRNA_ACAP2 has the opposite effect. STAT3 is a direct target gene of miR-21-5p and a transcription factor of ZEB1. We demonstrate that CircRNA_ACAP2 functions as a tumor suppressor gene in HNSCC and that its function is regulated via the miR-21-5p/STAT3 signaling axis.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) refers to an epithelial malignant tumor that originates in the head and neck, and over 600,000 new cases are reported every year (1, 2). The current treatment of head and neck cancer (HNC) patients is mainly based on the stage and anatomical location of the tumor, and therapies based on biological discoveries are rare. Although advances in technology and supportive treatment have improved the quality of life of HNC patients, the overall prognosis is still poor due to local recurrence and distant metastasis after surgery (3). Therefore, there is an urgent need to better understand the molecular mechanism of HNC progression to improve the prevention, diagnosis and personalized treatment of patients.

Circular RNAs (circRNAs) are an abundant and diverse class of noncoding RNA molecules that form a ring structure by covalent bonds and do not have a 5’ end cap or a 3’ end poly(A) tail (4, 5). The currently identified circRNAs are mainly derived from exons, but there are other types of circRNAs, such as intronic, intergenic, antisense, and sense overlapping (6, 7). MicroRNAs (miRNAs) are a group of evolutionarily conserved noncoding single-stranded RNAs consisting of 22–25 nucleotides that bind to the 3’ untranslated region (3’UTR) of target mRNA to repress gene expression (8, 9). As regulatory factors, miRNAs regulate physiological and pathological processes by blocking protein translation or inducing mRNA degradation to inhibit target gene expression and are widely involved in many biological processes, such as cell metabolism, proliferation, differentiation and apoptosis (10, 11).

In a previous study, CircRNA_ACAP2 was identified as a therapeutic target for the treatment of colon cancer (10). However, the mechanism of action of CircRNA_ACAP2 in HNSCC progression remains unknown. We determined the expression levels of miR-21-5p and CircRNA_ACAP2. The linear isomers of CircRNA_ACAP2 in HNSCC tissues were used to determine its expression pattern. Moreover, we overexpressed CircRNA_ACAP2 in HNSCC cell lines and performed cell proliferation experiments to elucidate its function. We demonstrated that the CircRNA-ACAP2/miR-21-5p/STAT3 regulatory feedback loop could affect the epithelial-mesenchymal transition (EMT) of HNSCC cells. By exploring this hypothesis, we may gain insights into the pathogenicity of HNC and provide new therapeutic targets for the treatment of HNSCC.



Materials and Methods


Patients

A total of 102 patients diagnosed with HNSCC were included in this study. All fresh tissues were collected between July 2011 and Dec 2015 during radical surgery at the Department of Oral and Maxillofacial Surgery, School and Hospital of Stomatology, Cheeloo College of Medicine, Shandong University. The samples were frozen in liquid nitrogen for 5 min and stored at −80°C. None of the enrolled patients received chemotherapy, radiotherapy, or targeted therapy before radical surgery. All patients were followed up for over 5 years or until Dec 2019. The study protocol was approved by the Institutional Review Board of School and Hospital of Stomatology, Cheeloo College of Medicine, Shandong University. Informed consent was obtained from all patients involved in this study. All methods were performed in accordance with the relevant guidelines and regulations.



Immunohistochemistry

Excised tumor and adjacent tissues were fixed in 4% paraformaldehyde, dehydrated, paraffin-embedded, and cut into sections. Consecutive 4-μm-thick sections were analyzed using primary antibodies against ZEB1 (human; ab181451; 1:200; Abcam), phospho-STAT3 (human; #9145; 1:100; Cell Signaling Technology), STAT3 (human; #4695; 1:100; Cell Signaling Technology), TWIST-1(human; PA5-49688; 1:100; Invitrogen)and a biotin-conjugated goat anti-rabbit polyclonal antibody (1:50; ZSGB-BIO, Beijing, China) as the secondary antibody. Images were obtained by light microscopy (Olympus, Japan) at 100× and 400× magnification and quantified using Image-Pro Plus. Five random fields were examined per animal.



Cell Culture

Human HNSCC cell lines, namely, HN-4, HN-9, HN-30, SCC-4, SCC-9, SCC-25, and CAL-27, were used in this study. HN-4, HN-9, HN-30, SCC-4, SCC-9, and SCC-25 cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and CAL-27 cells were purchased from the American Type Culture Collection, Manassas, VA. These cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL, Grand Island, NY).

All cell lines were cultured in DMEM/F12 (1:1) medium (Gibco-BRL). The media were supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco-BRL), penicillin (100 units/ml), and streptomycin (100 μg/ml). The cells were cultured at 37°C in a humidified 5% CO2 atmosphere.



miRNA-21-5p-Mimic Transfection

The miR-21-5p mimic and its negative control (NC) were synthesized by RiboBio (Guangzhou, China). Wild-type cells (5.0×105 cells/well) were grown in 6-well plates in 2 ml culture medium. When cell confluence reached 50%–60%, the miR-21-5p mimic and its negative control were treated with Lipofectamine 2000 reagent (Invitrogen, USA) according to the manufacturer’s instructions. The cells were transfected in Opti-MEM (Gibco, USA) for 8 h, and then the medium was changed to normal culture medium. After 48 h, the cells were harvested for western blot and qRT-PCR. All groups were plated in 6-well culture plates at the same time and were harvested 48 h later.



Lentiviral Transduction and Screening of Stable Strains

The CircRNA-ACAP2 and miR-21-5p lentiviral expression vectors (wild-type and mutant) were constructed by GeneChem Biotechnology Co., Ltd. The CircRNA-ACAP2 lentiviral expression vector (CircRNA-ACAP2 vector) conferred puromycin resistance, while the miR-21-5p lentiviral expression vector (miR-21-5p vector) was C-terminally tagged with an HA epitope and conferred blasticidin resistance. Lentiviral transduction was performed following the manufacturer’s instructions. After 72 h of transfection, the culture medium was mixed with puromycin/blasticidin at a final concentration of 3–10 μg/ml. After culturing with puromycin/blasticidin and passaging 2–3 times, stably transduced cells were screened.



Wound Healing Assay

Tumor cells were plated in 6-well plates, transfected or pre-treated as indicated, and cultured to confluency. Cells were serum-starved and scraped with a P200 tip (time 0), washed with PBS, and incubated with serum-free DMEM. Pictures of five non-overlapping fields were taken at 24 h.



Cell Proliferation Assay

Cells transfected for 24 h with miRNA mimic or stably transduced cells were seeded into 96-well plates at a density of 1000 cells per well in triplicate. The cells were harvested, and 10 μl of CCK-8 reagent (Dojindo, Kumamoto, Japan) was added to 100 μl of culture medium. The cells were subsequently incubated for 2 h at 37°C, and the optical density was measured at 450 nm using a microplate reader (SpectraMax i3, Molecular Devices, USA).



Reverse Transcription-Quantitative Polymerase Chain Reaction Analysis

For RNA extraction, HNSCC tissues were harvested and cut into small pieces (< 2 × 2 mm2). The pieces were immediately frozen in liquid nitrogen and then ground into powder. Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s protocol. For RT-PCR, we used the SYBR Two Step Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR) Kit (TaKaRa, USA, catalog number RR037A) following the manufacturer’s instructions. The cycles were as follows: initial denaturation at 95°C for 30 s, followed by 40 amplification cycles of 95°C for 5 s and 60°C for 30 s. Values were quantified using the comparative cycle threshold method, and samples were normalized to GAPDH. Quantification of the relative expression levels was performed by the 2-ΔΔCT method.



Western Blotting

Cell and tissue lysates were prepared using modified RIPA buffer. Total protein concentrations were determined by a bicinchoninic acid (BCA) protein assay kit (Beyotime, catalog number P0012). Protein solution (approximately 15 μl) was resolved by 10% SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, catalog number IPVH00010). PVDF membranes containing the protein were blocked in 5% nonfat milk at room temperature for 2 h, and then the membranes were incubated with the following primary antibodies: anti-ZEB1 (human; ab181451; 1:1,000; Abcam), anti-phospho-STAT3 (human; #9145; 1:1,000; Cell Signaling Technology), and anti-STAT3 (human; #4695; 1:1,000; Cell Signaling Technology). All primary antibodies were diluted with 5% TBST buffer (with 0.1% Tween 20) and incubated overnight at 4°C. After washing with TBST buffer (with 0.1% Tween 20) three times, the membranes were incubated for 2 h with secondary horseradish peroxidase-conjugated anti-mouse (1:10,000, Servicebio, catalog number GB23301) and anti-rabbit (1:10,000, Servicebio, catalog number GB23303) antibodies. After the membranes were washed with TBST, the target proteins on the membrane were detected by an ECL detection system (Millipore, catalog MA01821). Protein band images were digitally captured, and the intensity of the bands (pixels/band) was determined using ImageJ densitometry analysis software in arbitrary optical density units.



Fluorescence In Situ Hybridization Assay

Fluorescence-labeled probes for CricRNA-ACAP2, miR-21-5p were designed and synthesized, and fluorescence in situ hybridization (FISH) experiments were performed using a Ribo™ Fluorescent In Situ Hybridization kit (RiboBio). Images were acquired on a TCS SP2 laser-scanning confocal microscope (Leica Microsystems, Germany).



Target Prediction

TargetScan and miRanda were used to predict potential CircRNA_ACAP2 targets. Only one target miRNA with expression in human tissues was studied further. The target genes of miR-21-5p were STAT3, GDF-5, STAT3, TIMP-3, and Smed2/3, and STAT3 was the most differentially expressed in cancer tissues and noncancerous tissues. The 3′UTR of STAT3 mRNA possesses a putative miR-21-5p binding site.



Luciferase Reporter Assay

A dual-luciferase reporter assay was performed to validate the target relationship. A CircRNA_ACAP2 segment (112 bp) with either a mutant or wild-type seed region was synthesized, cloned into the psiCHECK-2 vector (Applied Biosystems, USA), and inserted into the pmirGLO Dual-Luciferase Vector (Promega, catalog number E133A). All cell lines were transfected using Lipofectamine 2000 (Invitrogen, USA). The cells (1×105 cells/well) were transiently transfected with the CircRNA_ACAP2 segment vector. To knock down miR-21-5p expression, siRNAs against miR-21-5p and a negative control siRNA (NC-siRNA) were prepared (GeneChem, Shanghai, China). Cotransfection of 20 nmol/L miR-21-5p mimics or control was then performed. After 48 h, HN-9 and SCC-25 cells were harvested, and luciferase activity was assayed using the Dual-Luciferase Reporter Assay System (Promega, catalog number E1910).



Statistical Analysis

The statistical analyses were performed using GraphPad Prism software (GraphPad Software Inc.). For data with normal distribution and/or equal variances, significant differences between two and more than three groups were determined by two-tailed Student’s t test and one-way ANOVA followed by Bonferroni’s post hoc comparison test, respectively. P values lower than 0.05 were considered to be statistically significant. The results are presented as the mean ± SEM from at least three independent experiments.




Results


CircRNA-ACAP2 Is Downregulated in HNSCC Tissues, and miR-21-5p, P-STAT3 Are Upregulated and Negatively Correlated

We investigated 102 pairs of human HNSCC specimens and adjacent noncancerous tissue samples via RT-qPCR to confirm CircRNA_ACAP2 expression in HNSCC. CircRNA_ACAP2 expression was markedly downregulated in 89.2% (91/102) of HNSCC tissues (Figure 1A) and was significantly lower than that in the corresponding adjacent noncancerous tissues (P < 0.005). We examined the expression of P-STAT3 and ZEB1 in cancer tissues and noncancerous tissues and found that the expression of ZEB1 in HNSCC tissue was significantly upregulated, while STAT3 was significantly phosphorylated (Figure 1B). In addition, we divided all the cases into two groups according to the ratio of CircRNA_ACAP2 expression levels in cancer tissues and noncancerous tissues (Figure 1C). The results of Kaplan-Meier survival analysis indicated that the positive group had better overall survival than the negative group (Figure 1D). We compared the expression of P-STAT3 and ZEB1 at the protein level and found that the expression of ZEB1 at the protein level was significantly higher in the negative group than in the positive group, while the phosphorylation level of STAT3 was obviously higher in the negative group than in the positive group (Figure 1E).




Figure 1 | Relative expression level of CricRNA-ACAP2. (A) Relative expression level of CricRNA-ACAP2 in 102 head and neck squamous cell carcinoma (HNSCC) tissues and in paired adjacent normal tissues. (B) Relative protein expression level of STAT3,P-STAT3,ZEB1 in HNSCC tissues and in paired adjacent normal tissues. (C) Cancer/non-cancer ratio of CricRNA-ACAP2 expression level in 102 HNSCC tissues and in paired adjacent normal tissues. (D) The Kaplan‐Meier survival analysis indicated that negative group has a worse overall survival compared to the positive group. (E) Relative protein expression level of STAT3,P-STAT3,ZEB1 in negative HNSCC tissues and in positive HNSCC tissues. Error bars represent mean ± standard deviation (SD). P value was written in the figure.



We detected P-STAT3, ZEB1, and Twist1 in squamous cell carcinoma tissues and adjacent tissues by immunohistochemistry. These proteins are all related to the epithelial-mesenchymal transition effect of tumor cells, and these proteins are expressed in cancer tissues. Higher than adjacent tissues. We selected the STAT3 protein as a control, and found that the total STAT3 expression did not change significantly (Figure 2). The expression of CricRNA-ACAP2 in non-cancerous tissues is higher than that in cancerous tissues, while the expression trend of miR-21 is opposite (Figure 3). The amount of CricRNA-ACAP2 in the cytoplasm was higher than that observed in the nucleus, revealing that CricRNA-ACAP2 is predominantly located in the cytoplasm.




Figure 2 | Immunohistochemistry. P-STAT3, ZEB1, and Twist1 in squamous cell carcinoma tissues and adjacent tissues were detected by immunohistochemistry. P value was written in the figure.






Figure 3 | Fluorescence in situ hybridization (FISH) assay. FISH analysis of CricRNA-ACAP2 and miR-21-5p in HNSCC tissue. (The nuclei were stained with DAPI).





The Expression of CircRNA_ACAP2 and miR-21-5p in Various Head and Neck Squamous Cell Carcinoma Cell Lines

The potential targets of CircRNA_ACAP2 were searched in bioinformatics databases via TargetScan and miRanda to explore the underlying molecular mechanism. In addition, the potential binding sites of miR-21-5p in STAT3 were predicted (Figure 4A). We analyzed miR-21-5p expression in human HNSCC cell lines. The expression level of miR-21-5p in HNSCC tissues was significantly higher than that in adjacent tissues (P<0.005) (Figure 4B). To explore the relationship between CircRNA_ACAP2 and miR-21-5p in various HNSCC cells, we examined the expression levels of CircRNA-ACAP2 (Figure 4C) and miR-21-5p (Figure 4D) in different HNSCC cell lines, namely, HN-4, HN-9, HN-30, SCC-4, SCC-9, SCC-25, and CAL-27. A significant negative correlation was found between the expression levels of miR-21-5p and CircRNA-ACAP2 (Figure 4E).




Figure 4 | Predicted downstream miRNA and target gene. (A) Predicted binding site of downstream miRNA and target gene. (B) Relative expression level of miR-21-5p in 102 HNSCC tissues and in paired adjacent normal tissues. (C, D) Endogenous CricRNA-ACAP2 and miR-21-5p expression in serial HNSCC cell lines. (E) Correlation of expression between miR‐21-5p and CricRNA-ACAP2. Error bars represent mean ± standard deviation (SD). P value was written in the figure.





MiR-21-5p Is a Direct Target of CircRNA-ACAP2, and STAT3 Is a Direct Target Gene of miR-21-5p

To determine whether miR-21-5p directly targets CircRNA_ACAP2, we generated dual-luciferase reporter plasmids carrying a fragment of the mutant or wild-type CircRNA_ACAP2 sequence and the predicted miR-21-5p binding site. A dual-luciferase reporter assay was then performed in randomly selected HN-9 and SCC-25 cells. The normalized fluorescence intensity of the wild-type CircRNA_ACAP2 reporter was considerably lower in cancer cells cotransfected with the miR-21-5p mimics than the control (Figure 5A). In contrast, no significant difference was found between the control cells and cells cotransfected with miR-21-5p mimics and the mutant CircRNA_ACAP2 reporter (Figure 5B).




Figure 5 | MiR-21-5p is a direct target of CricRNA-ACAP2 and P-STAT3 is a direct target gene of miR-21-5p. (A) Fluorescence intensity of CricRNA-ACAP2 segment was significantly reduced in the miR‐21-5p mimics and wild‐type dual‐luciferase reporter plasmid transfected group in the two HNSCC cell lines. (B) Fluorescence intensity of CricRNA-ACAP2 segment showed no significant change in the miR‐21-5p mimics and mutant dual‐luciferase reporter plasmid‐transfected group in the two HNSCC cell lines. (C, D) Dual luciferase reporter assay to validate target relationship between Spry-1 and miR-21-5p. HN-9 and SCC-25 were transfected with mimic miR-21-5p. Error bars represent mean of three separate determinations ± standard deviation (SD). Asterisk indicates statistically significant changes: * (P < 0.05), ** (P < 0.01).



A dual-luciferase reporter assay was conducted to investigate whether STAT3 mRNA is a target of miR-21-5p. HN-9 and SCC-25 cells were cotransfected with the miR-21-5p mimic and pmirGLO vectors, and a considerable reduction was observed in the STAT3 wild-type 3′UTR group relative to the negative control vector group, but no significant reduction was found in the STAT3 mutant 3′UTR group (Figures 5C, D). Collectively, the abovementioned results suggested that miR-21-5p could regulate STAT3 protein expression in chondrocytes by targeting the STAT3 mRNA 3′UTR.



Different Effects of CircRNA-ACAP2 and miR-21-5p on the Proliferation of Head and Neck Squamous Cell Carcinoma Cells

We performed a functional assay by transfecting pcDNA3.1-CircRNA_ACAP2/miR-21-5p mimics or negative control reagents into HN-9 and SCC-25 cells, and the results showed that CircRNA_ACAP2 had low expression in all cell lines tested. We evaluated the effect of CircRNA_ACAP2 on the proliferation of HNSCC cells through the CCK-8 assay. Overexpression of CircRNA_ACAP2 inhibited the proliferation of HN-9 and SCC-25 cells (Figures 6A, C). Therefore, our results showed that CircRNA_ACAP2 inhibited the proliferation of HNSCC cells. If the effect of CircRNA_ACAP2 is specific, the effect of CircRNA_ACAP2 overexpression must be suppressed by coexpression of miR-21-5p. To test this hypothesis, miR-21-5p mimics (which increase miR-21-5p levels) were cotransfected with pcDNA3.1-CircRNA_ACAP2 into HN-9 and SCC-25 cells. Then, CCK-8 measurements were performed. In HN-9 and SCC-25 cells, cells coexpressing CircRNA_ACAP2 and miR-21-5p mimics had significantly increased growth rates compared to cells coexpressing CircRNA_ACAP2 and the control (Figures 6B, D). The results of Wound-healing assay demonstrated that CircRNA_ACAP2 overexpression suppressed cell migration and invasion in SCC-25 cells, while CircRNA_ACAP2 overexpression has no effect on cell migration and invasion in SCC-9 cells (Figure 7).




Figure 6 | CricRNA-ACAP2‐miR‐21-5p axis mediated proliferation of head and neck squamous cell carcinoma (HNSCC) cell lines. (A, C) CricRNA-ACAP2 overexpression inhibits cell growth in HN-9 and SCC-25. (B, D) miR‐21-5p can interrupt the cell growth inhibition function of CricRNA-ACAP2.






Figure 7 | Wound healing assay. The results of Wound healing assay demonstrated that CircRNA_ACAP2 overexpression suppressed cell migration and invasion in SCC-25 cells, while CircRNA_ACAP2 overexpression has no effect on cell migration and invasion in SCC-9 cells.





CircRNA-ACAP2 and miR-21-5p Regulate Epithelial–Mesenchymal Transition Through STAT3

When SCC-25 cells were transfected with pcDNA3.1-CircRNA-ACAP2, the expression of miR-21-5p was significantly suppressed (Figure 8A). Conversely, when miR-21-5p was knocked down by siRNA, the expression of CircRNA-ACAP2 was significantly upregulated (Figure 8B). Simultaneously, in the pcDNA3.1-CircRNA-ACAP2 group, we found that the expression of ZEB1 was significantly upregulated and that STAT3 was phosphorylated, with no significant change in the expression of total STAT3. When cells were transfected with the miR-21-5p mimic, the expression of ZEB1 was significantly increased, and the phosphorylation of STAT3 was significantly upregulated. However, after cotransfection of CircRNA_ACAP2 and miR-21-5p mimics, the expression of ZEB1 was inhibited (Figure 8C).




Figure 8 | CricRNA-ACAP2 and miR-21-5p regulate ERK phosphorylation through P-STAT3. (A) The expression of miR-21-5p in HN-9 and SCC-25 is significantly suppressed via transfecting pcDNA3.1-CricRNA-ACAP2. (B) When miR-21-5p was knocked down by siRNA, the expression of CricRNA-ACAP2 was significantly up-regulated. (C) CricRNA-ACAP2 and miR-21-5p regulate ERK phosphorylation throughP-STAT3.






Discussion

CircRNAs are an intriguing class of RNA molecules due to their covalently closed structure, high stability, and implicated roles in gene regulation (12). The downregulation of circRNAs in proliferative cells across different tumor types could indicate that some circRNAs may have tumor-suppressive roles (13). Although circRNAs were discovered 40 years ago, they have become a hot spot in related disease research in recent years due to the increased understanding of their biological characteristics, production mechanism and functional significance (14). Most circRNAs are endogenous noncoding RNAs that have a high degree of conservation among species (7). Compared to linear RNAs, circRNAs have high stability. Some circRNAs have miRNA-specific binding sites (12, 15). Consequently, by competitively binding with miRNAs to inhibit the degradation of the corresponding target gene mRNAs, circRNAs can function similar to lncRNAs, which act as miRNA sponges to adsorb miRNAs and regulate the expression of downstream target genes (16, 17).

Due to the development of microarray chips and sequencing technology, a large number of studies have detected the abnormal expression of circRNAs in cancer samples (15). In pancreatic ductal adenocarcinoma (PDAC), the abnormal expression of circRNAs has been confirmed as one of the characteristics of early PDAC (18). circRNA_100855 and circRNA_104912 are the most significantly deregulated circRNAs in laryngeal cancer, while circRNA_001059 and circRNA_000167 are significantly inactivated in radiation-resistant esophageal cancer (19, 20). Many circRNAs with miRNA response elements (MREs) are found in basal cell carcinoma (BBC) and cutaneous squamous cell carcinoma (CSCC) (21, 22). More recently, it was reported that 69 differentially expressed circRNAs might interact with certain miRNAs to influence mRNA expression in HNSCC (23).

Through bioinformatics analysis, we found that hsa_circ-ACAP2 is upregulated in many types of tumor tissues. Hsa_circ_ACAP2 is encoded by the ACAP2 gene, which is a homolog of C. elegans CNT-1, a gene that promotes apoptosis, and has the same inositol phosphate-binding pattern as CNT-1. We predicted that hsa-miR-21-5p is a specific target of circRNA-ACAP2 through the bioinformatics tools TargetScan and miRanda (10). Moreover, some studies have found that miRNA-21-5p is highly related to STAT3 transcription, and it is also one of the few miRNAs that can promote STAT3 expression. Through comparisons and screening of human gene libraries, we know that the target genes of miRNA-21-5p include IL-6 receptor (IL-6R), STAT3, TIMP3 and so on (24). The JAK/STAT3 signaling pathway activated by the IL6/IL-6R/IL-6Rβ (gp130) complex plays a key role in the growth and development of many human cancers. The IL-6/JAK/STAT3 pathway is overactivated in many cancer patients, and numerous studies involving preclinical in vitro and in vivo models have shown that targeting a single nodule in this pathway can have antitumor effects. Therefore, therapies targeting this pathway may benefit cancer patients by inhibiting tumor cell growth and stimulating antitumor immunity. IL-6 levels are elevated in a large number of patients with malignant solid tumors (25). Elevated IL-6 levels stimulate excessive activation of the JAK/STAT3 signaling pathway, often predicting poor patient prognosis. Increased IL-6 levels have been observed in the serum and tumor microenvironment, and all immune cells (such as NK cells, effector T cells, and DCs) in the tumor microenvironment express IL-6R. The activated STAT3 signaling pathway initiates the transcription process, including the expression of PD-L1, which in turn enhances tumor immunosuppression. Therefore, the effects of inhibiting miR-21-5p will affect the tumor in two aspects in terms of inhibiting the expression of IL-6R and STAT3 (26, 27). Drugs targeting various lymph nodes, including IL-6, IL-6R, and JAK, have been approved by the FDA and can be used to treat inflammatory diseases or myeloproliferative tumors. At present, many such drugs are also under active research to treat other malignant tumors and solid tumors of the hematopoietic system (25).

EMT is a process in which polar epithelial cells transform into mesenchymal cells and acquire invasion and migration capabilities (28). Current studies have found that partial activation of EMT is the main driving force for tumors from initiation to metastasis (29). EMT is a multistep dynamic process, in which the connections between epithelial cells disappear, the tissue structure becomes loose, and cubic epithelial cells acquire a spindle-shaped fibrous cell morphology and exhibit aggressiveness (30). HNSCC cells with an EMT phenotype have strong motility, allowing them to infiltrate locally, invade blood vessels and lymphatic vessels, and migrate to target organs for secondary metastasis. After reaching the target organ, cancer cells can initiate mesenchymal epithelial transformation to rebuild intercellular connections and the cytoskeleton to form metastases. Epithelioid tumor cells have strong proliferation ability and help metastatic cancer cells complete metastatic colonization (31).

Our study showed that miR-21-5p is of great significance in the early diagnosis, treatment and prognosis of HNSCC. However, it is still difficult to use miR-21-5p as a therapeutic target. CircRNAs are more stable than miRNAs. We think that it can be used as a targeted drug for the treatment of HNSCC. In addition, IL-6R is one of the target genes of miR-21-5p, and secreted IL-6R (sIL-6R) is associated with metastasis and immunosuppression in most cancers. Furthermore, the JAK/STAT3 signaling pathway is regulated by the IL-6/IL-6R/gp130 complex. Epigenetic changes play an important role in the abnormal activation of the IL-6/IL-6R/JAK/STAT3 pathway in cancer, and changes in transcription factor expression and/or activation may be involved in cancer progression (25). MiR-21-5p can simultaneously target two signaling pathways mediated by IL-6 (32, 33). Circulating IL-6 levels have been verified to be a prognostic indicator of survival in several different types of cancers and a predictor of the response to treatment.
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Laryngeal squamous cell carcinoma (LSCC) arises from the squamous epithelium of the larynx and is associated with a high incidence of cervical lymph node metastasis. MicroRNAs (miRNAs) play a crucial role in the epigenetic regulation of cellular biological processes, including cancer metastasis. However, the molecular mechanisms of specific miRNAs responsible for LSCC metastasis and their clinical significance have yet to be fully elucidated. In this study, LSCC cohort datasets from the Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) were downloaded and examined by comprehensive bioinformatics analysis, which revealed that upregulation of mRNA SERPINE1 and downregulation of miR-181c-5p were associated with unfavorable overall survival. Our analysis showed that SERPINE1 expression negatively correlated with the expression level of miR-181c-5p in our LSCC patient samples. Silencing of miR-181c-5p expression promoted cell migration and invasion in cell lines, whereas the overexpression of miR-181c-5p suppressed cell migration and epithelial-to-mesenchymal transition (EMT) through the downregulation of SERPINE1. Further analysis showed that the enhancement effect on EMT and metastasis induced by silencing miR-181c-5p could be rescued through knockdown of SERPINE1 expression in vitro. Collectively, our findings indicated that miR-181c-5p acted as an EMT suppressor miRNA by downregulation of SERPINE1 in LSCC and offers novel strategies for the prevention of metastasis in LSCC.
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Introduction

Laryngeal cancer (LC) is the most common malignant neoplasm in head and neck. The predominant histopathological characteristic of LC is squamous cell cancer; this can affect different regions of the larynx and is associated with different symptoms and various treatment approaches (1, 2). Epidemiologically, the incidence of laryngeal squamous cell cancer (LSCC) has increased over recent years and now represents a serious threat for human health. Each year, over 110,000 new cases are diagnosed and of these, approximately 40 percent progress to an advanced stage (3). Tobacco smoking and alcohol consumption are known to be significant risk factors for LSCC (4). Therapeutic interventions for patients with LSCC vary according to the stage of cancer, and can involve surgery, radiotherapy, adjuvant radiation, or chemoradiation, which can be applied as a single modality or as a multimodal strategy (2). However, due to loco-regional relapse and/or distant metastasis, the overall survival (OS) of advanced LSCC has improved only slightly over the past decades and appropriate treatment remains a major challenge. The identification of molecular biomarkers for LSCC metastasis could help to improve the prognosis of patients and may also facilitate the prediction of patient survival.

MicroRNAs (miRNAs) are a class of small non-coding single-stranded RNA molecules that are located on the endogenous chromosomes. These molecules are approximately 19–25 nucleotides in length and are known to play a role in post-transcriptional gene regulation (5). MiRNAs can regulate the expression of target genes involved in the development and progression of cancer by acting as oncogenes or tumor suppressor genes (6). Over recent years, evidence has grown to support the potential regulatory role of miRNAs in the pathological changes that occur in LSCC. For example, mir-141, mir-203, and miR-1469 can influence the progression of LSCC cells via their involvement in epithelial-to-mesenchymal transition (EMT) (7), lymph node metastasis (8), and the p53-mediated pathway (9). Other studies have indicated that miR-21, miR-155, miR-192, and miR-375 regulate activation of the NF-kB pathway in LSCC (10). Therefore, these specific miRNAs may have great potential as LSCC biomarkers to improve the early detection.

EMT is a complex process through which epithelial cells lose their characteristic features such as cell polarity and cell–cell adhesion, and gain a mesenchymal-like phenotype including the acquisition of migratory and invasive properties (11). Carcinoma cells in primary tumors are able to reactivate the EMT program to promote new invasive and metastatic properties (12). Genetic and epigenetic programs are involved in the regulation of EMT transcription factors (EMT-TF), including, but not limited to, SNAI1/2, TWIST1, and ZEB1/2, which can repress epithelial (e.g., E-cadherin) or activate the transcription of mesenchymal markers (e.g., vimentin, fibronectin, N-cadherin) (13). Thus, the activation status of EMT can be evaluated through the detection of the dynamic changes of these protein markers. Recent research has demonstrated that miRNAs play a critical role in metastasis and recurrence, that is, by regulating genes involved in EMT, migration, and invasion (14). For example, upregulation of miR-21 has been reported to be correlated with lymph node metastasis in head and neck squamous cell carcinoma (HNSCC) and actives the expression of cyclin-dependent kinase 5 through the STAT3/miRNA-21 pathway, which has also been shown to promote EMT (15). Conversely, miR-26a/b, miR-29a/b/c, and miR-218 by regulating LOXL2 expression have been reported to inhibit cancer cell migration and invasion in HNSCC (16). However, the role and mechanism of specific miRNAs involved in EMT and their influence on cell invasion and metastasis in LSCC, are still not well understood.

Herein, we designed an experimental strategy to identify crucial miRNAs, and their relative target genes, involved in metastasis and invasion of LSCC (Figure 1). First, the expression profiles of mRNAs and miRNAs in LSCC samples were downloaded from the Gene Expression Omnibus (GEO) (GSE51985, GSE59102) and The Cancer Genome Atlas (TCGA) databases. A comprehensive series of analyses subsequently identified miR-181c-5p/SERPINE1 as being dysregulated in LSCC. In addition, functional experiments in vitro demonstrated that miR-181c-5p negatively regulated SERPINE1, a potential oncogene, and significantly repressed the invasion, metastasis, and EMT of LSCC. In conclusion, our findings indicated that miR-181c-5p could potentially be used as a novel biomarker and therapeutic target in LSCC patients.




Figure 1 | The bioinformatics analysis strategy in this study.





Materials and Methods


Raw Data Acquisition and Identification of Differentially Expressed mRNAs

Two expression profiling datasets (GSE51985, GSE59102) were downloaded from the GEO database at the NCBI using the following search terms: ((“gene” OR “mRNA” OR “miRNA” [all fields] AND (“laryngeal cancer” OR “laryngeal squamous cell carcinoma” [all fields]) AND “Homo sapiens” [porgn]). The GSE51985 and GSE59102 datasets, based on the Illumina HumanHT-12 V4.0 expression BeadChip platform, and the Agilent-014850 Whole Human Genome Microarray 4x44K G4112F platform, respectively contained a total of 62 tissue samples (39 LSCC tissues and 23 adjacent cancer tissues). In addition, the TCGA LSCC cohort was used to obtain differentially expressed (DE) miRNAs and contained 117 LSCC tissues and 12 normal tissues.

Original gene expression profiles were obtained from the two mRNA datasets. Differently expressed mRNAs (DE mRNAs) were identified by GEO2R, using the “limma” package in R; therefore secondary normalization was unnecessary. Volcano plots of the mRNAs contained in the two GEO datasets were built using the ggplot2 package in Ra. The log2 fold change (FC) was set as the abscissa and the negative logarithm of the P-value as the ordinate. The threshold of the DE mRNAs in both datasets was set as log2 (FC) >2 or < −2 and P <0.05. Venn diagrams were used to identify overlapping genes and were created by the set of online tool: Venny 2.1 (17). We also used the “pheatmap” package in R to create a heatmap. DE miRNAs were identified from the above cohorts using a threshold of log2 (FC) >2 or <−2 and P<0.05.



Enrichment Analysis and PPI Network Construction

In order to demonstrate functional annotations, we used the “clusterProfiler” package in R to perform Gene Ontology (GO) functional annotation and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis (18). GO functional annotations were sorted into three broad categories: molecular function (MF), biological process (BP), and cellular components (CC). Using these three functional categories, gene function could be defined and described from multiple aspects. Ultimately, the significant terms or pathways were displayed using the “ggplot2” package in R. To analyze the connection between proteins and to score these relationships based on experimental data and forecast data, we used the Search Tool for the Retrieval of Interacting Genes (STRING) database to identify interactions between the identified DE mRNAs (19). The Protein–Protein Interaction (PPI) network was visualized by Cytoscape in which the degree attribute of the DE mRNAs was >8 (20).



Identification of Prognosis-Related Key mRNAs

The transcriptome sequencing data and corresponding clinical data of patients with LSCC were downloaded from TCGA database (up to April 07, 2020). The detailed TCGA IDs of LSCC patients including RNA-seq samples and miRNA-seq samples are shown in Table S1. Next, we performed univariate Cox proportional hazards analysis to obtain prognosis-related mRNAs based on TCGA LSCC cohort and a P-value <0.05 was considered statistically significant. Next, multivariate Cox regression analysis was performed using mRNAs with a P <0.05 and to remove potential confounding demographic factors including age and sex on the correlation between mRNAs and prognosis. We used the R package ‘vioplot’ to generate a violin plot of the expression levels of key genes in LSCC samples. These relative expression levels were normalized and log2 transformed. Comparisons between the two groups (cancer tissues and adjacent non-cancer tissues) were made using non-parametric tests (Mann–Whitney test) as appropriate.



Prediction of Key miRNA–mRNA Interactions

ENCORI was used to predict the targeted miRNAs for each of the eight key mRNAs; this is an open-source platform for studying mRNA–miRNA interactions and performing survival and differential expression analysis (21). The CLIP data filtering threshold was set to ‘three’ and the pan-cancer filtering threshold was set to ‘five’; these settings ensured high stringency when predicting the target miRNAs. Next, the data predicted by ENCORI and DE miRNAs analyzed for the TCGA LSCC cohort were combined and the overlaps were computed. We identified overlapping miRNAs as candidates for miRNA–mRNA interaction parings. Finally, the Kaplan-Meier survival analysis and correlation analysis conducted on these overlapping miRNAs with their target mRNAs identified prognostic related miRNA–mRNA pairing. The Kaplan–Meier method was used to generate survival curves for these patients with LSCC and to classify these patients into two groups according to gene expression (high or low). The median expression level was used as the cut-off point to classify patients into either the high expression group or the low expression group. Differences between the high and low expression groups were assessed using a log-rank test, and P <0.05 was regarded as statistically significant.



Cell Culture and Transfection

HNSCC cell lines Fadu, SCC-4, Cal-27, and Tu686 were purchased from the Hunan Fenghui Biotechnology Co., Ltd. Fadu and Cal-27 cells were cultured in DMEM medium (BI, Israel) with 8% fetal bovine serum (FBS). SCC-4 cells were cultured in RPMI-1640 medium (BI, Israel) with 8% FBS. Tu686 cells were cultured in DMEM: F12 (1:1) medium (BI, Israel) with 8% FBS. All cells were cultured in medium supplemented with 1% PenStrep (100 U/ml penicillin and 100 μg/ml streptomycin) at 37°C in an atmosphere of 5% CO2. SERPINE1 siRNA, miR-181c-5p mimic, and inhibitor (RiboBio, Guangzhou, China) were transfected using riboFECT (RiboBio, Guangzhou, China).



Luciferase Reporter Assays

The 3′-UTR sequences of SERPINE1 that including wild-type (WT) or mutant-type (Mut) miR-181c-5p binding sites were synthesized by Genecopoeia, Guangzhou, China. Fadu cells were co-transfected with SERPINE1 3′-UTR reporter plasmids [wild type (wt) or mutant (mut)] luciferase plasmids and miR-181c-5p mimic or mimic NC. After 48–72 h of transfection, luciferase activity was detected with a Cytation™ 5 system (BioTek, Winooski, VT, USA). Renilla luciferase activity was normalized to that of Firefly luciferase activity.



Quantitative Real-Time PCR Analysis

Total RNA was extracted from HNSCC cells and homogenized in TRizol reagent (Life Technologies, Shanghai, China) in accordance with the manufacturer’s instructions. Reverse transcription was performed using a First Strand cDNA Synthesis Kit (Genecopeia, Guangzhou, China); qPCR assays were conducted using the All-in-One™ mRNA Detection kit (Genecopoeia, Guangzhou, China) based on SYBR-Green. MiRNA expression was measured using the All-in-One™ miRNA qRT-PCR detection kit (Genecopeia, Guangzhou, China). A QuantStudio7 Flex (Life Technologies, Carlsbad, CA) instrument was used to perform the qRT-PCR assay. Relative mRNA expression was normalized to GAPDH expression levels, and small RNA RNU6 (U6) was used to normalize relative miRNA expression levels. The primers used in our analyses are shown in Table 1. Relative mRNA expression was measured using the 2−ΔΔCT method.


Table 1 | Primers of RNAs for qRT-PCR validation.





Cell Proliferation Assay

After transfection with SERPINE1 siRNA, miRNA mimic, or miRNA inhibitor, cell proliferation rate was determined at 0, 24, 48, and 72 h using the Cell Counting Kit-8 (CCK8) (NCM Biotech, Suzhou, China); then the optical density (OD) value was measured at 450 nm on an enzyme-labeling instrument (BioTek, Winooski, VT, USA).



Colony Formation Assay

Transfected Fadu or SCC-4 were seeded in 6-well plates at 300 cells per well, then cultured for 14 days. Colonies were fixed by anhydrous methanol for 15 min, then left to get dry for 5 min at room temperature and stained with 0.2% crystal violet for 30 min. Images were obtained by digital capture and positive colonies was defined as those with >50 cells.



Wound Healing and Cell Invasion Assay

Transfected Fadu or SCC-4 cells were routinely cultured in 6-well plates until they reached monolayer confluence. Wounds were generated by scratching the monolayer of cells with a sterile 200-µl pipette tip; the cell debris was washed away with sterile 1× PBS. Images of the wound were captured at designated times (0, 48 h) to assess wound closure rates. The percent wound closure was calculated as: (1 − width at 48 h / width at 0 h) × 100%. Moreover, transwell assays were performed to explore cell invasion using a Matrigel invasion chamber (8 μm, BD Bioscience, USA). Briefly, cells (2 × 104) were seeded in the upper chamber without serum. The lower chamber was filled with DMEM or RPMI-1640 medium with 8% FBS. Then cells were cultured for 48 h, and the invaded cells were stained with 0.2% crystal violet. All experiments were carried out in triplicate.



Western Blot Assay

The total proteins were extracted from Fadu and SCC-4 cells using RIPA lysis buffer (NCM Biotech, Suzhou, China), and the target proteins were detected by western blotting. Primary antibodies anti-PAI1 (A6211), anti-E-cadherin (A3044), anti-N-cadherin (A3055), and anti-Vimentin (A2584) were all purchased from Abclonal, Wuhan, China. Anti-GAPDH (AC001, Abclonal) was used to normalize the signals, and the second antibody, goat anti-rabbit IgG HRP-linked antibody, was purchased from Jackson Company (111-005-003, ImmunoResearch Laboratories, Inc. USA, 1:100,000).



Statistical Analyses

All statistical data were analyzed using R version 3.6 or GraphPad Prism 8 (GraphPad Software, La Jolla, CA). Analysis of associations of gene expression levels in TCGA LSCC cohort were conducted using Student’s t test, while the Mann−Whitney U test was used to evaluate data with unequal variance. The log-rank test, Cox regression analysis and Kaplan−Meier method were used to evaluate associations between mRNAs, miRNAs and OS. A P-value <0.05 was regarded as statistically significant.




Results


Identification of DE mRNAs

Using the GEO2R algorithm, we identified a total of 1051 and 827 DE mRNAs from the GSE51985 and GSE59102 datasets, respectively (Table S2). A volcano plot was constructed by plotting the P-values of DE mRNAs versus the absolute log fold change (Figures 2A, B). Venn diagrams were constructed to identify a total of 283 overlapping genes (Figure 2C, Table S2). Two heatmaps for the mRNAs derived from the two datasets are shown in Figures 3A, B.




Figure 2 | Differentially expressed mRNAs (DE mRNAs). (A) Volcano plot of DE mRNAs in GSE51985. (B) Volcano plot of DE mRNAs in GSE59102. (C) Venn diagram of 283 overlapping DE mRNAs.






Figure 3 | Heatmaps, GO enrichment, and KEGG pathway analysis of DE mRNAs. (A) Heat map of the overlapping DE mRNAs in GSE51985. (B) Heatmap of the overlapping DE mRNAs in GSE59102. (C) Biological process (BP), cellular component (CC), and molecular function (MF) of DE mRNAs. (D) KEGG pathway analysis of DE mRNAs.





GO Enrichment, KEGG Analysis, and PPI Network of DE mRNAs

Based on results derived from the “clusterProfiler” package, we were able to gain a better understanding of the function of the DE mRNAs (Figure 3C). With regard to BP, the top ten enriched processes were extracellular structure organization, retina homeostasis, extracellular matrix organization, cornification, positive regulation of monocyte chemotaxis, tissue homeostasis, mononuclear cell migration, and regulation of monocyte chemotaxis. With regard to CC, the DE mRNAs showed enrichment in collagen-containing extracellular matrix, extracellular matrix component, and microfibrils. With regard to MF, the DE mRNAs were significantly enriched in extracellular matrix structural constituent, glycosaminoglycan binding, serine-type peptidase activity, serine hydrolase activity, serine-type endopeptidase activity, sulfur compound binding, and endopeptidase activity. As shown in Figure 3D, KEGG pathway enrichment analysis showed that the top three significantly enriched KEGG pathways were pathways associated with salivary secretion, ECM−receptor interaction, and the IL-17 signaling pathway. The information gained from these analyses could be used to explore the function of vital molecules during the development of LSCC. STRING analysis allowed us to build a PPI network for 283 DE mRNAs (Figure S1). We set ‘degree’ to above 8 as the cut-off criterion and subsequently visualized the interaction among 84 mRNAs (Figure 4A) using Cytoscape software.




Figure 4 | Visualization and identification of key mRNAs. (A) 84 candidate mRNAs’ PPI network. (B) Expression level of key mRNAs in cancer tissues and para-cancer normal tissues was compared in a violin plot. (C) Univariate Cox regression results of 21 candidate mRNAs in TCGA LSCC patients. (D) Multivariate Cox regression of eight key mRNAs in TCGA LSCC patients.





Selection and Expression Level of Key mRNAs

The LSCC RNA-Seq data of 123 samples (111 tumor, 12 normal), and their corresponding clinical information were retrieved and downloaded from TCGA database. The miRNA-Seq data of LSCC patients were obtained from 117 tumor samples and 12 normal samples. The potential effects of the 283 genes on the OS of TCGA LSCC patients were analyzed by univariate Cox regression analysis. A total of 21 mRNAs were significantly related to clinical outcome of LSCC patients (P < 0.05) (Figure 4C. Multivariate Cox regression analysis further indicated that eight mRNAs showed a significant prognostic value: AGR3 [Hazard ratio (HR): 1.115 (1.009–1.231), P = 0.032], ADGRG2 [HR: 0.001 (0.000–0.250), P = 0.013], MMP12 [HR: 1.005 (1.000–1.010), P = 0.042], ERVMER34-1 [HR: 1.113 (1.009–1.227), P = 0.032], AURKB [HR: 0.943 (0.894–0.995), P < 0.001], SERPINE1 [HR: 1.499 (1.105–2.035), P = 0.009], MMP1 [HR: 1.002 (1.000–1.003), P<0.011] and STC2 [HR 1.047(1.011–1.085), P = 0.010] (Figure 4D). Moreover, the Mann−Whitney test revealed that the expression levels of six key mRNAs in LSCC were significantly higher than that of tissues adjacent to the tumors, whereas AGR3 and ADGRG2 were significantly expressed in lower levels in LSCC tissues compared to adjacent non-cancerous tissues (Figure 4B) (P < 0.05).



Identification of miR-181c-5p/SERPINE1 Signaling Pathway

It is known that miRNAs can suppress the expression levels of their target genes by acting as oncogenes or tumor suppressors, and thus play important roles in the regulation of cancer pathogenesis and metastasis (22). Therefore, we identified a total of 93 miRNAs strongly predicted to be associated with AGR3, ADGRG2, MMP12, ERVMER34-1, AURKB, SERPINE1, MMP1 and STC2 expression (Figure 5A). Of these, 78 DE miRNAs were filtered out from the TCGA LSCC cohort (Table S3). Six overlapping miRNAs, including miR-181c-5p, miR-301a, miR-196b, miR-488, miR-301b, and miR-573 were identified as crucial target miRNAs of key mRNAs (Figure 5B). Among these six miRNAs, Kaplan−Meier survival analysis showed that only the low miR-181c-5p expression LSCC patient group exhibited poorer prognosis than the higher miR-181c-5p group (P = 0.021) (Figures 5C–H). Based on Spearman’s correlation analysis, a further inverse expression relationship between miR-181c-5p and SERPINE1 was identified (correlation coefficient: −0.218; P = 8.88e-07) (Figures 5I–K).




Figure 5 | Identification of miR-181c-5p and SERPINE1 interaction. (A) Predicted target miRNAs by overlapping two databases. (B) The key miRNA/mRNA interactions shown as a Sankey diagram. (C–H) Kaplan–Meier overall survival curve for patients according to miRNA expression. (I–K) The expression correlation of miR-181c-5p and MMP12, SERPINE1 and STC2.





Overexpression of miR-181c-5p Inhibits Metastasis and EMT In Vitro

miRNAs have been proven to play important roles in HNSCC suppression or progression (23, 24). Initially, we tested whether miR-181c-5p mediated cell proliferation, migration, invasion, or EMT in vitro. Because laryngeal carcinoma cell line Hep2 has been largely contaminated by HeLa cell line, we used HNSCC cell lines for cell experiments. First, the expression of miR-181c-5p was quantified in four HNSCC cell lines (Figure 6A). We found that miR-181c-5p was expressed relatively higher in SCC-4 cells but was expressed in lower levels in Fadu cells. Thus, Fadu and SCC-4 cells were chosen to investigate the influence of miR-181c-5p on biological function. Next, we transfected the miR-181c-5p mimic and inhibitor into Fadu and SCC-4 cells, respectively (Figure 6B) to determine their effects on biological function.




Figure 6 | miR-181c-5p inhibits epithelial–mesenchymal transition (EMT) and metastasis in head and neck squamous cell carcinoma (HNSCC) cell lines. (A) qPCR results of 4 HNSCC cell lines showed the expression level of miR-181c-5p. (B) The expression of miR-181c-5p was successfully overexpressed or knocked down by miR-181c-5p mimic or inhibitor in Fadu and SCC-4 cell lines. (C) The results of cell viability assay after cancer cells transfected miR-181c-5p mimic and inhibitor. (D) Colony formation assay were conducted in Fadu and SCC-4 cells at the indicated time points. (E) Invasion of tumor cells through Matrigel in the transwell assay (magnification, ×100). (F) Wound healing assay revealed there was a different healing ratio between the group of negative control and mimic/inhibitor in Fadu and SCC-4 cells following by transient transfected for 48 (h) (G, H) Expression of EMT markers including E-cadherin, N-cadherin, and vimentin in Fadu and SCC-4 cells were detected by qRT-PCR and western blotting. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



The cell viability assay and colony formation assay showed that miR-181c-5p had no effects on Fadu and SCC-4 cell proliferation (Figures 6C, D). The transwell assay revealed a clear decrease in the invasive capacity of Fadu cells transfected with miR-181c-5p mimic (Figure 6E). In contrast, SCC-4 cells transfected with inhibitor markedly promoted cell invasion when compared with the negative control transfection (Figure 6E). In addition, the wound healing assay indicated that overexpression of miR-181c-5p attenuated cell migratory capacity in Fadu cells, whereas this function was enhanced by silencing miR-181c-5p in SCC-4 cells (Figure 6F). To further analyze the effects of miR-181c-5p on EMT in LSCC, the expression of E-cadherin, N-cadherin and vimentin were determined by qPCR (Figure 6G) and western blotting (Figure 6H). We found that overexpression of miR-181c-5p resulted in the up-regulation of E-cadherin and down-regulation of N-cadherin and vimentin in Fadu cells, while silencing miR-181c-5p induced repression of E-cadherin and enhancement of N-cadherin and vimentin in SCC-4 cells. Consistent with these results, we revealed that miR-181c-5p inhibits cancer cells metastasis and EMT, indicating that the epithelial cells eliminated mesenchymal properties.



MiR-181c-5p Restrains Migration and EMT Through the Regulation of SERPINE1

SERPINE1 is considered an oncogene in various types of cancers and can enable cancer cells to gain new properties such as migration, EMT, and apoptosis resistance (25–26).The expression of SERPINE1 was quantified in four HNSCC cell lines (Figure 7A). Then, in order to measure the potential effects of SERPINE1 on LSCC, we transfected SERPINE1 siRNAs to knockdown its expression in Fadu cells. Silencing of SERPINE1 was confirmed by qPCR and western blotting (Figure 7B). The cell viability assay showed that silencing SERPINE1 significantly inhibited Fadu cell proliferation at 72 h (Figure 7C). Furthermore, the colony formation ability of Fadu cells transfected siRNA was suppressed compared with that of the control group (Figure 7D). In addition, transwell assays (Figure 7E) and wound healing (Figure 7F) results demonstrated that SERPINE1 knockdown slowed down migration and mitigated the invasion of Fadu cells. Altogether, these data suggest that the silencing of SERPINE1expression attenuates tumorigenicity and metastasis in HNSCC cells.




Figure 7 | SERPINE1 is a direct target of miR-181c-5p and rescues its inhibition in HNSCC cell lines. (A) qPCR results of four HNSCC cell lines showed the expression level of SERPINE1. (B) Expression level of SERPINE1 was significantly down-regulated after SERPINE1 siRNA-03 transfection proved by qRT-PCR and western blotting. Effects of silencing SERPINE1 on proliferation, migration, and metastasis in Fadu cells determined by CCK8 cell viability (C), colony formation (D), transwell migration (E) and wound-healing assay (F). (G) Two binding sites of miR-181c-5p in SERPINE1 3′-UTR; mutations were designed as indicated, and luciferase reporter assays showed SERPINE1 was a direct binding target of miR-181c-5p. Relative luciferase activity was expressed as firefly/Renilla luciferase activity. (H) Relative expression of SERPINE1 mRNA and protein in Fadu cells that transfected with miR-181c-5p mimic, and in SCC-4 cells transfected with miR-181c-5p inhibitor. Effects of restoration of SERPINE1 on migration and metastasis in SCC-4 cells determined by wound-healing (I), transwell migration (J) and western blotting assay (K). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



Next, we examined whether miR-181c-5p could target the regulation of SERPINE1 expression. Two separate binding sites were predicted for the miR-181c-5p and SERPINE1 mRNA sequence (Figure 7G). Luciferase reporter assays showed that transfection of miR-181c-5p mimic remarkably inhibited the luciferase activities of SERPINE1-3′UTR-WT compared with the negative control, whereas the mimic did not alter the luciferase activities of the SERPINE1 3′UTR-Mut (Figure 7G). miR-181c-5p mimic also significantly suppressed the expression of SERPINE1 at both the mRNA and protein levels (Figure 7H), these findings were consistent with the results of the luciferase reporter assay. Next, we explored whether miR-181c-5p inhibited metastasis and EMT in function of SERPINE1 expression. Wound healing and transwell assays demonstrated that the repression of miR-181c-5p promoted migration and invasion in SCC-4 cells, which was reversed by silencing of SERPINE1 (Figures 7I, J). In addition, western blotting assays revealed that inhibition of miR-181c-5p decreased the protein expression of the epithelial marker E-cadherin, but increased mesenchymal markers N-cadherin and vimentin in SCC-4 cells. Importantly, the effects of miR-181c-5p silencing were effectively reversed by SERPINE1 siRNA co-transfection (Figure 7K). These results indicated that miR-181c-5p restrained cell migration and EMT through downregulation of SERPINE1.




Discussion

The dysregulation of miRNAs has been reported to be involved in the tumorigenesis and progression of HNSCC, and to mediate cellular biological processes such as cell cycle regulation, differentiation, apoptosis, and migration in the epigenetic level (27–28). Several studies have reported expression profiles of miRNAs show remarkable diversity when comparing normal and malignant tissues, tumor types, as well as in different cancer stages, or prognosis (29, 30). In fact, specific miRNAs have found application as potential clinical diagnostic, prognostic, and therapeutic biomarkers in HNSCC (31). Studies have also revealed that miRNAs were dysregulated and associated with cellular proliferation, apoptosis and metastasis in LSCC cell lines, whereas most of these findings were based on in vitro experiments and have found limited application as biomarkers in the clinical setting (8, 32). In this study, using bioinformatics and RNA sequencing datasets from clinical tumor samples, we identified and validated the role of a miRNA which may potentially serve as a valuable candidate for diagnosis and therapeutics in LSCC.

We identified eight key mRNAs that associated with poor prognosis in patients with LSCC, as predicted by Cox regression and expression analysis. Among these, MMP12, AURKB, SERPINE1, and MMP1 have been confirmed to play important roles in squamous cell carcinoma including LSCC (33–34). Currently, the influence of the other genes on LSCC has not been reported; however, they have been confirmed to be involved in several important signaling pathways in other human cancers. For example, AGR3 has been shown to facilitate the stemness of colorectal cancer by regulating Wnt/β-catenin signaling (35); STC2 has been shown to be involved in resistance to treatment with EGFR tyrosine kinase inhibitors and to promote the progression of lung cancer by regulating JUN/AXL signaling (36). Based on our expression and survival analysis results, we believe that the eight key mRNAs that we identified play a central part in the progression of LSCC.

The interplay between miRNA and target mRNA has achieved great interest in the field of tumor epigenetics. It has been extensively demonstrated that miRNAs act by inhibiting the expression of their targeted mRNAs (37). Our objective was to identify miRNAs having the potential ability to regulate the expression of key mRNA in LSCC. MiR-181c-5p was validated as the only candidate miRNA that not only was dysregulated in LSCC but its repressed expression was associated with poor clinical prognosis. miR-181b-5p, is a member of the miR-181 family, and has been reported to act as a tumor suppressor in a variety of tumors. miR-181b-5p targets the KPNA4 gene to inhibit EMT progression, and impede invasion and proliferation capacity of glioblastoma cells (38). In addition, Li et al. recently found that miR-181c-5p overexpression, through targeting of the GSKIP gene promotes E-cadherin expression in SiHa human cervical cancer cells, and repressed the expression of N-cadherin and vimentin (39) during EMT progression. Therefore, we boldly speculated that the dysregulation of this specific miRNA could result in abnormal biological functionality, including migration and invasion of LSCC cells.

Our in vitro experiments showed that miR-181b-5p is a key regulator of EMT and inhibits the cell invasion-metastasis cascade but not proliferation. Bioinformatics analysis demonstrated there was a negative correlation between miR-181b-5p and SERPINE1 expression in LSCC, and the knockdown of SERPINE1 attenuated tumor growth, EMT, and metastasis of cells, supporting its activity as an oncogene. Moreover, the downregulation of miR-181b-5p led to an elevated expression of SERPINE1, while up-regulation of miR-181b-5p resulted in the opposite tendency. These results revealed that miR-181b-5p repressed the mesenchymal phenotype in LSCC, at least in part, via directly targeting SERPINE1.

SERPINE1, a member of the urokinase plasminogen activating system (uPAS), was initially defined as a primary inhibitor of endogenous plasminogen activators and is synthesized in the liver and by fat tissue (40, 41). SERPINE1 and its family members have been shown to promote different aspects of cancer development ranging from local proliferation to the migration and invasion of malignant cells (42, 43). Recent studies have also suggested that SERPINE1 plays an important role in breast and pancreatic cancer (44, 45), and that the overexpression of SERPINE1 could induce activation of the EGFR signaling pathway in breast cancer cells (44). Previous studies have shown that SERPINE1 is abnormally expressed in HNSCC, whereas these studies did not attempt to identify the molecular mechanisms involved (40, 46). Herein, we demonstrated that the expression of SERPINE1 was elevated in LSCC as a result of the down-regulation of miR-181b-5p and acts as one of the direct targets of miR-181b-5p. Further SERPINE1 mediates the effects of miR-181b-5p on EMT and migration of LSCC cells.

Our findings revealed that miR-181c-5p/SERPINE1 regulatory signaling was strongly associated with migration and invasion of LSCC, and miR-181b-5p acts as suppressor during the regulation of EMT progression. However, we acknowledge there are some limitations in this study. Further investigations focusing on clinical samples and the upstream signaling pathway and those of downstream of miR-181c-5p/SERPINE1 in the development of LSCC are required.



Conclusion

We used a series of integrated bioinformatics analyses to identify a new miRNA–mRNA signaling pathway for responsible in the pathogenetic mechanisms underlying LSCC. Based on our in vitro evidence we propose that miR-181c-5p might negatively regulate the expression of oncogene SERPINE1, and impede the invasion and metastasis by decreasing EMT. The components of the miR-181c-5p/SERPINE1 signaling pathway may therefore be utilized as promising therapeutic targets and prognostic biomarkers in the future.
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The principal issue derived from thyroid cancer is its high propensity to metastasize to the lymph node. Aberrant exprssion of long non-coding RNAs have been extensively reported to be significantly correlated with lymphatic metastasis of thyroid cancer. However, the clinical significance and functional role of lncRNA-MAPK8IP1P2 in lymphatic metastasis of thyroid cancer remain unclear. Here, we reported that MAPK8IP1P2 was downregulated in thyroid cancer tissues with lymphatic metastasis. Upregulating MAPK8IP1P2 inhibited, while silencing MAPK8IP1P2 enhanced anoikis resistance in vitro and lymphatic metastasis of thyroid cancer cells in vivo. Mechanistically, MAPK8IP1P2 activated Hippo signaling by sponging miR-146b-3p to disrupt the inhibitory effect of miR-146b-3p on NF2, RASSF1, and RASSF5 expression, which further inhibited anoikis resistance and lymphatic metastasis in thyroid cancer. Importantly, miR-146b-3p mimics reversed the inhibitory effect of MAPK8IP1P2 overexpression on anoikis resistance of thyroid cancer cells. In conclusion, our findings suggest that MAPK8IP1P2 may serve as a potential biomarker to predict lymphatic metastasis in thyroid cancer, or a potential therapeutic target in lymphatic metastatic thyroid cancer.
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Introduction

Thyroid cancer is one of the most prevalent endocrine malignancies with an increasing incidence in recent years worldwide (1, 2). According to histological classification, thyroid carcinoma can be divided into papillary thyroid cancer (PTC), follicular thyroid cancer (FTC), anaplastic thyroid cancer (ATC), and medullary thyroid cancer (MTC), where PTC is the most common histological type, accounting for 85–90% of all cases (3). Most PTCs are effectively treated by surgical removal, followed by adjuvant radioactive iodine therapy, and has a favorable 5-year survival rate exceeding 95% (4). However, the principal issue derived from PTC is its high propensity to metastasize to lymph node, which significantly affects the prognosis of thyroid cancer patients (5). Therefore, identification of lymph node metastasis-relevant factor will facilitate early detection of lymph node metastasis and development of anti-lymph node metastasis therapeutic strategy in thyroid cancer patients.

With recent technological advances enabling us to detect rare circulating tumor cells that are anoikis resistant, anoikis resistance becomes a hot topic in cancer research. Anoikis resistance that is a kind of capacity of cancer cells to survive under suspension conditions has been extensively reported to be a hallmark of metastatic cancer cells, which significantly contributes to distant metastasis in various cancer types, including bone metastasis of prostate cancer (6) and multiple organs metastasis in non-small cell lung cancer (7). Furthermore, anoikis resistance has also been demonstrated to play an important role in metastatic thyroid cancer. Kittirat Saharat and colleagues have reported that tumor susceptibility gene 101 protein (TSG101) was identified to be upregulated in anoikis resistant thyroid cancer cells, which was accompanied with decreased expression of an apoptotic marker (cleaved poly-ADP ribose polymerase) and a pro-apoptotic protein (BCL-2 like protein 4) (8). Our previous study revealed that anoikis resistance induced by miR-424-5p promoted lung metastasis of thyroid cancer by inactivating Hippo signaling via simultaneously targeting WWC1, SAV1, and LAST2 (9). Recently, the critical role of anoikis resistance in lymphatic metastasis of cancer seizes great attention (10, 11). In several cancer scenario, anoikis resistance correlated significantly with positive lymph node metastasis status, including esophageal carcinoma (12, 13), melanoma (14), tongue cancer (15), breast cancer (16), and colorectal cancer (17). Importantly, development of anoikis resistance has been reported to significantly contribute to lymphatic metastasis of thyroid cancer (18–20). Therefore, investigating the underlying mechanism of anoikis resistance in lymphatic metastasis of thyroid cancer is of great necessity.

The long non-coding RNAs (lncRNAs) are a kind of newly discovered class of non-coding RNA with the length longer than 200 nucleotides (21, 22). They implicate several biological processes through various mechanisms, including transcriptional regulation as enhancers to modulate transcription of their target genes, post-transcription as decoys to bind proteins or scaffolds to regulate interactions between proteins and genes, and epigenetic modification as competing endogenous RNAs (ceRNA) to sponge target miRNAs so as to disrupt the miRNAs-mediated degradation of target genes (21, 22). A great deal of attention has focused on the role of lncRNAs in miRNA-mediated lncRNA/mRNA crosstalk (23), and dysregulation of miRNAs is inherently linked to the progression and metastasis of various types of cancer (9, 24–26). Recently, there is a great body of evidence reporting the role of lncRNAs in the development, progression, and metastasis in a number of cancers (27–29), including lymph node metastasis (30, 31). Notably, numerous studies have shown that aberrant expression of lncRNAs is significantly correlated with lymph node metastasis in thyroid cancer patients (32–34). Although these findings indicated that lncRNAs may hold clinical applicable value as the potential predictive markers for early detection of lymph node metastasis in thyroid cancer, whether lncRNAs affects lymph node metastasis of thyroid cancer in vivo is not determined in these studies. Therefore, further investigation of the functional role of lncRNA in lymph node metastasis of thyroid cancer in vivo will provide experimental evidence to support the applicable potential of lncRNAs to predict lymph node metastasis in thyroid cancer patients.

In the current study, we found that MAPK8IP1P2 was downregulated in thyroid cancer tissues, and particularly in thyroid cancer tissues with lymphatic metastasis, which was correlated with poor progression-free survival in thyroid cancer patients. Gain and loss of function assays showed that upregulating MAPK8IP1P2 inhibited, while silencing MAPK8IP1P2 enhanced anoikis resistance in vitro and lymphatic metastasis of thyroid cancer cells in vivo. Mechanistic investigations revealed that MAPK8IP1P2 activated Hippo signaling by sponging miR-146b-3p to disrupt the inhibitory effect of miR-146b-3p on NF2, RASSF1, and RASSF5 expression, which further inhibited anoikis resistance and lymphatic metastasis in thyroid cancer. Taken together, our findings provide the experimental evidence regarding the clinical significance and biological role of MAPK8IP1P2 in lymphatic metastasis of thyroid cancer, suggesting that MAPK8IP1P2 may be used as a potential biomarker to predict lymphatic metastasis in thyroid cancer patients.



Materials and Methods


Cell Lines and Cell Culture

Normal primary thyroid follicular epithelial cells (PTFE) were purchased from Procell (Procell Life Science & Technology Co., Ltd., Wuhan, China). Thyroid cancer cell lines, including PTC cell lines (B-CPAP and KTC-1) and anaplastic thyroid cancer (ATC) cell lines (BHT-101, CAL-62, KMH-2, and 8305C), were obtained from Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). PTFE were cultured in CM-H023 medium (Procell, China), and thyroid cancer cell lines were cultured in RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA) supplemented with penicillin G (100 U/ml), streptomycin (100 mg/ml), and 10% fetal bovine serum (FBS, Life Technologies). All cell lines were cultured at 37°C in a humidified atmosphere with 5% CO2.



Patients and Tumor Tissues

The total of 48 fresh thyroid cancer tissues and 24 adjacent normal tissues were obtained during surgery at the China-Japan Union Hospital of Jilin University (Changchun, China) between January 2018 and December 2018 (Table 1). Patients were diagnosed based on clinical and pathological evidence, and the specimens were immediately snap-frozen and stored in liquid nitrogen tanks. For the use of these clinical materials for research purposes, prior patients’ consents and approval from the Institutional Research Ethics Committee were obtained (approval number #: 2019-NSFC-026).


Table 1 | The basic information of 48 thyroid carcinoma patients for MAPK8IP1P2 RNA expression analysis.





Plasmid and Transfection

Human MAPK8IP1P2 cDNA (Vigene Biosciences, Shandong, China) was cloned into the pcDNA3.1(+) plasmid. Knockdown of endogenous MAPK8IP1P2 was performed by cloning two short hairpin RNA (shRNA) oligonucleotides into the GV493 vector (GenChem, Shanghai, China). The sequences of the two separate shRNA fragments are listed in Table 2. The 3′UTR regions of NF2, RASSF1, RASSF5, and the region including MAPK8IP1P2 sequence targeted by miR-146b-3p were PCR-amplified from genomic DNA and cloned into pmirGLO vectors (Promega, USA), and the list of primers used in cloning reactions was provided in Table 2. miR-146b-3p mimics were synthesized and purified by RiboBio. Transfection of plasmids was performed as previously described (35).


Table 2 | A list of primers used in the reactions for clone PCR.





RNA Extraction, Reverse Transcription, and Real-Time PCR

RNA from tissues and cells was extracted (TRIzol, Life Technologies) according to the manufacturer’s instructions. Messenger RNA (mRNA), lncRNA, and miRNA were reverse transcribed from the total RNA using the Revert Aid First Strand cDNA Synthesis Kit (Thermo, USA) according to the manufacturer’s protocol. Complementary DNA (cDNA) was amplified and quantified on ABI 7500HT system (Applied Biosystems, Foster City, CA, USA) using SYBR Green I (Applied Biosystems). The primers used in the reactions are listed in Table 3. Primers for U6 and miR-146b-3p were synthesized and purified by RiboBio (Guangzhou, China). Real-time PCR was performed as described previously (36). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the endogenous controls for mRNA and lncRNA, and U6 was used as the endogenous control for miRNA. Relative fold expressions were calculated with the comparative threshold cycle (37).


Table 3 | A list of primers used in the reactions for real-time RT-PCR.





Western Blotting Analysis

Western blot was performed according to a standard method, as described previously (38). Antibodies against BAX (#5023), BAD (#9239), BCL2L1 (#2764), BCL2 (#2872), p-MST1 (Thr183)/2(Thr180) (#3681), MST1 (#14946), p-LATS1(Thr1079) (#8654), LATS1 (#9153), p-YAP(Ser127) (#13008), YAP (#14074), NF2 (#6995), and RASSF1 (#86026) were purchased from Cell Signaling Technology, and TAZ from Abcam (ab224239), RASSF5 from Sigma (N5912). The membranes were stripped and reprobed with an anti–α-tubulin antibody (Cell Signaling Technology) as the loading control.



Anchorage-Independent Growth Assay

Five hundred cells were trypsinized and resuspended in complete medium containing 0.3% agar (Sigma). This experiment was performed as previously described (39) and carried out three times independently for each cell line.



Cell Counting Kit-8 Analysis

Next, 2 × 103 cells were seeded into 96 well plates and the specific staining process and methods were performed according to the previous study (40).



Colony Formation Assay

The cells were trypsinized as single cell and suspended in the media with 10% FBS. The indicated cells (300 cells per well) were seeded into of 6-well plate for ~10–14 days. Colonies were stained with 1% crystal violet for 10 min after fixation with 10% formaldehyde for 5 min. Plating efficiency was calculated as previously described (41). Different colony morphologies were captured under a light microscope (Olympus).



Cell Cycle Analysis

Pretreatment and staining was performed using Cell Cycle Detection Kit (KeyGEN, China) as previously described (42). Briefly, cells (5 × 105) were harvested by trypsinization, washed in ice-cold phosphate-buffered saline (PBS), and fixed in 75% ice-cold ethanol in PBS. Before staining, cells were gently resuspended in cold PBS, and ribonuclease was added into cells’ suspension tube incubated at 37°C for 30 min, followed by incubation with propidium iodide (PI) for 20 min at room temperature. Cell samples (2 × 104) were then analyzed by FACSCanto II flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and the data were analyzed using FlowJo 7.6 software (TreeStar Inc., Ashland, OR, USA).



Anoikis Induction Assay

Cell culture plates were coated with poly-HEMA (P3932; Sigma-Aldrich, St. Louis, USA), a non-adhesive substratum, and allowed to evaporate to dryness at room temperature. Cells were kept in suspension by using poly-HEMA coated plates to prevent adhesion. After 48 h of suspension, cells were harvested for cell viability analysis by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay and cell apoptosis analysis by flow cytometry.



Annexin V Apoptosis Detection

Flow cytometric analyzed of apoptosis were using the FITC Annexin V Apoptosis Detection Kit I (BD, USA), and performed as previously described (43). The cell’s inner mitochondrial membrane potential (Δψm) was detected by flow cytometric using MitoScreen JC-1 staining kit (BD) (44). Briefly, cells were dissociated with trypsin and resuspended at 1 × 106 cells/ml in Assay Buffer, and then incubated at 37°C for 15 minutes with 10 μl/ml JC-1. Before analyzed by flow cytometer, cells were washed twice by Assay Buffer. Flow cytometry data were analyzed using FlowJo 7.6 software (TreeStar Inc., USA) as previously described (45).



Caspase-9 or Caspase-3 Activity Assays

Activity of caspase-9 or caspase-3 was analysis by spectrophotometry using Caspase-9 Colorimetric Assay Kit or Caspase-3 Colorimetric Assay Kit (Keygen, China), and was presented as protocol described. Briefly, 5 × 106 cells or 100 mg fresh tumor tissues were washed with cold PBS and resuspended in Lysis Buffer and incubated on ice for 30 min, then mixed the 50 μl cell suspension, 50 μl Reaction Buffer, and 5 μl Caspase-3/-9 substrate, and then incubated at 37°C for 4 hours. The absorbance was measured at 405 nm, and BCA protein quantitative analysis was used as the reference to normal each experiment groups.



Animal Study

Eight-week-old BALB/c-nu mice were purchased from the Experimental Animal Center of the Guangzhou University of Chinese Medicine and housed as previously described (46). The mice were randomly divided into three groups (n = 6 per group) and the indicated K1 cells (1 × 106) were injected into footpad of mice. The primary tumors were allowed to form, then the mice were euthanized on the end-points, and the inguinal lymph nodes were excised and paraffin embedded. Sections of the lymph nodes were subjected to H & E staining for histological examination, and the tumor cell number was counted as previously described (7). Animal study was approved from the Institutional Research Ethics Committee of Jilin University, and approval number was KT201902051.



Luciferase Assay

Cells (4 × 104) were seeded in triplicate in 24-well plates and cultured for 24 h, and the luciferase reporter assay was performed as previously described (47). Cells were transfected with 100 ng HOP-Flash (Catalog # 83467, Addgene) or HIP-Flash luciferase reporter plasmid (Catalog # 83466, Addgene), plus 5 ng pRL-TK Renilla plasmid (Promega) using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s recommendation. Luciferase and Renilla signals were measured 36 h after transfection using a Dual Luciferase Reporter Assay Kit (Promega) according to the manufacturer’s protocol.



Statistical Analysis

All values are presented as means ± standard deviation (SD). Significant differences were determined using GraphPad 5.0 software (USA). Student’s t-test was used to determine statistical differences between two groups. One-way ANOVA was used to determine statistical differences between multiple testing. Survival curves were plotted using the Kaplan Meier method and compared by log-rank test. P < 0.05 was considered significant. All the experiments were repeated three times.




Results


MAPK8IP1P2 Is Downregulated in Thyroid Cancer With Lymph Node Metastasis

By analyzing RNA sequencing dataset of thyroid cancer from The Cancer Genome Atlas (TCGA), we found that MAPK8IP1P2 was marked downregulated in thyroid cancer tissues compared with that in the adjacent normal tissues (ANT) (Figure 1A). Consistently, MAPK8IP1P2 expression was reduced in our 24 paired thyroid cancer tissues compared with the matched ANT (Figure 1B). Interestingly, we found that downexpression of MAPK8IP1P2 occurred in 4/9 (44.4%) thyroid cancer tissues without lymph node metastasis, and was 10/15 (66.7%) in thyroid cancer tissues with lymph node metastasis (Figure 1B). Our results further indicated that MAPK8IP1P2 expression in thyroid cancer tissues without lymph node metastasis had no significant difference compared with that in ANT (Figures 1C, D), but was dramatically and significantly downregulated in thyroid cancer tissues with lymph node metastasis (Figure 1C), even in lymph node metastatic thyroid cancer tissues with T1-T2 (Figure 1D). However, there was no significant difference of MAPK8IP1P2 expression between in T1-2 thyroid cancer tissues and in T3-4 thyroid cancer tissues, although MAPK8IP1P2 was downregulated in both compared with that in ANT (Figure 1E). These findings suggested that downexpression of MAPK8IP1P2 may play an important role in lymphatic metastasis of thyroid cancer. TCGA analysis further supported this finding that MAPK8IP1P2 expression was reduced in thyroid cancer tissues compared with that in ANT, especially in thyroid cancer tissues with lymph node metastasis (Figures 1F–H). Therefore, our results combined with TCGA analysis suggest that downexpression of MAPK8IP1P2 may be implicated in lymphatic metastasis of thyroid cancer.




Figure 1 | MAPK8IP1P2 is downregulated in thyroid cancer with lymphatic metastasis. (A) MAPK8IP1P2 expression in 59 paired thyroid cancer tissues and the matched adjacent normal tissues in the thyroid cancer dataset from TCGA. (B) Real-time PCR analysis of MAPK8IP1P2 expression in our 24 paired thyroid cancer tissues and their matched adjacent normal tissues, including 9 thyroid cancer tissues without lymphatic metastasis and 15 thyroid cancer tissues with lymphatic metastasis. The number on the abscissa indicated the patient number according to our record when collecting patient information. GAPDH was used as endogenous controls. *P < 0.05. (C) Real-time PCR analysis of MAPK8IP1P2 expression in ANT (n = 24), thyroid cancer tissues without lymphatic metastasis (n = 10), and thyroid cancer tissues with lymphatic metastasis (n = 38). GAPDH was used as endogenous controls. n.s. indicates no significance. (D) Real-time PCR analysis of MAPK8IP1P2 expression in ANT (n = 24), thyroid cancer tissues of T1-T2 grade without lymphatic metastasis (n = 10), and thyroid cancer tissues of T1-T2 grade with lymphatic metastasis (n = 27). GAPDH was used as endogenous controls. n.s. indicates no significance. (E) Real-time PCR analysis of MAPK8IP1P2 expression in ANT (n = 24), thyroid cancer tissues with T1-T2 grade (n = 37), and thyroid cancer tissues with T3-T4 grade (n = 11). GAPDH was used as endogenous controls. n.s. indicates no significance. (F) MAPK8IP1P2 expression in ANT (n = 59), thyroid cancer tissues without lymphatic metastasis (n = 230), and thyroid cancer tissues with lymphatic metastasis (n = 225) in the thyroid cancer dataset from TCGA. (G) MAPK8IP1P2 expression in ANT (n = 59), thyroid cancer tissues with T1-T2 grade (n = 309), and thyroid cancer tissues with T3-T4 grade (n = 194) in the thyroid cancer dataset from TCGA. (H) MAPK8IP1P2 expression in ANT (n = 59), thyroid cancer tissues of T1-T2 grade without lymphatic metastasis (n = 164), and thyroid cancer tissues of T1-T2 grade with lymphatic metastasis (n = 110) in the thyroid cancer dataset from TCGA.





Upregulating MAPK8IP1P2 Inhibits Lymphatic Metastasis In Vivo

Then, the effect of MAPK8IP1P2 on lymphatic metastasis of thyroid cancer cells in vivo was further investigated using the inguinal lymph node metastasis model. First, the expression levels of MAPK8IP1P2 in 7 thyroid cancer cell lines and a normal thyroid follicular epithelial cell line PTFE were measured. As shown in Figure 2A, MAPK8IP1P2 was differentially downregulated in thyroid cancer cells compared with that in PTFE cells. We further constructed MAPK8IP1P2-stably overexpressing B-CPAP and K1 cells and endogenously knocked down MAPK8IP1P2 expression in B-CPAP and K1 cells, both of which expressed moderate levels of MAPK8IP1P2 compared with that in other thyroid cancer cell lines (Figure 2B). Then, Vector-, MAPK8IP1P2-overexpressing, scramble and MAPK8IP1P2-downexpressing K1 cells were injected into the surrounding tissues in the foot pads of the mice (n = 6/group) using the inguinal lymph node metastasis model (Figure 2C). The metastatic inguinal lymph nodes were excised after 4 weeks and analyzed by H & E staining. As show in Figures 2D, E, histological examination of the lymph node metastatic tumors revealed that the tumors in lymph nodes formed from MAPK8IP1P2-overexpressing cells exhibited reduce tumor burden and the decreased number of tumor cells compared with those injected with the vector-control cells. Conversely, the tumors in lymph nodes formed from MAPK8IP1P2-downexpressing cells had larger tumor burden and more number of tumor cells than those inoculated with the scramble cells (Figures 2D, E). These findings indicate that upregulating MAPK8IP1P2 inhibits lymphatic metastasis in vivo.




Figure 2 | Upregulating MAPK8IP1P2 inhibits cancer stem cell characteristics in thyroid cancer cells. (A) Real-time PCR analysis of MAPK8IP1P2 expression in 7 thyroid cancer cells, including 4 PTC cell lines, B-CPAP, BHT101, KTC-1, and K1, and 2 ATC cell lines, CAL-62 and 8305C, and 1 thyroid duct cell carcinoma cells, TT, and a normal thyroid follicular epithelial cell line PTFE. GAPDH was used as endogenous controls. *P < 0.05. (B) MAPK8IP1P2 expression in the vector, MAPK8IP1P2 overexpression scramble, MAPK8IP1P2 shRNA#1, and MAPK8IP1P2 shRNA#2 thyroid cancer cells using real-time PCR. Transcript levels were normalized by GAPDH expression. *P < 0.05. (C) Schematic model of lymphatic metastasis model in vivo. (D) H & E staining analysis of tumors in lymph node from the indicated mice group. (E) The count of tumor cells in the tumor areas of lymph node from the indicated mice group. *P < 0.05.





Upregulating MAPK8IP1P2 Improves Anoikis Resistance in Thyroid Cancer Cells

The biological function of MAPK8IP1P2 in lymphatic metastasis of thyroid cancer was further CCK-8 assay showed that either upregulating or downregulating MAPK8IP1P2 had no significant effect on the cell growth of B-CPAP and K1 cells (Figures 3A–D). Similarly, neither colony-formation ability nor cell cycle progression was impeded by the changed expression of MAPK8IP1P2 in thyroid cancer cells (Figures 3E, F). However, upregulating MAPK8IP1P2 inhibited, while silencing MAPK8IP1P2 increased anchorage-independent growth capability of thyroid cancer cells (Figure 3G). These results indicate that the proliferation ability of thyroid cancer cells was not impeded by MAPK8IP1P2 in vitro.




Figure 3 | Upregulating MAPK8IP1P2 does not affect proliferation of thyroid cancer cells. (A–D) The effect of overexpression or silencing MAPK8IP1P2 on the cell growth in the indicated thyroid cancer cells by CCK-8 assay. (E) The effect of overexpression or silencing MAPK8IP1P2 on colony-formation ability of the indicated thyroid cancer cells by colony-formation assay. (F) The effect of overexpression or silencing MAPK8IP1P2 on cell cycle progression of the indicated thyroid cancer cells by flow cytometry. (G) The effect of overexpression or silencing MAPK8IP1P2 on survival ability in the indicated thyroid cancer cells by anchorage-independent growth assay. *P < 0.05.



Notably, upregulating MAPK8IP1P2 represses anchorage-independent growth capability of thyroid cancer cells as demonstrated above. Accumulating studies have shown that the capacity of cancer cells to survive under suspension conditions, namely anoikis resistance, is an important characteristic contributing to tumor progression and metastasis (6, 48, 49), including thyroid cancer (9, 28). Therefore, the effect of MAPK8IP1P2 on anoikis resistance in thyroid cancer cells was further evaluated. As shown in Figure 4A, upregulating MAPK8IP1P2 enhanced, while silencing MAPK8IP1P2 reduced the apoptosis rate of thyroid cancer cells. Mitochondrial potential assay showed that upregulating MAPK8IP1P2 attenuated, while silencing MAPK8IP1P2 elevated the mitochondrial potential of thyroid cancer cells (Figure 4B). The results of caspase activity assay and western blot analysis revealed that upregulating MAPK8IP1P2 increased the activity of caspase-3 or -9 and expression of pro-apoptotic proteins BAD and BAX, but reduced expression of anti-apoptotic proteins BCL2 and BCL2L1 (Figures 4C–E); conversely, silencing MAPK8IP1P2 yielded the opposite effect in thyroid cancer cells (Figures 4C–E). Taken together, our results indicate that upregulating MAPK8IP1P2 abrogates anoikis resistance in thyroid cancer cells.




Figure 4 | Upregulating MAPK8IP1P2 inhibits anoikis resistance in thyroid cancer cells. (A) The effect of overexpression or silencing MAPK8IP1P2 on the apoptotic ratio in the indicated thyroid cancer cells by Annexin V-FITC/PI staining. *P < 0.05. (B) The effect of overexpression or silencing MAPK8IP1P2 on mitochondrial potential in the indicated thyroid cancer cells by JC-1 staining. *P < 0.05. (C, D) The effect of overexpression or silencing MAPK8IP1P2 on the activities of caspase-3 (C) and caspase-9 (D) in the indicated thyroid cancer cells. *P < 0.05. (E) Western blotting analysis of the effect of overexpression or silencing MAPK8IP1P2 on anti-apoptotic proteins, BCL2 and BCL2L1, and pro-apoptotic proteins, BAD and BAX, in the indicated thyroid cancer cells. α-Tubulin served as the loading control.





MAPK8IP1P2 Activates Hippo Signaling Pathway in Thyroid Cancer Cells

To determine the underlying mechanism implicated in anti-lymphatic metastatic role of MAPK8IP1P2 in thyroid cancer, Gene Set Enrichment Analysis (GSEA) was performed based on MAPK8IP1P2 expression in the thyroid cancer dataset from TCGA. As shown in Figure 5A, MAPK8IP1P2 overexpression was positively correlated with activity of Hippo signaling pathway, but negatively associated with the transcriptional activity of downstream co-activators YAP1/TAZ of Hippo signaling. Inactivation of Hippo signaling has been widely reported to be implicated in anoikis resistance and metastatic thyroid cancer (9, 50, 51), as well as in lymphatic metastasis process of cancers (52, 53), suggesting that Hippo signaling may mediate the functional role of MAPK8IP1P2 in lymphatic metastasis of thyroid cancer. Luciferase reporter assay showed that upregulating MAPK8IP1P2 reduced, while silencing MAPK8IP1P2 increased the luciferase reporter activity of HOP-Flash, but not the HIP-Flash (Figure 5B), suggesting that upregulating MAPK8IP1P2 inhibits the TEAD-dependent luciferase activity in thyroid cancer cells. Furthermore, upregulating MAPK8IP1P2 enhanced the expression of phophorylated MST1/2 (p-MST1/2), phophorylated LATS1 (p-LATS1) and phophorylated YAP1 (p-YAP1), reduced the nuclear translocation of YAP1 and TAZ, but had no effect on total level of MST1 and LATS1 in thyroid cancer cells (Figure 5C). In contrast, silencing MAPK8IP1P2 reduced p-MST1/2, p-LATS1, and p-YAP1 expression, and increased the nuclear expression of YAP1 and TAZ (Figure 5C). Real-time PCR analysis showed that upregulating MAPK8IP1P2 decreased, while silencing MAPK8IP1P2 increased the expression levels of multiple downstream genes of Hippo pathway, including CTGF, CYR61, HOXA1, PPIA, RPL13A, and SOX9 (54, 55), in thyroid cancer cells (Figure 5D). Therefore, these findings indicate that MAPK8IP1P2 activates Hippo signaling in thyroid cancer cells.




Figure 5 | MAPK8IP1P2 activates Hippo signaling pathway in thyroid cancer cells. (A) Gene set enrichment analysis (GSEA) revealed that MAPK8IP1P2 expression positively correlated with Hippo signaling. (B) The effect of overexpression or silencing MAPK8IP1P2 on TEAD transcriptional activity was assessed by HOP-Flash luciferase reporter in the indicated cells. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05. (C) Western blotting analysis of the effect of overexpression or silencing MAPK8IP1P2 on phophorylated MST1/2 (p-MST1/2), phophorylated LATS1 (p-LATS1), phophorylated YAP1 (p-YAP1), total levels of MST1 and LATS1 and nuclear translocation of YAP1 and TAZ in the indicated thyroid cancer cells. α-Tubulin and p84 were served as the cytoplasmic and nuclear loading control respectively. (D) Real-time PCR analysis of the effect of overexpression or silencing MAPK8IP1P2 on CTGF, CYR61, HOXA1, PPIA, RPL13A, and SOX9 in the indicated cells. Transcript levels were normalized by GAPDH expression. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05.





MAPK8IP1P2 Activates Hippo Signaling by Sponging miR-146b-3p

Accumulating studies have reported that lncRNAs can serve as competitive endogenous RNAs (ceRNAs) to de-repress miRNA-targeted mRNA expression (56, 57). Therefore, we further explored the potential binding miRNAs of MAPK8IP1P2 by analyzing the correlation of MAPK8IP1P2 with all reported miRNAs in the thyroid cancer dataset from TCGA. As shown in Figure 6A, the only miR-146b-3p expression level was negatively correlated with MAPK8IP1P2 expression, and was upregulated in thyroid cancer tissues compared with that in ANT. Using several publicly available algorithms, including miRanda and targetscan, we found that miR-146b-3p had the potential recognition sequences on MAPK8IP1P2, and NF2, RASSF1, and RASSF5 were the potential targets of miR-146b-3p (Figure 6B). NF2, RASSF1, and RASSF5 have been reported to promote activity of Hippo signaling by varying mechanism (58–60). Luciferase assay demonstrated that miR-146b-3p mimics suppressed the 3’UTR reporter activity of MAPK8IP1P2, NF2, RASSF1, and RASSF5, but not of the mutant 3’UTR of MAPK8IP1P2 (Figures 6C, D). RT-PCR and Western blot analysis revealed that upregulating MAPK8IP1P2 increased, while silencing MAPK8IP1P2 decreased the mRNA and protein levels of NF2, RASSF1, and RASSF5 (Figures 6E–G). Importantly, miR-146b-3p mimics not only reversed the NF2, RASSF1, and RASSF5 level enhanced by MAPK8IP1P2 overexpression (Figures 6H, I), but also inactivated Hippo signaling in MAPK8IP1P2-overexpressing thyroid cancer cells as indicated by elevated the luciferase reporter activity of HOP-Flash (Figure 6J). Thus, these results indicate that MAPK8IP1P2 activates Hippo signaling by sponging miR-146b-3p to disrupt the inhibitory effect of miR-146b-3p on NF2, RASSF1, and RASSF5 expression in thyroid cancer.




Figure 6 | MAPK8IP1P2 activates Hippo signaling by sponging miR-146b-3p. (A) Volcano plot analyzed the clinical correlation of MAPK8IP1P2 with all reported miRNAs in thyroid cancer dataset from TCGA. The orange colors represent significantly and negatively correlated miRNAs with fold change > 2 and r value < -0.2. (B) Predicted recognition sites of miR-146b-3p on MAPK8IP1P2, and predicted miR-146b-3p targeting sequence and mutant sequences in 3’UTR s of NF2, RASSF1, and RASSF5. (C, D) The effect of miR-146b-3p on the luciferase activity of wild-type or mutant MAPK8IP1P2, NF2, RASSF1 and RASSF5 in the indicated cells. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05. (E, F) Real-time PCR analysis of the effect of overexpression or silencing MAPK8IP1P2 on NF2, RASSF1, and RASSF5 expression in the indicated cells. Transcript levels were normalized by GAPDH expression. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05. (G) Western blot analysis of the effect of overexpression or silencing MAPK8IP1P2 on NF2, RASSF1 and RASSF5 expression in the indicated cells. α-Tubulin served as the loading control. (H, I) Real-time PCR (H) and Western blot (I) analysis of the effect of miR-146b-3p mimics on NF2, RASSF1, and RASSF5 expression in MAPK8IP1P2-overexpressing thyroid cancer cells. Transcript levels were normalized by GAPDH expression. α-Tubulin served as the loading control. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05. (J) The effect of miR-146b-3p mimics on TEAD transcriptional activity was assessed by HOP-Flash luciferase reporter in MAPK8IP1P2-overexpressing thyroid cancer cells. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05.





Upregulating MAPK8IP1P2 Inhibits Anoikis Resistance by Sponging miR-146b-3p

We further investigated whether miR-146b-3p mediates the effect of MAPK8IP1P2 on anoikis resistance in thyroid cancer cells. As shown in Figures 7A, B, miR-146b-3p mimics enhanced the anchorage-independent growth capability and mitochondrial potential in MAPK8IP1P2-overexpressing thyroid cancer cells. In contrast, our results further revealed that miR-146b-3p mimics attenuated the stimulatory effects of MAPK8IP1P2 overexpression on the apoptotic ratio and activity of caspase-3 or -9 in thyroid cancer cells (Figures 7C–E). Collectively, our results demonstrate that MAPK8IP1P2 inhibits anoikis resistance by sponging miR-146b-3p in thyroid cancer cells (Figure 7F).




Figure 7 | Upregulating MAPK8IP1P2 inhibits anoikis resistance by sponging miR-146b-3p. (A) The effect of miR-146b-3p mimics on colony-formation ability in MAPK8IP1P2-overexpressing thyroid cancer cells. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05. (B) The effect of miR-146b-3p mimics on mitochondrial potential in MAPK8IP1P2-overexpressing thyroid cancer cells. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05. (C) The effect of miR-146b-3p mimics on apoptotic ratio in MAPK8IP1P2-overexpressing thyroid cancer cells. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05. (D, E) The effect of miR-146b-3p mimics on caspase-3 (D) and caspase-9 (E) in MAPK8IP1P2-overexpressing thyroid cancer cells. Error bars represent the mean ± S.D. of three independent experiments. *P < 0.05. (F) Hypothetical model illustrates the role and underlying mechanism of MAPK8IP1P2 in lymphatic metastasis of thyroid cancer by miR-146b-3p/Hippo signaling axis.






Discussion

The critical findings of the current study present novel insights into the pivotal role of MAPK8IP1P2 in lymphatic metastasis of thyroid cancer by the miR-146b-3p/Hippo signaling axis. Here, we reported that MAPK8IP1P2 was dramatically downregulated in thyroid cancer tissues, especially in those with lymph node metastasis. Gain and loss of function assays demonstrated that upregulating MAPK8IP1P2 inhibited, while silencing MAPK8IP1P2 promoted anoikis resistance in vitro and lymphatic metastasis of thyroid cancer cells in vivo. Our results further revealed that upregulating MAPK8IP1P2 activated Hippo signaling by disrupting the repressive effect of miR-146b-3p on NF2, RASSF1, and RASSF5 expression by sponging miR-146b-3p as ceRNA, which further suppressed anoikis resistance in thryoid cancer cells. Therefore, our results unravel a novel mechanism by which MAPK8IP1P2 inhibits the anoikis resistance and lymphatic metastasis of thyroid cancer cells, determining the tumor-suppressive role of MAPK8IP1P2 in lymphatic metastasis of thyroid cancer.

As a kind of versatile non-coding RNA, lncRNAs have been extensively validated to function their biological role via varying mechanisms (21, 22), in which functioning as ceRNA to sponge target miRNAs to disrupt the miRNAs-mediated degradation of target genes seizes great momentum (56, 57) to be implicated in tumor progression and metastasis (27, 61). Importantly, miRNA-mediated lncRNA/mRNA crosstalk plays an important role in the development and metastasis of thyroid cancer (28, 62, 63), including lymphatic metastasis (32–34). In this study, our results revealed that MAPK8IP1P2 functioned as ceRNA to sponge miR-146b-3p, which further disrupted the inhibitory effect of miR-146b-3p on NF2, RASSF1, and RASSF5 expression. MAPK8IP1P2-mediated this lncRNA/mRNA crosstalk activated Hippo signaling, which further inhibited anoikis resistance and lymphatic metastasis in thyroid cancer. Therefore, our findings uncover a novel mechanism by which MAPK8IP1P2 inhibits the anoikis resistance and lymphatic metastasis of thyroid cancer cells.

Loss or downregulation of core components of Hippo signaling contributes to inactivation of Hippo signaling, which contributes to tumor progression and metastasis. For example, deficiency or inactivation of NF2, which functions to initiate and orchestrate the Hippo pathway (58), has been reported to be a frequent tumorigenic event in several cancer types (64–66). Furthermore, the upstream regulator of the Hippo pathway, ras association domain family (RASSF), suppresses cancer tumorigenesis (67, 68) by regulating MST1/2 activity (59, 60). However, how these regulators of the Hippo signaling are simultaneously disrupted in cancers, leading to constitutively inactivation of Hippo signaling, remains unclear. In this study, our results revealed that the relieved function of MAPK8IP1P2 as a ceRNA to sponge miR-146b-3p upregulated miR-146b-3p. Overexpression of miR-146b-3p directly targeted NF2, RASSF1, and RASSF5 in thyroid cancer cells and inactivated Hippo signaling, which further promoted anoikis resistance and lymphatic metastasis of thyroid cancer. Collectively, our findings clarify that MAPK8IP1P2 activates Hippo signaling by sponging miR-146b-3p to disrupt the inhibitory effect of miR-146b-3p on NF2, RASSF1, and RASSF5 expression in thyroid cancer.

Several lines of evidence have reported the pivotal role of anoikis resistance in lymphatic metastasis of cancer (10, 11), even in lymphatic metastasis of thyroid cancer (18–20). Furthermore, anoikis resistance was reported to be significantly correlated with positive lymph node metastasis in various cancers (12–17). In this scenario, multiple signaling pathways have been demonstrate to promote anoikis resistance, including TGF-β, PI3K/AKT, and Hippo signaling, where the role of Hippo signaling in inducing anoikis resistance gains more attention (9, 50, 51). Importantly, inactivation of Hippo signaling has also been reported to promote lymphatic metastasis of cancers (52, 53). However, the effect of Hippo signaling on lymphatic metastasis of thyroid cancer remains unclear. In the current study, our results showed that MAPK8IP1P2 activated Hippo signaling by sponging miR-146b-3p to disrupt targeting effect of miR-146b-3p on NF2, RASSF1, and RASSF5, which inhibited anoikis resistance and lymphatic metastasis of thyroid cancer. Collectively, our findings provide experimental evidence to support the critical role of Hippo signaling lymphatic metastasis of thyroid cancer.

In summary, our results demonstrate that MAPK8IP1P2 activates Hippo signaling by sponging miR-146b-3p as a ceRNA to disrupt the inhibitory effect of miR-146b-3p on NF2, RASSF1, and RASSF5 expression, which further suppresses lymphatic metastasis of thyroid cancer. Therefore, our results provide novel insights into the underlying mechanism by which MAPK8IP1P2 inhibits lymphatic metastasis in thyroid cancer, supporting the notion that MAPK8IP1P2 can be used as a lymph node metastatic marker in thyroid cancer.
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The dedifferentiation of differentiated thyroid cancer (DTC) is a challenging problem for radioactive iodine (131I) treatment, also known as radioiodine refractory differentiated thyroid cancer (RAIR-DTC). The purpose of this study was to further explore the mechanism of the redifferentiation of dedifferentiated thyroid cancer. Ineffective and effective groups of 131I therapy were analyzed and compared in both our clinical and TCGA samples. Whole-exome sequencing, mutation analysis, transcriptome analysis, and in vitro functional experiments were conducted. FLG, FRG1, MUC6, MUC20, and PRUNE2 were overlapping mutation genes between our clinical cases, and the TCGA cases only appeared in the ineffective group. The expression of miR-146b-3p target MUC20 was explored. The expression levels of miR-146b-3p and MUC20 were significantly increased, and the inhibition of miR-146b-3p expression significantly inhibited proliferation and migration, promoted apoptosis, regulated the expression and location of thyroid differentiation-related genes, and sodium/iodide symporter (NIS) in dedifferentiated thyroid cancer cells (WRO). Thus, miR-146b-3p potentially targets MUC20 participation in the formation of DTC dedifferentiation, resulting in resistance to 131I and the loss of the iodine uptake ability of DTC cancer foci, promoting refractory differentiated thyroid cancer. miR-146b-3p may be a potentially therapeutic target for the reapplication of 131I therapy in dedifferentiated thyroid cancer patients.




Keywords: miR-146b-3p, radioiodide therapy, sodium/iodide symporter, dedifferentiated thyroid cancer, MUC20



Introduction

Thyroid cancer is the most common malignant tumor in the endocrine system. According to the most recent statistics, the incidence of thyroid cancer in the United States ranks sixth among female malignant tumors in 2019 (1). Differentiated thyroid cancer (DTC) is the most frequent subtype of thyroid cancer. Radioiodine (131I) is a classic radiotheragnostic agent used for the treatment of DTC following a thyroidectomy based on sodium-iodine symporter expression in normal and neoplastic thyroid tissue (2). Non-iodine uptake is an independent predictor of poor prognosis in DTC patients, and our previous study found that 30% of DTC patients with lung metastases did not take iodine (3). Surgery followed by radioactive iodine (131I) is effective in most DTC patients (4); however, some DTC dedifferentiate during treatment, and subsequently develop into radioiodine refractory differentiated thyroid cancer (RAIR-DTC). RAIR-DTC is a difficult problem associated with clinical treatment with rapid disease progression and poor prognosis.

Researches into relevant mechanisms are extremely important for the effective treatment of RAIR-DTC and some progress had been achieved. It has been reported that some DTC patients with metastases underwent degenerative changes in the morphology and function of tumor cells during 131I therapy. In addition, impaired expression of iodine key protein and a loss of iodine uptake eventually developed into dedifferentiated thyroid cancer (5). At this point, the DTC is RAIR-DTC, which cannot benefit from 131I therapy, and the survival time is much shorter than that of those with favorable iodine intake. For the RAIR-DTC therapy, restoring the ability of dedifferentiated thyroid cancer to uptake 131I may represent a potential solution. It is currently believed that the main mechanisms of 131I treatment of thyroid cancer are closely related to mutations in RAS, BRAFV600E, and TERT, activate the MAPK pathway, PI3KCA mutation activates the PI3K/Akt pathway, and β-catenin mutation activate the wnt/β-catenin pathway. They may cause cellular proliferation and dedifferentiation, which leads to an abnormal silence or decreased expression of key iodine uptake proteins (NIS, TSHR, TPO, and Tg) and thyroid transcription factors (e.g., TTF1 and TTF2) (6–9).

At present, several methods have been reported to improve the radioiodine uptake ability of dedifferentiated cancer cells, including prolonging the effective half-life of 131I, inducing cell redifferentiation, and transgene therapy (10). However, these methods are all associated with some shortcomings, including unstable iodine uptake, rapid iodine outflow, inadequate radiation efficiency, toxic side effects of molecular targeted drugs, and acquired drug resistance. Additionally, it is extremely important for radionuclide therapy of thyroid cancer to redifferentiate undifferentiated lesions or metastatic lesions and improve their uptake of 131I. Therefore, in order to identify a more effective strategy for the treatment of redifferentiation, it is necessary to further explore the mechanisms associated with the occurrence and development of RAIR-DTC.



Materials and Methods


Human Tissues and DNA Extraction

Six DTC patients accepted 131I therapy following total thyroidectomy which is a complete removal of the thyroid tumor and tissue, performed at Tianjin Medical University General Hospital from October 2016 to August 2018.

The iodine uptake capacity of tumor tissue was mainly evaluated using 131I whole-body scan (131I-WBS) after radioiodine therapy, A combination of 131I-WBS, serum Tg and TgAb levels, and imaging examinations were performed to assess RAIR-DTC.

Among these patients, three were RAIR-DTC patients without iodine uptake of lung metastases after 131I remnant ablation successful, all of which exhibited post-operative lung metastases (test group, Figures 1A, B). The other three cases possessed good iodine uptake capacity of lung metastases and were sensitive to radioiodine therapy (control group, Figures 1C, D). The primary surgical excision tissues were collected from these patients. All patients provided voluntary informed consent, and the study was approved by the ethics committee at our hospital. Genomic DNA was extracted and the concentration with a QIAamp® DNA Micro kit (Qiagen, Heidelberg, Germany) in accordance with the manufacturer’s protocol. A Qubit system was used to quantify genomic DNA before library preparation.




Figure 1 | 131I whole-body scan (131I-WBS) after radioiodine therapy. (A, B) 131I-WBS and CT image of a patient without iodine uptake of lung metastases after 131I remnant ablation successful. (C, D) 131I-WBS and CT image of a patient with iodine uptake of lung metastases.





Cell Culture

According to our previous experiments and reported studies (5, 11, 12), the dedifferentiated thyroid cancer cell line WRO was selected for subsequent experiments. The WRO cell line was purchased from Sigma-Aldrich (Munich, Gemany) and the cells were cultured in DMEM medium (Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco, USA), 1% penicillin (100 U/mL)/streptomycin (100 μg/mL; Gibco, USA), and were maintained in a 37°C incubator in a humidified, 5% CO2 atmosphere.



TCGA Data Screening and Download of Mutation Information

A total of 491 thyroid cancer cases were selected from The Cancer Genome Atlas (TCGA) database based on the following screening criteria: 1) postoperative radioiodine therapy; 2) clear effect of iodine therapy; 3) complete information of gene mutation; and 4) complete information regarding microRNA (miRNA) expression data. Disease stabilization and progression were considered to be ineffective treatment (test group), and both a partial or complete responses were effective (control group). Thus, 167 ineffective and 324 effective patients were included. Subsequently, the single nucleotide variant (SNV) and insertion/deletion (Indel) mutations were downloaded and analyzed between the test and control groups. In addition, the mutation genes occurred only in the test group but not in control group were screened out, and recorded as a test-specific mutation gene set.



Whole-Exome Sequencing and Mutation Analysis for Clinical Patients

After sheering and repairing the ends, the DNA samples were purified using AMPure XP beads (Beckman-Coulter, Indianapolis, USA). Subsequently, the paired-end adaptor was ligated, the samples were purified, the adaptor-ligated library was amplified, the amplified library was purified, and the quality and quantity were assessed using a Qubit Fluorometer (Invitrogen, Carlsbad, USA). A library hybridization kit, SeqCap EZ MedExome Enrichment kit (Roche NimbleGen, Madison, USA), was used to capture the target sequences. A whole-exon probe system was customized from Roche NimbleGen to capture target sequences, capture magnetic beads, and the elution of hybridization libraries. After amplifying the captured library by PCR, the constructed library was sequenced with an Illumina HiSeq Xten sequencer. The average sequencing depth of the tissue samples was 500X, which could detect mutations in tumor genes with very low frequency of 0.1%.

The sequencing data were filtered by SOAPnuke to remove the Adapter-containing sequences and low quality data. The quality of the raw data after filtering met the Q30 requirement of > 85%. BWA was used to compare the data to the human reference genome (hg19.fa). GATK was used to re-align the reads in the interval, calibrate and rearrange the alkali matrix quality values, and count the sequencing depth and coverage. An indel detection was conducted with GATK and VarScant, SNV was detected with MuTect and VarScan, and CNV was detected with CONTRA. The test-specific mutation gene set was also sifted out. Finally, they were annotated to a catalogue of somatic mutations in cancer (COSMIC, https://cancer.sanger.ac.uk/cosmic), the single nucleotide polymorphism database (dbSNP, https://www.ncbi.nlm.nih.gov/snp/), and the important genes related to the occurrence, development, treatment and prognosis of thyroid cancer, were selected out. A Venn diagram was drawn based on these genes and the TCGA data. Accordingly, the overlapping test-specific mutation genes were selected between TCGA cases and our clinical cases, and studied in in-depth.



Identification of Participating Pathways Associated With Overlapping Mutation Genes

Using the Rectome database (https://www.reactome.org/), a free, open-source, curated and peer reviewed pathway database, we analyzed the pathways of the above overlapping genes.



Transcriptome Analysis and Regulation Network Construction

The mRNA and miRNA expression data were obtained from TCGA data. After standardization with preprocessCore function package V3.5 (http://www.bioconductor.org/packages/release/bioc/html/preprocessCore.html), the differentially expressed genes (DEGs) and differentially expressed microRNAs (DEGs) were identified with the limma V3.18.13 software package (http://www.bioconductor.org/packages/2.13/bioc/html/limma.html) in the test group compared with control group. P < 0.05 and |log (fold-change)| > 2 were used as the threshold criteria. Using mirwall 3.0 (http://mirwalk.umm.uni-heidelberg.de/), we obtained the targeting relationship (gene-miRNA pairs) between the DEMs and overlapping genes. The protein-protein interactions (PPI) were analyzed via the STRING V10.0 database (http://string-db.org), and the PPI pairs of the overlapping mutation genes were screened out using more than 500 scores. Based on the above pairs, the regulation network was ultimately constructed and visualized using Cytoscape V3.5.1 software (http://www.cytoscape.org/download.php).



miR‐146b-3p Inhibitors/nc Oligonucleotides and Cellular Transfection

The expression of miR-146b-3p and likely target MUC20 were explored between our clinical cases and TCGA cases, and only appeared in the ineffective group. Then miR‐146b-3p inhibitors and individual nc oligonucleotide products (GenePharma, China) were synthesized. WRO cells were transfected with 100 nM of the indicated oligonucleotides separately using Lipo-fectamine 3000 (Invitrogen) according to the manufacturer’s protocol. At 24 to 48 h post-transfection, the resultant cells were used for functional assays. The remaining cells were harvested for quantitative polymerase chain reaction (qRT-PCR) analysis.



RNA Extraction and RT-PCR Analysis

The expressions of the overlapping mutation genes (FLG, FRG1, MUC6, MUC20, and PRUNE2) were detected in the above clinical surgical excision tissues. The primer sequences of the genes are listed in Table 1. The total RNA was extracted using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, USA). All of the specific primers were designed and synthesized by Takara Biotechnology Co., Ltd (Dalian, China), and are listed in Table 1. A PrimeScript® 1st Stand cDNA Synthesis kit (Takara Biotechnology Co., Ltd., Dalian, China) and SYBR® Premix Ex Taq™ kit (Takara Biotechnology Co., Ltd., Dalian, China) were used to conduct reverse transcription PCR (RT-PCR) in accordance with the manufacturer’s protocols. The reaction conditions for reverse transcription were as follows: 30°C for 10 min, 42°C for 60 min, and 95°C for 5 min. Finally, the relative expression value of the optical density was calculated for the target gene.


Table 1 | Primer sequences of qRT-PCR of genes.





Cell Proliferation Assay

A WRO Cell Counting Kit-8 (CCK-8; Dojindo, Japan) assay was used to assess the level of cell proliferation/viability according to the manufacturer’s instructions. After an incubation with miR‐146b-3p inhibitors (100 nmol/μl) or the same volume of 0.1% DMSO (as control) for 24, 48, and 72 h, CCK8 reagent was added into each well, and the cells were incubated at 37°C for 2 h. Cell viability was measured by the level of absorbance (optical density) at a wavelength of 450 nm using a microplate reader.



Cell Apoptosis Assay

WRO cells were seeded into six-well plates and treated with 100 nmol/μl miR-146b-3p inhibitors or the same volume of 0.1% DMSO (as control) for 72 h, then harvested and stained with Annexin V/propidium iodide (PI) staining kit (Beyotime, China) according to the manufacturer’s instructions. Finally, the apoptotic rates were obtained by flow cytometry.



Colony Formation Assay

Different groups of WRO cells were cultured in six‐well plates. The cells were cultured in a 37°C incubator under humidified, 5% CO2 conditions for 7 to 10 days. The cells were then fixed and stained with a crystal violet solution for 30 min and images were obtained.



Transwell Assay

Different groups of WRO cells were cultured, and a total of 1 × 105 cells in 100 μl serum‐free DMEM were seeded into the upper chamber of the transwell plates precoated with Matrigel (Millipore). Complete DMEM medium was added to the lower chamber. After 24 h, cells that invaded the membrane were fixed, stained with a crystal violet solution for 2 min and counted.



Wound‐Healing Assay

Different groups of WRO cells were transfected with miR‐146b-3p inhibitors or negative control and cultured until the cells reached 90% confluence. The wound was created using a 200 μl tip and the cells were continued to be cultured in DMEM medium for another 24 h or 48 h. Cellular migration was recorded by an inverted microscope and images were obtained.



Immunofluorescence

WRO cells were transfected with miR‐146b-3p inhibitors or negative control and were fixed in 4% paraformaldehyde in phosphate-buffered saline. The cells were subsequently incubated with an anti-NIS antibody (Bioss, China) overnight at 4°C and subsequently incubated with a fluorescein-conjugated secondary antibody (CST, USA) for 2 h. The nuclei were treated with RNase- and stained with 20 mg/ml propidium iodide (PI; Beyotime, China). Fluorescence was observed using a fluorescence microscope (Nikon Instruments Inc., Melville, NY, USA).



Western Blot

Different groups of WRO cells were seeded into 24-well plates with a cover glass over each well and cultured for 24 h. Total, membranous and cytoplasmic NIS and MUC20 proteins were extracted according to the standard steps of the protein extraction kits.

Lysates were quantified spectrophotometrically using the bicinchoninic-acid-based (BCA) method. Twenty-five micrograms of each sample was separated on gradient polyacrylamide gels and transferred onto polyvinyldifluoride membranes. Membranes were incubated with a primary antibody (anti-NIS, Bioss, China; MUC 20, Abnova, USA; MET, abcam, UK; MET pY1234/5, CST, USA; β‐actin, CST, USA) overnight at 4°C in TTBS/milk. The samples were subsequently incubated with horseradish peroxidase-conjugated secondary anti-mouse antibodies (CST, USA). The protein was visualized using an enhanced chemiluminescence Western blot detection system (Thermo Fisher Scientific). Multiplication of the intensity and area of protein bands indicated the relative levels of protein expression.



Radioiodide Uptake Assay (RAIU)

WRO cells were transfected with miR‐146b-3p inhibitors or negative control and were seeded into 24-well plates, the cells were washed with ice-cold modified Hanks’ balanced salt solution (HBSS) three times and then incubated at 37°C with 500 μl buffered HBSS containing 2 μCi Na125I for 30 min. Then, radioactive medium was aspirated and cells were washed (×3) with 1ml of ice-cold HBSS for 1min. Cells were harvested using trypsin and counted with a hemacytometer. The radioactivity was measured with a gamma counter. The radioactivity was normalized to the number of cells present at the time of the assay as cpm every 106 cells.



Statistical Analysis

SPSS V23.0 software (SPSS Inc., Chicago, USA) was used for all statistical analyses, and the data were expressed as the mean ± SD. A t-test was used to compare the differences between two groups, and P < 0.05 was considered to be statistically significant.




Results


The Expression of miR-146b-3p Target MUC20 Were Explored by Bioinformatics Analysis

From the TCGA cases, a total of 7,335 mutation genes were identified in 491 thyroid cancer samples. It was further found that there were 1,915 specific mutation genes in test group compared with the control group. In our clinical cases, there were 55 test-specific variation sites in the test that occurred in 41 genes. After annotating to COSMIC and dbSNP, 10 genes were directly related to thyroid cancer, and 9 genes may have been related to thyroid cancer (associated with other cancers and radiation therapy). The 19 genes were listed in Figures 2A, B, as well as a Venn diagram and the above 1915 test-specific mutation genes are shown in Figure 2C. Five test-specific mutation genes were overlapped in TCGA and our clinical cases (i.e., FLG, FRG1, MUC6, MUC20, and PRUNE2).




Figure 2 | Test-specific mutation genes directly and indirectly associated with thyroid cancer identified in our clinical samples. (A) Genes in the annotated database that showed clear evidence of being associated with thyroid cancer. There were 10 genes that were directly related to thyroid cancer. (B) Genes in the annotated database that showed clear evidence of being associated with other cancers and radiotherapy. There were nine genes that may be related to thyroid cancer (associated with other cancers and radiation therapy). (C) The Venn diagram of test-specific mutation genes between our clinical and TCGA cases. There were five overlapping test-specific mutation genes in TCGA and our clinical cases (FLG, FRG1, MUC6, MUC20, and PRUNE2). (D) Differential expression analysis of the overlapping genes in the TCGA cases between the test an control groups. MUC20 and FRG1 were differentially expressed.



The gene-miRNA regulation network was further analyzed. Among the TCGA cases, the results of the differential expression analysis of the above overlapping mutation genes were compared between the test group and control group, and MUC20 and FRG1 were found to be differentially expressed (Figure 2D). Simultaneously, 10 DEMs were identified in the test group compared with control group, including miR-204, miR-7-2, and miR-551b (Table 2). Furthermore, the gene-miRNA pairs were obtained by miRwall 3.0 and exhibited in Table 3 (e.g., miR-146b-3p-MUC20 and hsa-miR-146b-3p-PRUNE2). After screening with STRING V10.0, 196 PPI pairs were obtained. Eventually, the regulated network was constructed and presented in Figure 3A. The network contained four functional groups, which were recorded as the: 1) MUC6-MUC20 group; 2) PRUNE2 group; 3) FLG group; and 4) FRG1 group. Interestingly, hsa-miR-146b-3p connected the MUC6-MUC20 group and PRUNE2 group. Similarly, hsa-miR-551b-5p linked the PRUNE2 group and FRG1 group together.


Table 2 | The DEMs identified in test group compared with control group among TCGA cases.




Table 3 | The gene-miRNA pairs between DEMs and overlapped mutation genes.






Figure 3 | Screening of the target genes and exploration of the miR-146b-3p target MUC20. (A) The regulated network of the overlapping mutation genes. The network contained four functional groups, recorded as: MUC6-MUC20 group, PRUNE2 group, FLG group, and FRG1 group. Interestingly, miR-146b-3p was connected to the MUC6-MUC20 group and PRUNE2 group, and miR-551b-5p linked the PRUNE2 and FRG1 groups together. (B) RT-PCR results regarding the expression of the overlapping mutation genes. MUC20 was significantly highly expressed. (**p < 0.01).



After analysis of the above overlapping mutation genes, only MUC20 was found to be participating in the pathways, “negative regulation of MET activity” and “MET activates RAS signaling” (Figure 4). FLG, FRG1, MUC6, and PRUNE2 were not found to participate in any pathways.




Figure 4 | Participating pathways analysis. Only MUC20 was found to participate in the pathways, “negative regulation of MET activity” and “MET activates RAS signaling”.



Furthermore, the expression overlapping mutation genes in thyroid cancer was validated by qRT-PCR. After verification by RT-PCR, FRG1, MUC6, MUC20, and PRUNE2 were significantly different between the FTC-133 and WRO groups (Figure 3B). In particular, MUC20 was the most remarkable (p < 0.01). Through the above bioinformatics analysis, the expression of miR-146b-3p target MUC20 were explored.



The Overexpression of miR-146b-3p in Dedifferentiated Thyroid Cancer Cells

To investigate the possible function of miR‐146b-3p in the regulation of dedifferentiated thyroid cancer, we first examined the level of miR‐146b-3p mRNA expression in differentiated and dedifferentiated thyroid cancer cell lines (TPC-1 and WRO) by qRT-PCR. Interestingly, miR‐146b-3p expression was significantly increased in dedifferentiated thyroid cancer WRO cell lines (Figure 5A). Presumably, it is possible to associate miR‐146b-3p expression with the dedifferentiation of differentiated thyroid cancer.




Figure 5 | The level of miR-146b-3p overexpression in dedifferentiated thyroid cancer cells. (A) Expression of miR-146b-3p in thyroid cancer cells with different degrees of differentiation. The level of miR‐146b-3p expression was significantly increased in the dedifferentiated thyroid cancer WRO cell lines. (B) Expression of miR-146b-3p following transfection with an inhibitor. The miR‐146b-3p expression was substantially lower than that of the control groups following transfection with inhibitors (**p < 0.01). (C) Effects of anti-miR‐146b-3p on thyroid cancer cell proliferation was determined by CCK‐8 cell proliferation assays. Data were represented as the means ± SD.



To confirm our hypothesis, we established miR‐146b-3p knockdown models. As a result, the transfected cells carrying miR‐146b-3p inhibitors (anti-miR‐146b-3p)/nc are considered ideal tools for miR‐146b-3p research.

Figure 5B shows that miR‐146b-3p expression is apparently lower than the nc control upon the transfection of inhibitors. This finding indicates that miR‐146b-3p inhibitors have a remarkable effect on a miR‐146b-3p knockdown.



Anti-miR‐146b-3p Inhibited Cell Proliferation, Invasion, and Migration, as Well as Induced Apoptosis in Dedifferentiated Thyroid Cancer Cells

To analyze the role of miR‐146b-3p in regulating the proliferation of WRO cells, a CCK-8 assay was used. As indicated in Figure 5C miR‐146b-3p inhibitors significantly suppressed the proliferation of WRO cells in a time-dependent manner. Following transfection with miR‐146b-3p inhibitors for 24 h, 48 h, and 72 h, the viability rates of WRO cells were 60.79% ± 0.34%, 55.44% ± 2.17%, and 46.38% ± 1.64%, respectively (P < 0.01). These findings revealed that miR‐146b-3p overexpression could significantly increase the proliferation of dedifferentiated thyroid cancer cells.

Cell apoptosis was measured by flow cytometry. The results showed that the level of apoptosis was significantly higher in the miR‐146b-3p inhibitors transfection group compared to that of the control groups (Figure 6A). In the three groups of WRO cells, apoptosis rates of 15.73% ± 1.2%, 5.89% ± 0.35%, 5.86% ± 1.4%, and were observed in the miR‐146b-3p inhibitors transfection group and control groups, respectively (P < 0.01). The results revealed that anti-miR‐146b-3p could significantly increase apoptosis in dedifferentiated thyroid cancer cells.




Figure 6 | Anti-miR‐146b-3p inhibited dedifferentiated thyroid cancer cell proliferation, invasion, migration, and induction of apoptosis. (A) The effects of anti-miR‐146b-3p on thyroid cancer cell apoptosis was measured by flow cytometry. Data were represented as the means ± SD. (B–D) The effects of anti-miR‐146b-3p on thyroid cancer cell proliferation, invasion, and migration were determined by colony formation, transwell, and wound healing assays. The results showed that treatment with miR‐146b-3p inhibitors significantly suppressed the proliferation and invasion of WRO cells (**p < 0.01).



We studied the effects of miR‐146b-3p on cell growth and colony formation by a colony‐formation assay. The results revealed that the number of miR‐146b-3p inhibitor‐transfected cells was significantly lower than that of the control groups (Figure 6B). This indicated that miR‐146b-3p overexpression could significantly increase growth in dedifferentiated thyroid cancer cells.

Cell migration and invasion are critical for tumor growth. To explore the effect of miR‐146b-3p on WRO cell migration and invasion, we performed both wound‐healing and transwell assays. The results showed that inhibition miR‐146b-3p expression obviously suppressed the migratory and invasive ability of WRO cells compared to that of the control groups. This revealed that miR‐146b-3p overexpression could significantly promote WRO cell migration and invasion (Figures 6C, D).

Together, these findings suggest that the upregulation of miR‐146b-3p may contribute to dedifferentiated thyroid cancer progression by promoting cell proliferation and metastasis.



Anti-miR‐146b-3p Upregulated NIS Expression in Dedifferentiated Thyroid Cancer Cells

We previously found that anti-miR‐146b-3p caused significant inhibition of WRO cell proliferation, growth, migration, as well as the induction of apoptosis. We subsequently detected the level of NIS protein expression by Western blot. The results showed that the level of NIS protein (total and membranous/cytoplasmic) expression in miR‐146b-3p inhibitor‐transfected cells were obviously increased compared to that of the control groups (Figures 7A, B). We further investigated the effect of anti-miR‐146b-3p on NIS protein translocation by immunofluorescence. The results showed that anti-miR‐146b-3p increased both cytoplasmic and cytomembrane-located NIS expression, the latter of which was more significant (Figure 8A).




Figure 7 | miR-146b-3p/MUC20/MET signaling pathway modulates the sodium/iodide symporter (NIS)-mediated radioiodide uptake in dedifferentiated thyroid cancer cells. (A, B) The expressions of NIS protein in total, cytomembrane and cytoplasm in WRO cells with Anti-miR‐146b-3p in time course experiments were determined by western blot analysis with quantification. The results showed that the level of NIS protein expression in the miR‐146b-3p inhibitor‐transfected cells were notably increased compared to that of the control groups (*p < 0.05; **p < 0.01). (C) The expression of MUC20, MET, p-MET were inhibited by Anti-miR‐146b-3p and was related to MET Signaling pathways.






Figure 8 | Anti-miR‐146b-3p upregulated the expression and translocation of sodium/iodide symporter (NIS)-mediated radioiodide uptake in dedifferentiated thyroid cancer cells. (A) Effect of anti-miR‐146b-3p on NIS protein translocation by immunofluorescence. The results showed that anti-miR‐146b-3p increased both cytoplasmic and cytomembrane-located NIS expression, the latter of which being more significant. (B) Radioactive iodine (RAIU) uptake in WRO cells was determined. The results showed that anti-miR‐146b-3p increased the radioactive iodine uptake (**p < 0.01).





miR-146b-3p/MUC20/MET Signaling Pathway Modulates the NIS-Mediated Radioiodide Uptake in Dedifferentiated Thyroid Cancer Cells

We further explore and study the mechanism of miR-146b-3p involving in dedifferentiation of thyroid cancer. The results suggested that MUC20, MET, and phosphorylation of MET (p-MET) significantly inhibited after inhibiting the miR-146b-3p (Figure 7C). Moreover, we found that inhibition of miR-146b-3p expression improve NIS-mediated radioiodide uptake ability compared to the control groups (Figure 8B).

The above results indicated that miR-146b-3p/MUC20/MET signal pathways may play vital roles in NIS expression and radioiodide uptake by inhibition of miR-146b-3p expression to induce redifferentiation of dedifferentiated thyroid cancer cells.




Discussion

Radioiodine refractoriness is primarily related to the NIS expression of the thyroid cancer cells. For RAIR-DTC, it is mainly due to a decrease in the level of NIS expression or the appearance of heterotopic expression outside the basement membrane of the thyroid cancer cells. This makes the treatment of 131I ineffective, which causes disease progression. The NIS is a membrane glycoprotein that can transport two sodium ions and one iodide ion into the cytosol via extracellular fluid (8, 13). Since radioiodine also can be taken up by the NIS, radioiodine can be used to visualize or selectively kill DTC cells. To upregulate the expression of NIS, restoration or improvement of the treatment of 131I is an important measure for clinical RAIR-DTC patients.

Recently, an in‐depth study of miRNAs showed that miRNAs can function as tumor suppressor genes or oncogenes, which are closely related to the formation and development of thyroid cancer and has become a topic of research interest in the field of cancer (14–16). Some miRNAs have been found to participate in the regulation of tumor radiosensitivity by regulating the expression of target genes and vital signaling pathways (17, 18). In our study, we sequenced and analyzed the pathological specimens of RAIR-DTC patients, pathogenic miR-146b-3p was selected as the key research objective. And through the bioinformatics analysis, the expression of miR-146b-3p target MUC20 were explored. Whether it is involved in dedifferentiation of DTC is largely unknown.

Recent studies have shown that miR-146b is related to the occurrence, development, proliferation, invasion, and metastasis of thyroid cancer (19–21). Several reports have confirmed miR-146b to be highly expressed in patients with a high risk of BRAF V600E mutations and advanced PTC (P = 0.001), suggesting that miR-146b is a marker of recurrence or metastasis in PTC patients (20). Riesco-Eizaguirre et al (22). reported that miR-146b-3p could directly bind to the 3’-UTR of the iodine metabolism-related proteins, PAX8, and NIS, resulting in decreased NIS expression and iodine uptake. In our study, we first confirmed that miR-146b-3p was highly expressed in WRO cells and positively correlated with the degree of DTC malignancy, which could lead to decrease NIS protein expression. We further investigated the biological function of miR-146b-3p in a WRO model for tumor progression and metastasis. Combined with the results of MTS, flow cytometry, colony-forming, wound‐healing and transwell assays, we inferred that anti-miR‐146b-3p had a significant inhibitory effect on tumor growth, invasion, migration, and induction of apoptosis in dedifferentiated thyroid cancer cells. Furthermore, the western blot results combined with immunofluorescence and Radioactive iodine uptake, inferred that anti-miR-146b-3p could increase NIS-induced iodide uptake by upregulating the expression and trafficking of NIS to the cell surface of WRO cells. Similar results were observed in previous studies (19, 22, 23). Therefore, miR-146b-3p may play an important role in the process of DTC dedifferentiation and represent a potential target for the treatment of RAIR-DTC.

MUC is primarily encoded by its polypeptide gene (MUC gene), a high molecular weight glycoprotein produced by epithelial cells, which lubricates and protects the mucosa (24). At present, more than 20 kinds of MUC have been reported, mainly including the MUC1-20 subtype. Recent studies have shown that different subtypes of MUC play an important role in the occurrence and development of various cancers (25). MUC20 is over-expressed in many cancers, and has been shown to regulate cell growth, differentiation, metastasis, adhesion, and invasive immune surveillance. MUC20 is also an independent prognostic factor for the poor survival rate of malignant tumors (26, 27). In thyroid cancer, studies have found that MUC1, MUC4, and MU15 are overexpressed in PTC. MUC1 overexpression has been studied as a key molecular event in the pathogenesis of invasive PTC. For PTC patients with a BRAF V600E mutation, MUC1 is an important oncogene that could be used as a prognostic indicator (28). The study by Nam et al. found that elderly, multifocal PTC patients with distant metastasis were often accompanied by the overexpression of MUC15 (29). MUC15 could be used as a prognostic marker and represent a potential new therapeutic target for PTC and marker for evaluating prognosis. At present, there have been no reports regarding MUC20 in dedifferentiated thyroid cancer. Our findings reveal that MUC20 is prone to mutation in the group for which radioiodine therapy was ineffective. Moreover, MUC20 exhibited significantly high expression in dedifferentiated thyroid cancer cells. Therefore, MUC20 may be related to the formation of DTC dedifferentiation.

To further explore and study the mechanism of resistance to treatment with 131I and DTC dedifferentiation, we performed a pathway analysis and found that miR-146b-3p/MUC20 participated in the pathways, “negative regulation of MET activity”, and “MET activates RAS signaling”. The MET pathway is insensitive to targeted drugs (e.g., BRAF or MEK inhibitors) in refractory thyroid cancer, which can cause a BRAFV600E mutation by activating the downstream PI3K/Akt pathway (30, 31). Other studies have shown that combined treatment with MET and MAPK pathway inhibitors can effectively inhibit the proliferation and differentiation of thyroid cancer cells (32). Our results suggested that MUC20, MET, and phosphorylation of MET (p-MET) significantly inhibited after inhibiting the miR-146b-3p (Figure 7C). Moreover, inhibition of miR-146b-3p expression could improve NIS-mediated radioiodide uptake ability compared to the control groups (Figure 8B). Therefore, it indicated that miR-146b-3p/MUC20/MET pathways may play important role in NIS expression and radioiodide uptake by inhibition of miR-146b-3p expression to induce redifferentiation of dedifferentiated thyroid cancer cells. These studies indicate that the miR-146b-3p/MUC20/MET pathway may be related to the occurrence and development of dedifferentiation of thyroid cancer. Thus, inhibiting MET pathway may become a new strategy for the treatment of dedifferentiation of thyroid cancer. Consequently, we suspect that the miR-146b-3p/MUC20/MET signaling pathway the targeting relationship of might play a role in the redifferentiation of iodine-refractory thyroid cancer.

In our study, we assessed the therapeutic potential of miR-146b-3p small-molecule inhibitor (anti-miR-146b-3p) for RAIR-DTC using WRO cell lines. WRO is the same as WRO82-1, and some websites stated that WRO and WRO82-1 are the same line (https://www.wikidata.org/wiki/Q54994417, https://web.expasy.org/cellosaurus/CVCL_0582). therefore, WRO cell line were selected based on Shang and Ashley N Reeb studies (11, 12), which showed that the expression of NIS and the radioiodine uptake capacity of thyroid cancer cells in WRO were reduced.

Overall, our study synthesized relevant findings, and demonstrated that miR-146b-3p was related to the formation of DTC dedifferentiation, resulting in decreased NIS expression and iodine uptake. Combined with a bioinformatics analysis, we put forth the following reasonable hypothesis: the regulation of the MET pathway by miR-146b-3p likely targets MUC20, which participates in the formation of DTC dedifferentiation. This results in resistance to 131I and loss of the ability for DTC cancer foci to uptake iodine, becoming refractory differentiated thyroid cancer.

The following factors make the results of this study significant: 1) due to the difficulties associated with AIR-DTC, we analyzed and screened the pathological tissue samples of RAIR-DTC patients, verified the biological function of the target gene in vitro, and predicted related pathways that might represent potential biomarkers of refractory thyroid cancer; 2) the miR-146b-3p/MUC20/MET signaling pathway provided a novel targets for the clinical treatment of RAIR-DTC, and the possibility of its further application in radioactive therapy of dedifferentiated thyroid-derived tumors was explored; 3) we demonstrated the possibility that miR-146b-3p and MUC20 were likely oncogenes of refractory thyroid cancer, two novel biological markers for screening refractory thyroid cancer, and potential drug targets for gene therapy. Therefore, these results have important clinical significance and provide possible avenues for clinical transformation.

However, there are also some limitations associated with the present study, including the small clinical sample size. Clinical samples were difficult to obtain as a result of the long interval between the determination of clinical effectiveness of radioiodine therapy and surgical excision. The associated timing can take at least six months or even longer than one year, and there is a relatively small number of ineffective patients. We collected samples throughout the past three years, excluding those with severe nucleic acid degradation, unclear therapeutic effects, lost to follow-up, and exhibiting non-lung metastasis. Only three suitable samples were screened out in the experimental group. To further clarify and verify the associated mechanism, the targeting relationship of miR-146b-3p/MUC20/MET signaling pathway should be further validated. In addition, the role and mechanism of the targets in this pathway should be studied in-depth in the context of redifferentiation of iodine-refractory thyroid cancer.



Conclusion

In conclusion, our present findings show that anti-miR-146b-3p could restore radioiodine uptake in dedifferentiated thyroid cancer by up-regulating NIS expression and translocation to the cell membrane in vitro by targeting MUC20 through MET Signaling pathways. This provides valuable evidence that anti-miR-146b-3p may represent a promising anticancer drug for the treatment of dedifferentiated thyroid cancers.
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Oral squamous cell carcinoma (OSCC) is a common malignant tumor worldwide. Metastasis is the main cause of the death of OSCC patients. Long noncoding RNAs (lncRNAs), one of the key factors affecting OSCC metastasis, are a subtype of RNA with a length of more than 200 nucleotides that has little or no coding potential. In recent years, the important role played by lncRNAs in biological processes, such as chromatin modification, transcription regulation, RNA stability regulation, and mRNA translation, has been gradually revealed. More and more studies have shown that lncRNAs can regulate the metastasis of various tumors including OSCC at epigenetic, transcriptional, and post-transcriptional levels. In this review, we mainly discussed the role and possible mechanisms of lncRNAs in OSCC metastasis. Most lncRNAs act as oncogenes and only a few lncRNAs have been shown to inhibit OSCC metastasis. Besides, we briefly introduced the research status of cancer-associated fibroblasts-related lncRNAs in OSCC metastasis. Finally, we discussed the research prospects of lncRNAs-mediated crosstalk between OSCC cells and the tumor microenvironment in OSCC metastasis, especially the potential research value of exosomes and lymphangiogenesis. In general, lncRNAs are expected to be used for screening, treatment, and prognosis monitoring of OSCC metastasis, but more work is still required to better understand the biological function of lncRNAs.
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Introduction

Oral squamous cell carcinoma (OSCC) is the most common type of head and neck squamous cell carcinoma (HNSCC) which ranks sixth among cancers worldwide (1). The initiation and progression of OSCC are the results of the combined action of various factors, and tobacco, alcohol, and human papillomavirus (HPV) infection are considered as the main causes of OSCC (2). Surgical resection is an effective method to treat OSCC, and the surgical cure rate of patients with early-stage OSCC can reach more than 80% (3). However, the overall prognosis of patients with OSCC is poor, with a 5-year survival rate of only about 60% (4, 5). Metastasis is the major factor leading to the low survival rate of OSCC patients, and the 5-year survival rate of OSCC patients with metastasis is only about 40% (5). Notably, about 40% of OSCC patients may have metastasis (5). In addition, for non-metastatic patients, local resection of the primary tumor can achieve an ideal therapeutic effect, while metastatic patients generally need neck lymph node dissection, which not only increases the risk of surgery but also often causes postoperative dysfunction and maxillofacial deformities (6, 7). Whereas, it is still difficult to accurately determine whether OSCC patients have metastasis before surgery, which may lead to over-medical treatment (performing neck dissection for patients without lymph node metastasis) or insufficient treatment (patients with lymph node metastasis did not undergo neck dissection). Therefore, finding effective methods to screen, block, and treat OSCC metastasis is a top priority in OSCC research.

The metastasis of OSCC has two characteristics (5, 8): on the one hand, the metastasis rate of OSCC occurring in diverse anatomical parts is different, which is about 40% in the buccal and soft palate, but less than 30% in the tongue and floor of mouth; on the other hand, OSCC metastasis mainly manifests as regional cervical lymph node metastasis, distant metastasis is rare. Although the mechanisms behind this phenomenon are still unclear, current research indicated that enhanced migration and invasion ability of tumor cells (9) and lymphangiogenesis (10) may be critical factors that promote OSCC metastasis. Todorović et al. found that the expression levels of plakoglobin and desmoglein 2 (both are involved in maintaining intercellular adhesion) in squamous carcinoma cells derived from the top of the oral cavity are significantly lower than those in squamous carcinoma cells derived from the tongue, which is helpful for the migration and invasion of cells, and may be used to explain why the metastasis rate of OSCC in the soft palate is higher than that in the tongue (9). By analyzing the lymphatic vessel density in paraffin-embedded OSCC tissues, Sasahira et al. discovered that high lymphatic vessel density is closely related to lymph node metastasis and poor prognosis, which suggests that lymphangiogenesis may play a key role in the metastasis of OSCC (10). Unfortunately, scholars still have a limited understanding of the mechanisms of OSCC migration, invasion, and lymphangiogenesis, and have yet to find effective biomarkers.

Long noncoding RNAs (lncRNAs) are a subtype of RNA with a length of more than 200 nucleotides that has little or no coding potential (11). There are large amounts of lncRNAs in human cells that 68% of the human genome transcripts can be classified as lncRNAs (12). The expression of lncRNAs has certain tissue specificity (13), which suggests that they may play an important role in the biological processes of cells. Studies have confirmed that lncRNAs can interact with biological macromolecules including chromatin, protein, and RNA (14). In addition, many lncRNAs have been found to be abnormally expressed in various cancers, such as liver cancer (15), breast cancer (16), bladder cancer (17), and colorectal cancer (18), and regulate tumor cell metastasis through different mechanisms. In studies related to OSCC, lncRNAs were elucidated to be involved in tumor initiation (19) and prognosis (20). Furthermore, lncRNAs, such as MALAT1 (metastasis associated lung adenocarcinoma transcript 1) (21), UCA1 (urothelial cancer-associated 1) (22), AFAP1-AS1 (actin filament associated protein 1 antisense RNA 1) (23) and MEG3 (maternally expressed gene 3) (24) have been shown to participate in the regulation of OSCC migration, invasion, and metastasis. These studies have demonstrated the potential of lncRNAs for screening, treatment, and prognostic monitoring of OSCC metastasis. Therefore, in this paper, we review the role and possible mechanisms of lncRNAs in OSCC metastasis. In particular, we introduced the research status of cancer-associated fibroblasts-related lncRNAs in OSCC metastasis and discussed the research prospects of lncRNAs-mediated crosstalk between OSCC cells and the tumor microenvironment in OSCC metastasis, especially the potential research value of exosomes and lymphangiogenesis, aiming to provide innovative ideas for research related to OSCC metastasis.



The Role of LncRNAs in Cancer Metastasis

Studies have shown that lncRNAs can affect tumor metastasis by regulating a variety of biological processes, such as chromatin modification (18), transcription activation (18, 25), transcription interference (26), RNA stability regulation (15), and mRNA translation (16), etc. Xu et al. found that lncRNA SATB2-AS1 (antisense transcript of special AT-rich binding protein 2) is lowly expressed in colorectal cancer (CRC) tissues. Further research showed that SATB2-AS1 could directly bind to WDR5 (WD repeat domain 5) and GADD45A (growth arrest and DNA damage-inducible alpha), and then activate SATB2 transcription by mediating the tri-methylation of lysine 4 on histone 3 (H3K4me3) and the DNA demethylation of the promoter region of SATB2, thus inhibiting the migration, invasion, and metastasis of CRC (18). In contrast, lncRNA CF129 (CF129145.1) was confirmed to inhibit the invasion and metastasis of pancreatic cancer cells by interfering with the transcription of FOXC2 (forkhead box protein C2) (26). Intriguingly, lncRNA BLACAT2 (bladder cancer-associated transcript 2) is also able to bind directly to WDR5, but it promotes lymphangiogenesis and lymphatic metastasis of bladder cancer by enhancing the expression of VEGF-C (vascular endothelial growth factor C) (17). Additionally, He et al. reported the inhibitory effect of long intergenic noncoding RNA 1093 (LINC01093) on the migration, invasion, and metastasis of liver cancer cells. Mechanistically, by directly binding to IGF2BP1 (insulin-like growth factor 2 mRNA-binding protein 1), LINC01093 could interfere with the interaction between IGF2BP1 and GLI1 (glioma-associated oncogene homolog 1) mRNA, thus leading to the degradation of GLI1 mRNA, which further affects the expression of GLI1 downstream genes involved in the development of liver cancer (15). In addition, in breast cancer, lncRNA RP1 (RP1-5O6.5) was demonstrated to promote the invasion and metastasis of tumor cells through inhibiting the translation of p27kip1 mRNA (16).

Notably, lncRNAs can function as competitive endogenous RNAs (ceRNAs) to sponge miRNAs, blocking their regulation on the expression of their downstream genes, and then inducing various biological effects (27). Moreover, functioning as ceRNAs is also an important mechanism by which lncRNAs regulate tumor metastasis. For example, via competitively binding to miR-16-5p, lncRNA AGAP2-AS1 (AGAP2 antisense RNA 1) could weaken the inhibitory effect of miR-16-5p on annexin A11, thereby promoting the migration and invasion of liver cancer cells by enhancing the activation of AKT (protein kinase B) signal pathway (28). Similarly, lncRNA JPX (just proximal to Xist) was indicated to directly target miR-33a-5p, thus upregulating the expression of its downstream gene Twist1, which in turn promotes the metastasis of lung cancer cells through activating the Wnt/β-catenin signaling pathway (29).

In general, metastasis is a common feature in the development of many tumors, and the mechanisms of metastasis in different tumors are similar to some extent (30). Therefore, lncRNAs may also regulate the migration, invasion, and lymphangiogenesis of OSCC via (but not limited to) the above mechanisms, thereby inhibiting or promoting the metastasis of OSCC (Table 1).


Table 1 | Regulatory roles of long noncoding RNAs (lncRNAs) in the metastasis-related biological processes of oral squamous cell carcinoma (OSCC).





Overview of LncRNAs Involved in OSCC Metastasis


LncRNAs Regulate Metastasis by Inducing EMT

Epithelial-mesenchymal transition (EMT) is a process of epithelial phenotype cells differentiating into mesenchymal phenotype cells. In this process, epithelial cells lose polarity and intercellular adhesion and instead acquire the characteristics of migration and invasion (75). Furthermore, the expression levels of some EMT markers will also change significantly during this process, mainly manifested by the decreased expression of E-cadherin (76) and Claudin1 (77), as well as the increased expression of β-catenin (78), Snail (79) and Vimentin (76), etc. Studies have shown that some lncRNAs regulate the metastasis of OSCC by inducing or inhibiting the EMT process. HOX transcript antisense intergenic RNA (HOTAIR) is a typical example of carcinogenic lncRNAs, which has been found to play a key role in the metastasis of various tumors. For example, in gastric cancer, HOTAIR, functioning as a connecting scaffold, could facilitate the ubiquitination and degradation of Runx3 (runt-related transcription factor 3) by enhancing the interaction between E3 ubiquitin ligase Mex3b (mex-3 RNA binding family member B) and Runx3, thus inhibiting the expression of E-cadherin and Claudin1, and ultimately promoting the migration and invasion of gastric cancer (80). Specifically, HOTAIR has also been shown to be involved in the regulation of OSCC metastasis. Lu et al. revealed that HOTAIR is highly expressed in OSCC tissues, especially in tissues with metastasis. Subsequent studies showed that overexpression of HOTAIR could enhance the metastatic potential of OSCC cells and the expression of EMT markers such as Vimentin, Snail, and Twist. It is worth noting that in clinical samples, HOTAIR is positively correlated with the expression of mesenchymal markers (Snail, Vimentin) and negatively correlated with the expression of epithelial marker (E-cadherin) (41). Additionally, Wu et al.’s research also yielded similar results. Their data indicated that HOTAIR overexpression is closely related to OSCC metastasis. Moreover, the overexpression of HOTAIR points to lower overall survival and disease-free survival. Mechanistically, HOTAIR is able to recruit histone lysine methyltransferase EZH2 (enhancer of zeste homolog 2) to the promoter region of E-cadherin and then promote H3K27me3 (tri-methylation of lysine 27 on histone 3), thus downregulating the expression of E-cadherin. These data suggest that HOTAIR may regulate the metastasis of OSCC cells by promoting their EMT (42).

In addition to HOTAIR, lncRNA SNHG16 (small nucleolar RNA host gene 16) is also overexpressed in OSCC tissues and can promote the migration and invasion of OSCC cells. Mechanism studies showed that silencing SNHG16 will increase the expression of E-cadherin, and also downregulate the expression of N-cadherin and Snail (58). Interestingly, another lncRNA of the SNHG family, SNHG6 (small nucleolar RNA host gene 6), has also been confirmed to be highly expressed in OSCC tissues, and the expression level of SNHG6 is closely related to lymph node metastasis. Meanwhile, the knockdown of SNHG6 could induce the expression of E-cadherin and inhibit the expression of N-cadherin and Vimentin (59). HNF1A-AS1 (HNF1A antisense RNA 1) is another lncRNA that is highly expressed in OSCC tissues and can promote tumor cell migration and EMT. Mechanistically, HNF1A-AS1 exerts its pro-metastatic effect by activating the Notch signaling pathway (63). In highly metastatic OSCC cells, Li et al. found that the expression of lncRNA AC132217.4 is significantly upregulated. Not only that, but AC132217.4 could also promote the migration and EMT of OSCC cells and accelerate its metastasis. The mechanism is that AC132217.4 interacts with the 3’UTR (3’untranslated region) of IGF2 (insulin-like growth factor 2) mRNA and enhances its stability, thereby enhancing the expression level of IGF2 (61). In another experiment, LINC00460 (long intergenic noncoding RNA 460) was also observed to be highly expressed in OSCC tissues and cells, and its expression level is positively correlated with lymph node metastasis. Further research exhibited the promotion of LINC00460 on the migration, invasion, EMT, and metastasis of OSCC cells. Mechanism research confirmed that there is a direct interaction between LINC00460 and PRDX1 (peroxiredoxin 1) protein, which could facilitate PRDX1 to enter the nucleus. Subsequently, PRDX1 will be enriched in the promoter regions of EMT-related genes, such as ZEB1 (zinc finger E box binding homeobox 1), ZEB2 (zinc finger E box binding homeobox 2), and Vimentin, and plays a role in promoting transcription (62). In a nutshell, EMT is a key driving factor for OSCC metastasis, and lncRNAs also play an important role in the EMT of OSCC cells. However, more research is still needed to better understand the mechanisms by which lncRNAs regulate the EMT of OSCC cells.



LncRNAs Regulate Metastasis Through the Wnt/β-Catenin Signaling Pathway

Wnt/β-catenin signaling pathway is one of the key pathways regulating tumor development. To date, activation of the Wnt/β-catenin signaling pathway has been proved to contribute to the metastasis of lung cancer (81), CRC (82), breast cancer (83), and OSCC (39, 45). Studies have shown that lncRNAs are important factors in regulating the Wnt/β-catenin signaling pathway of OSCC cells. Liu et al. reported that MEG3 is able to inhibit the migration of OSCC cells by weakening the activation of the Wnt/β-catenin pathway (45). On the contrary, MALAT1 induces the migration, invasion, and EMT of tongue squamous cell carcinoma (TSCC) cells by activating the Wnt/β-catenin pathway (39). As another lncRNA that is highly expressed in OSCC tissue, the expression level of AFAP1-AS1 is negatively correlated with overall survival. Further research confirmed that AFAP1-AS1 is capable of promoting the migration and invasion of OSCC by enhancing the activation of the Wnt/β-catenin pathway and the expression of EMT-related genes (23). Yang et al. validated the association between high expression of UCA1 and lymph node metastasis of OSCC. Mechanism research verified that UCA1 could boost the activation of the Wnt/β-catenin pathway, thereby promoting the metastasis of OSCC (47). Similarly, the study by Liang et al. showed that high expression of lncRNA TUG1 (taurine upregulated gene 1) is also significantly associated with lymph node metastasis of OSCC. Furthermore, knocking down TUG1 inhibits the expression of β-catenin and the invasion ability of tumor cells. However, the use of LiCl (lithium chloride), a catalyst of the Wnt/β-catenin pathway, will weaken the inhibitory effect of TUG1 knockdown on the invasion of OSCC. These data suggest that TUG1 may regulate the migration of OSCC through the Wnt/β-catenin pathway (49). Nowadays, specific mechanisms by which lncRNAs regulate the Wnt//β-catenin signaling pathway remains to be explored.



LncRNAs Regulate Metastasis Through the AKT Signaling Pathway

AKT signaling pathway is another pathway that has been widely studied and plays an important role in the metastasis of pancreatic cancer (84), gastric cancer (85), lung cancer (86), and OSCC (38, 55). In OSCC cells, the AKT signaling pathway is also regulated by various lncRNAs. FTH1P3 (ferritin heavy chain 1 pseudogene 3) is a lncRNA that is significantly overexpressed in OSCC tissues. Knocking down FTH1P3 will inhibit the migration and invasion of OSCC cells. Further investigation showed that silencing FTH1P3 contributes to the inhibition of AKT phosphorylation, which may be the mechanism by which FTH1P3 regulates the progression of OSCC (64). Based on the analysis of the expression level of MALAT1 in tissue samples, Yuan et al. reported that the overall survival of TSCC patients with high expression of MALAT1 is significantly lower than that of patients with low expression of MALAT1. Moreover, knocking down MALAT1 will cause the phosphorylation of AKT in TSCC cells to decrease, and also significantly suppress the migration and invasion of TSCC cells, while the application of PI3K (phosphatidylinositol 3-kinase) activator could reverse the inhibitory effect of MALAT1 knockdown on the migration and invasion of TSCC cells, suggesting that MALAT1 may promote the metastasis of TSCC by activating the PI3K/AKT pathway (38). In another experiment, lncRNA CCAT1 (colon cancer-associated transcript 1) was demonstrated to be overexpressed in OSCC cells and be able to promote their migration and invasion. Further mechanistic studies identified that CCAT1 is capable of improving the expression of DDR2 (discoidin domain receptor 2) and directly interacting with it. Subsequently, DDR2 could activate the ERK (extracellular signal-regulated kinase 1)/AKT signaling pathway, thus promoting the invasion and migration of OSCC cells (55). At present, the regulatory role of lncRNAs on the AKT signaling pathway remains to be further explored.



LncRNAs Regulate Metastasis Through the NF-κB Signaling Pathway

The key role of the NF-κB signaling pathway in tumor metastasis has been proved by several studies (87, 88). Besides, lncRNAs play an important role in the regulation of the NF-κB signaling pathway. For example, Zheng et al. found that the decreased expression of lncRNA KRT19P3 (Keratin 19 Pseudogene 3) is associated with lymph node metastasis of gastric cancer. Mechanistically, KRT19P3 can directly bind COPS7A and then enhance the stability of COPS7A protein, which subsequently promotes the deubiquitinylation of IκBα and then inactivates the NF-κB signaling pathway, thus suppressing tumor metastasis (89). Previous studies have shown that lncRNAs can also regulate the metastasis of OSCC through the NF-κB signaling pathway. Hu et al. showed that lncRNA NKILA (NF-κB interacting lncRNA) is lowly expressed in OSCC tissues and cells, and the overexpression of NKILA could reduce the invasion and migration of tumor cells, as well as the levels of IκBα and cytoplasm-p65, which indicates that NKILA may regulate the metastasis of OSCC through inhibiting the NF-κB signaling pathway (72). In contrast, in another study, MALAT1 knockdown was revealed to significantly suppress the levels of NF-κB and the migration and invasion of OSCC cells (40). However, the mechanism of how lncRNAs regulate OSCC metastasis through the NF-κB signaling pathway is still unclear.



LncRNAs Regulate Metastasis Through the IL-6/STAT3 Signaling Pathway

IL-6/STAT3 is an important signaling pathway related to lncRNAs-caused tumor metastasis. Su et al. reported that lncRNA UICC (upregulated in cervical cancer) is highly expressed in cervical cancer tissues, and its high expression is also related to lymph node metastasis. In vitro and in vivo experiments showed that UICC could facilitate the expression of IL-6 by combining with its promoter and directly interact with the phospho-STAT3 to improve its protein stability, thus promoting tumor growth and metastasis (90). There have been some studies showing that the IL-6/STAT3 signaling pathway plays an important role in the metastasis of OSCC (91, 92), but there is no research involving the role of lncRNAs in this process.



LncRNAs Regulate Metastasis by Functioning as ceRNAs


MALAT1

MALAT1 is an evolutionarily highly conserved lncRNA, and its mature transcripts are mainly located in the nucleus, which suggests that MALAT1 may play an important role in the biological processes of cells (93). Recent studies have shown that by regulating chromatin modification (94), gene transcription (95), or acting as ceRNAs (96), MALAT1 is involved in the migration, invasion, and metastasis of tumors. Taking transcription regulation as an example, MALAT1 can recruit EZH2 to the promoter region of ABI3BP (ABI family member 3 binding protein) and then promote H3K27me3, thereby inhibiting the transcription of ABI3BP and ultimately promoting the metastasis of gallbladder cancer (95). In addition, via directly binding to miR-1914-3p, MALAT1 is capable of enhancing the stability of YAP (Yes-associated protein) mRNA, thus promoting the invasion and metastasis of non-small cell lung cancer (96). Recently, some studies have illustrated that MALAT1 also plays the role of ceRNAs in the regulation of OSCC metastasis. Zhu et al. observed that the expression of MALAT1 in TSCC tissues is significantly increased compared to adjacent non-cancerous tissues. Moreover, high expression of MALAT1 is also closely related to lymph node metastasis. Further experiments showed that after knocking down MALAT1 in TSCC cells, the expression of miR-140-5p is enhanced while the expression of PAK1(p21-activated kinase 1) is downregulated. Mechanism studies confirmed the promoting effects of MALAT1 on the expression of PAK1 and the migration and invasion of TSCC by targeting miR-140-5p (21). Apart from that, Zhang et al.’s research also support MALAT1’s role of ceRNAs in the regulation of OSCC metastasis. Their data revealed that MALAT1 knockdown could repress the metastasis of TSCC cells in vivo and in vitro by enhancing the expression of JAG1 (jagged 1) through the miR-124/JAG1 axis (37).



H19

H19 is abnormally expressed in various human cancers, such as pancreatic cancer (97), nasopharyngeal cancer (98), and lung cancer (99), and is usually associated with cancer progression, metastasis, and poor prognosis. Additionally, by acting as ceRNAs, H19 has been confirmed to regulate the migration, invasion, and metastasis of various tumors, including nasopharyngeal carcinoma (98), bladder cancer (100), and breast cancer (101). For example, in nasopharyngeal carcinoma, H19 overexpression is closely related to the poor prognosis of patients. Moreover, knocking down H19 could suppress the migration and invasion of tumor cells and delay the progression of transplanted tumor and lung metastasis in nude mice. Mechanistically, H19 upregulates the expression of its downstream proto-oncogene HRAS (HRas proto-oncogene, GTPase) by sponging miRNA let-7, thus promoting the carcinogenic activity of HRAS in nasopharyngeal carcinoma (98). Similarly, the interaction between H19 and various miRNAs is also an important mechanism for its regulation of OSCC metastasis. Kou et al. found that the expression of H19 in metastatic TSCC tissues is higher than that of non-metastatic TSCC tissues, and H19 knockdown could attenuate the migration and invasion of TSCC cells. The speculated mechanism of which is that H19 potentiates the expression of HMGA2 (high mobility group AT-hook 2), a key regulator of tumor metastasis, by targeting let-7. Conversely, inhibition of let-7a will dampen the inhibitory effect of H19 knockdown on the migration and invasion of TSCC cells (31). Another study revealed that the expression of H19 is positively correlated with the TNM stage and negatively related to overall survival. Further data implied that H19 can enhance the expression of its target gene EZH2 by sponging miR-138, thereby promoting the migration, invasion, and EMT of OSCC cells (32).



MEG3

Unlike MALAT1 and H19, MEG3 usually plays the role of a tumor suppressor. Numerous studies have confirmed that MEG3 is lowly expressed in various tumors, such as CRC (102), bladder cancer (103), and renal cell cancer (104), and inhibits their migration, invasion, and metastasis. Zhu et al. reported that MEG3 is downregulated in CRC tissues. In addition, overexpression of MEG3 could suppress the migration, invasion, and metastasis of tumor cells by inhibiting the expression of clusterin (102). A study on bladder cancer validated that by competing with PHLPP2 (PH domain and leucine-rich repeat protein phosphatase 2) mRNA to bind miR-27a, thereby promoting the expression of PHLPP2, MEG3 can restrain the invasion and metastasis of bladder cancer cells (103). Similarly, MEG3 can also suppress the migration and invasion of OSCC by exerting the function of ceRNAs. Tan et al. proved the low expression of MEG3 in OSCC tissues. Moreover, overexpression of MEG3 contributes to the downregulation of miR-548d-3p as well as the migration and invasion of OSCC cells. Mechanistically, the inhibitory effect of MEG3 on miR-548d-3p enhances the expression of miR-548d-3p downstream targets SOCS5 (suppressor of cytokine signaling 5) and SOCS6 (suppressor of cytokine signaling 6). Next, SOCS5/SOCS6 could repress the migration and invasion of OSCC by weakening the activation of the JAK/STAT (janus kinase/signal transducer and activator of transcription) pathway (24). Another study reported that MEG3 in OSCC tissue is negatively correlated with miR-21. Subsequent dual luciferase assay identified the direct interaction between MEG3 and miR-21. Furthermore, inhibiting the expression of miR-21 will reduce the migration ability of OSCC cells, and knocking down MEG3 could partially reverse the inhibitory effect of miR-21 downregulation on the migration of OSCC cells (46), which implies that MEG3 may dampen the migration of OSCC by targeting miR-21, but its downstream molecular mechanisms need further investigation. At the same time, more in vivo experiments are desired to clarify the role of MEG3 in OSCC metastasis.



LINC00152

LINC00152 (long intergenic noncoding RNA 152), transcribed from the region between protein-coding genes PLGLB2 (plasminogen like B2) and PLGLB1 (plasminogen like B1), is also known as CYTOR (cytoskeleton regulator RNA). Through interfering with cell signaling pathways such as PI3K/AKT (105), FSCN1 (fascin actin-bundling protein 1) (106), and Wnt/β-catenin (107, 108), LINC00152 was demonstrated to promote the invasion and metastasis of diverse tumors. At present, research on the function of LINC00152 in OSCC metastasis is also mainly focused on its role of ceRNAs. By analyzing two sets of TSCC gene expression profile data (GSE30784 and GSE9844), Yu et al. found that LINC00152 is significantly upregulated in TSCC tissues, and this result was also confirmed in fresh specimens and paraffin-embedded specimens. Further analysis showed that high expression of LINC00152 is closely related to lymph node metastasis of TSCC (109). Similarly, Li et al. validated that LINC00152 is highly expressed in OSCC tissues and cells. Moreover, knocking down LINC00152 could restrain the migration, invasion, and EMT of OSCC cells in vitro. Mechanistically, LINC00152 might play a role in promoting cancer by competitively binding miR-139-5p (33). Beyond that, miRNA-193b-3p is also a target of LINC00152. Further data implied that the inhibitory effect of LINC00152 on miRNA-193b-3p is responsible for the activation of the PI3K/AKT signaling pathway, which contributes to the migration and invasion of TSCC in vitro (34). However, more in vivo experiments are still needed to further illustrate the impact of LINC00152 on OSCC metastasis.



UCA1

UCA1 was first discovered in bladder cancer (110) and has been proved to promote the migration and invasion of bladder cancer cells (111). Not only that, but UCA1 can also regulate the metastasis of gastric cancer (112), osteosarcoma (113), and breast cancer (114), etc. Taking gastric cancer as an example, Gong et al. confirmed that UCA1 expression is abnormally increased in gastric cancer tissues, and high expression of UCA1 is significantly associated with lymph node metastasis. Additionally, overexpression of UCA1 was demonstrated to promote the migration, invasion, and metastasis of gastric cancer cells. The mechanism is that the direct interaction between UCA1 and miR-203 enhances the expression of miR-203 target ZEB2 (112). Recently, abnormal expression of UCA1 has also been found to be associated with OSCC metastasis. Fang et al. observed that UCA1 is highly expressed in TSCC tissues, and its expression level is positively correlated with lymph node metastasis (115). Similarly, Zhang et al. also identified the correlation between UCA1 overexpression and the poor prognosis (lymph node metastasis and shorter survival time) in patients with TSCC. Interestingly, in TSCC cells, UCA1 can sponge miR-124 and negatively regulate each other. Further research showed that by targeting miR-124 to increase the expression of TGF-β1 (transforming growth factor β1), UCA1 can activate the JAG1/Notch pathway, which in turn promotes invasion and EMT of TSCC cells (22). Moreover, in another experiment, UCA1 was found to competitively bind miR-143-3p with MYO6 (myosin VI), thus promoting the migration, invasion, and EMT of TSCC cells (48).



TUG1

TUG1 is another lncRNA that has been extensively explored. One study proved that TUG1 plays a role in promoting the metastasis of CRC via upregulating the expression of Twist1 (116). Apart from that, by competitively binding miR-143-5p, TUG1 could enhance the expression of HIF-1α (hypoxia inducible factor 1 subunit alpha), thereby facilitating the metastasis of osteosarcoma cells (117). Similarly, the chain reaction caused by the direct binding of TUG1 to miR-455-3p also contributes to liver cancer metastasis (118). In particular, TUG1 was unveiled to promote the metastasis of OSCC by weakening the inhibitory effect of miRNAs on their downstream targets. Liu et al. confirmed that TUG1 is highly expressed in OSCC cells, and can enhance the migration potential of OSCC cells. The mechanism may be that TUG1 competitively binds miR-524-5p with DLX1(distal-less homeobox 1) and thus improves the expression of DLX1 (50). Apart from that, Yan et al. discovered that TUG1 knockdown could suppress the migration and invasion of OSCC cells, while overexpression of TUG1 will boost the metastasis of OSCC in vivo. Further experiments verified that there is mutual inhibition between TUG1 and miR-219, and repression of miR-219 could reverse the inhibitory effect of TUG1 knockdown on OSCC cells. Mechanistically, by acting as a ceRNA to sponge miR-219, TUG1 can enhance the expression of miR-219 target FMNL2 (formin-like protein 2) and thereby exerting its pro-metastasis effect (51).



Other LncRNAs Functioning as ceRNAs in OSCC Metastasis

LncRNA HOXA11-AS (homeobox A11 antisense RNA) was found to be highly expressed in OSCC tissues and cells. Moreover, HOXA11-AS was demonstrated to trigger the expression of YBX2 (Y box binding protein 2) by targeting miR-98-5p, thus promoting the migration, invasion, and EMT of OSCC cells (35). In contrast, lncRNA GAS5 (growth-arrest-specific transcript 5) is lowly expressed in OSCC. Furthermore, upregulating the expression of GAS5 could inhibit the migration, invasion, and EMT of OSCC cells, and the mechanism is also to play the role of ceRNA. Specifically, GAS5 enhances the expression of PTEN (phosphatase and tensin homolog) by combining with miR-21, and then dampened the activation of the PI3K/AKT signaling pathway. Beyond that, the inhibition of miR-21 by GAS5 also increased the expression of E-cadherin, while decreased the expression of N-cadherin, Vimentin, and Snail, suggesting that the EMT of OSCC cells was repressed as well (36). The results of another study showed that HOTAIR can improve the expression of MTA2 (metastasis-associated gene 2) via the miR-326/MTA2 axis, thereby facilitating the migration, invasion, and EMT of OSCC cells (43). Similarly, lncRNA CASC15 (cancer susceptibility candidate 15) has also played a role in promoting metastasis in the development of OSCC. The mechanism may be that the combination of CASC15 and miR-33a-5p elevates the expression level of the downstream target ZEB1 of miR-33a-5p (52). Wang et al. found that lncRNA lnc-p23154 is highly expressed in OSCC tissues and cells. Mechanism studies confirmed that by directly binding to miR-378a-3p, lnc-p23154 is capable of upregulating the expression of Glut1 (glucose transporter 1), thereby reinforcing the glycolysis of OSCC cells, and ultimately inducing the migration, invasion, EMT, and metastasis of OSCC cells (53). Additionally, lncRNAs CCAT1 (54), LINC01116 (long intergenic noncoding RNA 1162) (56), SNHG17 (small nucleolar RNA host gene 17) (57), and RC3H2 (73) have been proved to facilitate the metastasis-related biological behaviors of OSCC cells via regulating miR-181a/Wnt/β-catenin, miR-136/FN1 (fibronectin1), miR-876/SP1 (specificity protein 1), and miR-101-3p/EZH2 signaling pathways respectively (Figure 1). In a word, lncRNAs play a key role in the metastasis of OSCC by acting as ceRNAs.




Figure 1 | Long noncoding RNAs (LncRNAs) involved in oral squamous cell carcinoma (OSCC) metastasis by functioning as competitive endogenous RNAs (ceRNAs).






LncRNAs Involved in the Distant Metastasis of OSCC

The probability of distant metastasis occurring in patients with OSCC is relatively low, only about 10% (119, 120). However, once a distant metastasis occurs, the patient’s hope of being cured is very slim. Studies have unveiled that lncRNAs participate in regulating the distant metastasis of various tumors including OSCC. Wang et al. found that lncRNA APC1 (adenomatous polyposis coli 1) is lowly expressed in CRC tissues, and its expression level is negatively correlated with distant metastasis. In addition, in a nude mouse model, the overexpression of APC1 could attenuate lung metastasis of CRC cells. The mechanism may be that APC1 directly binds to Rab5b mRNA and reduces its stability, thereby inhibiting the production of exosomes derived from tumor cells (121). In contrast, lncRNA BX11 (BX111887) is overexpressed in pancreatic cancer, and its expression level is positively related to distant metastasis. Further research confirmed that by recruiting the transcription factor YB1 (Y-box binding protein 1) to the promoter region of ZEB1, BX11 is able to activate the transcription of ZEB1, thus promoting the distant metastasis of tumor cells (122).

Currently, there are few studies on the role of lncRNAs in the distant metastasis of OSCC. LncRNA HOTTIP (HOXA transcript at the distal tip) was reported to be overexpressed in TSCC tissues, and its high expression is associated with distant metastasis (120). Mu et al. observed that knocking down HOTTIP could restrain the migration, invasion, and EMT of TSCC cells (67). Moreover, the results of another study identified that HOTTIP is upregulated in TSCC tissues with lymph node metastasis compared to those without lymph node metastasis. Mechanism research showed that by targeting miR-124-3p, HOTTIP is capable of enhancing the expression of HMGA2 (high mobility group AT-hook 2), which will further activate the Wnt/β-catenin pathway and promote the migration and invasion of TSCC cells (68). However, potential mechanisms of HOTTIP to regulate the distant metastasis of OSCC remain to be studied. In addition to HOTTIP, the high expression of lncRNA CCAT2 (colon cancer-associated transcript 2) (70) and lncRNA PANDAR (promoter of CDKN1A antisense DNA damage activated RNA) (71) are all associated with the distant metastasis of OSCC. Furthermore, both knockdowns of CCAT2 and PANDAR could inhibit the migration and invasion of OSCC cells. Whereas, the mechanisms by which CCAT2 and PANDAR regulate the distant metastasis of OSCC are still unclear.



Other Potential Mechanisms of LncRNAs Regulating the Metastasis of OSCC

To evaluate the influence of HOTAIR gene polymorphism and environmental factors on the susceptibility of OSCC, Su et al. detected four single-nucleotide polymorphisms (SNPs) of HOTAIR, namely rs920778, rs1899663, rs4759314, and rs12427129, in 1200 control participants and 907 OSCC patients. They found that rs920778 is associated with a high rate of lymph node metastasis. In addition, a motif search on the HOTAIR enhancer region showed that rs920778 is located in the putative binding motif of PRDM14 (PRDI-BF1 and RIZ domain containing 14). In particular, PRDM14 is a transcription factor that plays an anti-cancer role in HPV-positive OSCC cells (123). Moreover, data from the GTEx (gnotype-tissue expression) database shows that HOTAIR is differentially expressed in muscle skeletal tissues of individuals carrying the polymorphic allele of rs920778. These results suggest that the alteration in HOTAIR expression caused by SNPs might affect the development of OSCC, and this change may come from abnormal regulation of HOTAIR expression caused by SNPs, the mechanisms of which needs to be further explored (44).

Studies have validated that in a hypoxic environment, some lncRNAs could accelerate the metastasis of OSCC. Shih et al. reported that the expression of lncRNA MIR31HG (miR-31 host gene) in OSCC tissues is increased and can be induced by hypoxia. In addition, MIR31HG overexpression is also closely related to lymph node metastasis. Furthermore, MIR31HG in the hypoxic environment has a more obvious promotion effect on the migration, invasion, and metastasis of OSCC cells, compared with that in the normoxic environment. Mechanism studies confirmed that MIR31HG is capable of promoting the transcription of HIF-1α and bind to it, thereby assisting its binding to HIF-1β (hypoxia inducible factor 1 subunit beta) and histone acetylase p300, thus forming the HIF-1 complex. Apart from that, MIR31HG is also able to recruit the HIF-1 complex to the promoter region of the metastasis-promoting genes, such as VEGF (vascular endothelial growth factor), LICAM(L1 cell adhesion molecule), and LOXL2 (lysyloxidase homologe2), to activate their transcription (65). Similarly, lncRNA HAS2-AS1 (hyaluronan synthase 2 antisense 1) is highly expressed in OSCC tissues and cells under hypoxic conditions, and HAS2-AS1 overexpression is also closely associated with lymph node metastasis. Subsequent studies exhibited that hypoxia-induced overexpression of HAS2-AS1 depends on HIF-1α, which can directly bind to the promoter region of HAS2-AS1 and activate its transcription. Additionally, HAS2-AS1 was proved to promote the hypoxia-induced invasion and EMT of OSCC cells. The potential mechanism is that HAS2-AS1 increases the level of hyaluronic acid in OSCC cells by enhancing the expression and stability of HAS2 (hyaluronan synthase 2) (66).

LncRNA SNHG3 (small nucleolar RNA host gene 3) was found to be overexpressed in OSCC cells. Silencing SNHG3 will inhibit the migration ability of OSCC cells. Further research showed that by recruiting ELAVL1 (ELAV like RNA-binding protein 1) to bind with NFYC (nuclear transcription factor Y subunit gamma) mRNA and then enhance its stability, SNHG3 could increase the expression of NFYC and thereby induce the migration of OSCC cells (60). As another lncRNA highly expressed in OSCC tissues and cells, LEF1-AS1 (lymphoid enhancer-binding factor 1 antisense RNA 1) has been validated to inhibit the activation of the Hippo pathway by direct interaction with LATS1 (large tumor suppressor 1), thus promoting the migration of OSCC cells (69). In general, mechanisms by which lncRNAs regulate OSCC metastasis are complex. One lncRNA could regulate OSCC metastasis through multiple mechanisms, while diverse lncRNAs acting on the same signaling pathway may produce opposite effects. To fully understand the biological function of lncRNAs, especially its role in OSCC metastasis, there are still many studies to be carried out.




The Regulation of CAFs-Related LncRNAs on the Metastasis of OSCC

In recent years, the tumor microenvironment composed of cells (such as fibroblasts, endothelial cells, and immune cells) and extracellular components (such as growth factors, hormones, and extracellular matrix) has become a hot spot in tumor research (124). Studies have confirmed that the heterogeneity of the tumor microenvironment contributes to the occurrence and metastasis of tumors (125, 126). Cancer-associated fibroblasts (CAFs) are an important component of the tumor microenvironment. The interaction of CAFs with tumor cells not only plays an important part in mediating the formation of CAFs (127) but also affects the process of tumor metastasis (128). It interests to note that lncRNAs participates in the regulation of CAFs on the metastasis of tumors (Figure 2). Ren et al. reported that high expression of HOTAIR is associated with breast cancer metastasis. In addition, the conditioned medium of CAFs-derived from breast cancer could significantly enhance the expression of HOTAIR and promote the metastasis of breast cancer cells. Subsequently, mechanism research validated the promoting effect of TGF-β1 secreted by CAFs on the transcription of HOTAIR in breast cancer cells, which will enhance the expression of CDK5 (cyclin dependent kinase 5), thereby facilitating the metastasis of breast cancer cells (129). In another experiment, lncRNA LINC00092 (long intergenic noncoding RNA 92) was found to be highly expressed in ovarian cancer tissues, and its overexpression is associated with tumor metastasis. Further investigation showed that CXCL14 (C-X-C motif chemokine ligand 14) derived from CAFs could increase the expression of LINC00092 in ovarian cancer cells. Moreover, LINC00092 was demonstrated to promote the glycolysis of tumor cells and induce the metastasis of ovarian cancer cells by enhancing the expression of glycolytic enzyme PFKFB2 (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2) and combining with it (130). In addition to regulating the expression of lncRNAs in tumor cells, CAFs may also regulate tumor metastasis by delivering lncRNAs to tumor cells. Ren et al. confirmed that CAFs derived from CRC are capable of transferring H19 to CRC cells through exosomes, thereby increasing the level of H19 in tumor cells and promoting the proliferation of tumor cells. The mechanism is that the direct binding of H19 to miR-141 activates the Wnt/β-catenin signaling pathway in tumor cells (131). As mentioned earlier, the activation of the Wnt/β-catenin signaling pathway has been shown to promote the metastasis of CRC (82). Besides, H19 overexpression is also an important factor inducing CRC metastasis (132). However, further research is needed to confirm whether CAFs-derived H19 can promote the metastasis of CRC.




Figure 2 | Long noncoding RNAs (LncRNAs) regulate tumor metastasis by mediating the crosstalk between tumor cells and tumor microenvironment. (A) Cancer-associated fibroblasts (CAFs) derived from breast cancer could secrete TGF-β1 to activate the transcription of HOX transcript antisense intergenic RNA (HOTAIR) in breast cancer cells, thereby enhancing the expression of CDK5 and then inducing metastasis. (B) Through exosomes, RPPH1 derived from breast cancer cells could be transported into macrophages and then induce M2 polarization of macrophages, which will further accelerate the metastasis of breast cancer. (C) LNMAT2 could be encapsulated into the exosomes secreted by bladder cancer cells through direct interaction with hnRNPA2B1. Subsequently, the exosomal LNMAT2 internalized by human lymphatic endothelial cell (HLEC) could promote the expression of PROX1 in HLEC, thus leading to lymphangiogenesis and lymph node metastasis.



Currently, only one study has explored the role of lncRNAs in the regulation of CAFs on the metastasis of OSCC. Jin et al. observed that lncRNA TIRY is highly expressed in CAFs derived from OSCC tissues. Furthermore, after co-cultivation of OSCC cells with conditioned medium of CAFs treated with TIRY overexpression plasmids, the capabilities of migration and invasion of OSCC cells were significantly improved. Moreover, knocking down TIRY caused increased expression of miR-14 in CAFs and their exosomes, whose mechanism is the direct binding of TIRY to miR-14. Further research showed that the overexpression of TIRY inhibits the transmission of miR-14 from CAFs to tumor cells through the transport of exosomes, thus enhancing the activation of the Wnt/β-catenin signaling pathway in tumor cells and promoting EMT. This may be the mechanism by which TIRY in CAFs regulates the migration and invasion of OSCC cells. Interestingly, the expression of miR-14 in OSCC cells was substantially increased after treatment with conditioned medium of TIRY-silenced CAFs (74). However, it is still unknown whether TIRY can be directly transported into OSCC cells through CAFs-derived exosomes and then affect the metastasis of OSCC. At present, research on the role of CAFs-related lncRNAs in OSCC metastasis has just begun, and there is still much work to be done.



Conclusion

Research in the past decade has partially revealed the key role played by lncRNAs in the development of OSCC. In particular, abnormally expressed lncRNAs are also important factors affecting OSCC metastasis. LncRNAs can regulate the metastasis of OSCC through different mechanisms at epigenetic (18), transcription (26), and post-transcriptional (16) levels, and play the role of oncogene or tumor suppressor. Nonetheless, the current focus of scholars is mainly on the effect of abnormal expression of autologous lncRNAs in OSCC cells on tumor metastasis. The role of lncRNAs-mediated crosstalk between OSCC cells and the tumor microenvironment in tumor metastasis is still seldom studied. However, the stromal cells (such as CAFs (129), endothelial cells (133) and immune cells (134)), exosomes (135), and lymphangiogenesis (133) involved in this crosstalk have been shown to be involved in the metastasis of other tumors (Figure 2).

As mentioned previously, based on the crosstalk between CAFs and tumor cells, CAFs-related lncRNAs play an important role in tumor metastasis. It is worth noting that exosomes can act as messengers between tumor cells and CAFs. Moreover, exosomes are also the key link between tumor cells and other stromal cells, which contribute to the metastasis of various tumors as well (133, 134). The regulation of exosomes on tumor metastasis depends on their special structure (membranous microcapsules with diameters ranging from 50 to 150nm) and contents (RNA, DNA, proteins, etc.) (136). Previous studies have identified that exosomes could transfer lncRNAs to target cells and induce a series of chain reactions, thereby regulating tumor metastasis (134, 135). For example, Liang et al. found that the expression of lncRNA RPPH1 (ribonuclease P RNA component H1) in breast cancer tissues is significantly upregulated. Moreover, RPPH1 overexpression is associated with metastasis and poor prognosis. In addition, the in vivo study demonstrated that RPPH1 is able to promote the metastasis of breast cancer. Mechanistically, through exosomes transport into macrophages, RPPH1 derived from breast cancer cells could induce M2 polarization of macrophages. In turn, M2-polarized macrophages will further accelerate breast cancer metastasis (134). However, there is currently no study on the effect of exosomal lncRNAs on OSCC metastasis. Therefore, further exploration of the role of exosomal lncRNAs in OSCC metastasis will provide more valuable information on the metastasis of OSCC.

The high rate of lymph node metastasis is the main cause of death in patients with OSCC (5). Not only OSCC, but many other tumors can also have lymph node metastasis (112, 133, 134). As an important channel for lymph node metastasis of tumor cells, lymphatic vessels and the mechanisms of their generation naturally attract the attention of scholars. Studies have confirmed that lncRNAs are involved in inducing lymphangiogenesis of tumors (133, 137). Taking lncRNA LNMAT2 (lymph node metastasis-associated transcript 2) as an example (133), Chen et al. found that bladder cancer-derived exosomal LNMAT2 can enhance the ability of tube formation and migration of human lymphatic endothelial cells (HLEC) in vitro, and facilitate tumor lymphangiogenesis and lymph node metastasis in vivo. Further mechanistic studies uncovered that LNMAT2 could be encapsulated into exosomes secreted by bladder cancer cells through direct interaction with hnRNPA2B1 (heterogeneous nuclear ribonucleoprotein A2B1). Subsequently, the exosomal LNMAT2 will be internalized by HLEC, and then promote the expression of PROX1 (prospero homeobox 1) at the epigenetic level, thus leading to lymphangiogenesis and lymph node metastasis of the tumor. Therefore, LNMAT2 has the potential to serve as a therapeutic target for lymph node metastasis of bladder cancer. However, to date, there has been no research on the regulation of lncRNAs on OSCC lymphangiogenesis. Subsequent research should pay more attention to this direction.

In addition to the crosstalk between tumor cells and stromal cells, the crosstalk between tumor cells and the extracellular matrix (ECM) also plays a critical role in the metastasis of tumors. Huang et al. reported that integrin alpha 2 (ITGA2), upregulated in omental metastases of patients with ovarian cancer, can trigger tumor cell adhesion to collagen, and then facilitates the migration and peritoneal metastasis of tumor cells. The speculated mechanism of which is that ITGA2 activates the phosphorylation of focal adhesion kinase and the mitogen-activated protein kinase pathway (138). In another study, lncRNA CASC9 (cancer susceptibility 9) was revealed to be associated with the prognosis and metastasis of esophageal squamous cell carcinoma (ESCC). Besides, CASC9 knockdown could significantly inhibit the migration, invasion, and metastasis of ESCC cells. Mechanistically, CASC9 can enhance the enrichment of the transcriptional coactivator CREB-binding protein and H3K27 acetylation in the promoter of LAMC2, an upstream inducer of the integrin pathway, thus promoting its expression. Nevertheless, the impact of the crosstalk between tumor cells and ECM regulated by lncRNAs on OSCC metastasis has not been studied.

In summary, lncRNAs are expected to serve as indicators for screening, treatment, and prognostic monitoring of OSCC metastasis. However, the current understanding of the role of lncRNAs in OSCC metastasis is still in its infancy. Therefore, further research on the role of lncRNAs in the crosstalk between OSCC cells and tumor microenvironment will help enrich the blueprint of the mechanisms of OSCC metastasis.
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Head and neck squamous cell carcinoma (HNSCC) has a poor prognosis. Considerable evidence indicates that autophagy and non-coding RNA play essential roles in the biological processes involved in cancers, but associations between autophagy-related long non-coding RNAs (lncRNAs) and HNSCC remain unclear. In the present study, HNSCC RNA sequences and autophagy-related gene data were extracted from The Cancer Genome Atlas database and the Human Autophagy Database. A total of 1,153 autophagy-related lncRNAs were selected via calculating Pearson’s correlation coefficient. Three prognosis-related autophagy lncRNAs were identified via univariate Cox regression, least absolute shrinkage and selection operator analysis, and multivariate Cox regression analysis. We also constructed a prognostic model based on these autophagy-related lncRNAs and evaluated its ability to accurately and independently predict the prognosis of HNSCC patients. The area under the curve (AUC) was 0.864 (3-year) and 0.836 (5-year), and our model can independently predict the prognosis of HNSCC. The prognostic value of the three autophagy lncRNAs was confirmed via analysis of samples from five databases. To further identify the functions of the three lncRNAs, a co-expression network was constructed and pathway analysis was performed. In that analysis the lncRNAs were correlated with 189 related genes and 20 autophagy-related genes, and these lncRNAs mainly involved homologous recombination, the Fanconi anemia pathway, the autophagy-related pathway, and immune-related pathways. In addition, we validated the expression levels of three lncRNAs and autophagy markers (ATG12, BECN1, and MAP1LC3B) based on TIMER, Oncomine, and HPA database analysis. Our results indicated that TTTY15 was increased in HPV positive and HPV negative HNSCC patients, and three autophagy markers were up-regulated in all HNSCCC patients. Lastly, association between three lncRNAs and autophagy markers was performed, and our results showed that TTTY15 and MIF-AS1 were associated with autophagy markers. Collectively, these results suggested that three autophagy-related lncRNAs have prognostic value in HNSCC patients.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer in the world and accounts for more than 90% of head and neck cancers (1). Advances in surgical treatment combined with radiotherapy, chemotherapy, or biotherapy have resulted in improved HNSCC prognoses, but advanced-stage HNSCC is still associated with an unfavorable prognosis and a high mortality rate (2, 3). Prognoses are mainly based on the TNM classification system, but that system currently does not incorporate enough information from which to derive accurate prognosis (4). Therefore, the identification of effective biomarkers for early diagnosis, assessment, and prognosis of HNSCC is essential.

Autophagy is a self-degradative process that maintains cellular homeostasis. It plays complex roles at different stages of tumorigenesis, and it may promote oncogenesis in some contexts but participate in tumor suppression in others (5). Clarifying the mechanisms involved in autophagy may contribute to the development of new cancer treatment strategies. Several studies suggest that inhibiting autophagy in patients with advanced cancers may enhance the treatment of malignancy, and that the promotion of autophagy in HNSCC can protect cells (6). Therefore, further attention to elucidate the roles and clarify the mechanisms of autophagy in HNSCC is needed.

Long non-coding RNAs (lncRNAs) are defined as non-coding RNAs that are ≥ 200 nucleotides in length, and they are reportedly associated with HNSCC prognosis (5, 7). Previous studies suggest that lncRNAs have an important role in the regulation of autophagy via the mediation of autophagy-related gene (ATG) expression (8, 9). Increasing evidence indicates that autophagy and lncRNAs play a key role in tumorigenesis and cancer cell survival, but whether lncRNAs modulate autophagy in HNSCC remains unknown, and the molecular mechanisms involved in autophagy-related lncRNA in HNSCC have not been elucidated (10).

The aim of the present study was to identify autophagy-related lncRNAs, and evaluate their prognostic value with respect to HNSCC. HNSCC RNA sequencing and ATG data from The Cancer Genome Atlas (TCGA) database and the Human Autophagy Database were extracted and analyzed to identify autophagy-related lncRNAs (11, 12). Univariate Cox regression analysis and least absolute shrinkage and selection operator analysis were performed to identify key autophagy related lncRNAs, which were then used to construct a prognostic model using multivariate Cox regression analysis. Receiver operating characteristic (ROC) curves and Kaplan-Meier survival curves were plotted, and concordance indexes were calculated to evaluate the prognostic accuracy of the models. The prognostic value of three lncRNAs was then investigated via analyses incorporating five databases. To putatively predict the function of these three lncRNAs, a co-expression network was constructed and pathway analysis was performed. Moreover, the mRNA and protein expression of three lncRNAs and autophagy markers ATG12, BECN1, and MAP1LC3B were measured through analysis in Tumor Immune Estimation Resource (TIMER), Oncomine, and Human Protein Atlas (HPA) database. Lastly, we analyzed the correlation between three lncRNAs and autophagy makers.



Materials and Methods


Data Collection and Preparation

Raw RNA sequencing data and corresponding clinical data from HNSCC patients were obtained from the TCGA database (https://portal.gdc.cancer.gov/) (11). These HNSCC samples were mainly derived from patients with laryngeal cancer, nasopharyngeal cancer, tonsil cancer, and lip cancer. As well as 155 HNSCC samples, the gene expression profiles of 12 normal control samples were included in the study. Data post-processing and clinical information extraction were performed using a programming language (strawberry-perl-5.32.0.1-64bit.msi, http://www.perl.org) (13). Protein-coding genes and lncRNAs were annotated and classified using Ensembl human genome browser GRCh38.p13 (http://asia.ensembl.org/index.html) (14). Prior to assessing the prognostic value of the autophagy-related lncRNAs, survival time and survival status data were merged with autophagy-related lncRNA expression data. The study excluded repeated samples and survival times of patients more than 30 days. Because the study data were obtained from the TCGA database, no ethics committee approval or patient consent was required.



Identification of Autophagy-Related lncRNAs

Autophagy-related genes (ATGs) were downloaded from the Human Autophagy Database (http://www.autophagy.lu/) (12). Pearson’s correlational coefficients were calculated to assess associations between lncRNA expression and ATGs. lncRNAs with correlational coefficients > 0.3 and p values < 0.001 were deemed to be putatively autophagy-related lncRNAs.



Autophagy-Related lncRNA Prognostic Model Construction

Univariate Cox regression was used to assess associations between autophagy-related lncRNA expression and overall survival using the “survival” software package in R (cran.r-project.org/web/packages/survival/index.html). A significant difference was defined as p < 0.05. LASSO regression was performed based on the results of univariate Cox regression analysis using the survival software and the “glmnet” software package (https://cran.rproject.org/web/packages/glmnet/index.html). After the identification of prognosis-related lncRNAs via LASSO regression analysis, multivariate Cox regression analysis with stepwise selection to identify optimal prognostic autophagy related lncRNAs according to Akaike information criterion (AIC) value (15). We then calculated a risk score for each patient (16). HNSCC patients were divided into high-risk (n = 77) and low-risk (n = 77) groups based on the median risk score. To investigate relationships between prognosis and expression levels of the autophagy-related lncRNAs identified, Kaplan-Meier survival curves were then plotted for three key lncRNAs. Based on average expression levels of candidate lncRNAs, HNSCC patients were divided into high and low expression groups.



Evaluation of Accuracy of Our Model

Kaplan-Meier survival curves were plotted to compare the difference in overall survival between the low-risk and high-risk groups using the survival package (17). Using the survival and time ROC (cran.r-project.org/web/packages/timeROC/index.html) software packages, 3-year and 5-year ROC curves were generated, and areas under the curves (AUCs) and concordance indexes were calculated to investigate the predictive capacity of the prognostic model (18). AUC values range from 0.5 to 1.0. AUC: 0.5 means without any predictive power; AUC: 0.5–0.7 represents low accuracy; AUC: 0.7–0.9 means medium accuracy; AUC > 0.9 represents high accuracy. Concordance index values range from 0.5 to 1.0. Univariate and multivariate Cox regression analyses were used to determine whether risk score was independent of other clinical characteristics (age, sex, grade, stage) for the prediction of HNSCC prognosis. HR>1 and p-value<0.05 represent poor prognostic factors. HR<1 and p-value<0.05 represent favorable prognostic factors.



Validation of the Prognostic Value of Three Autophagy-Related lncRNAs

The Gene Expression Profiling Interactive Analysis database (GEPIA; http://gepia.cancerpku.cn/detail.php) is a web server tool based on TCGA and GTEx data that can be used to conduct patient survival analysis, differential expression analysis, and correlational analysis, among other things (19). The Head and Neck Cancer database (http://hncdb.canceromics.org/) is a comprehensive source that includes head and neck cancer-related genes and an expression analysis platform. Lnc2Cancer (http://www.bio-bigdata.net/lnc2cancer/) is a database that provides comprehensive experimentally supported associations between lncRNA and human cancer (20). The Online Consensus Survival for Head and Neck Squamous Cell Carcinoma database (OShnscc, http://bioinfo.henu.edu.cn/HNSC/HNSCList.jsp) is an online prognostic biomarker analysis tool for head and neck squamous cell carcinoma (21). UALCAN (http://ualcan.path.uab.edu/) is a user-friendly web resource for analyzing cancer OMICS data that allows the user to analyze associations between gene expression and patient survival (22). In the present study the GEPIA, Head and Neck Cancer database, Lnc2cancer, OShnscc, and UALCAN resources were used to investigate the prognostic value of the lncRNAs identified. P < 0.05 was considered statistically significant.



Co-expression and Function Enrichment Analysis

To investigate the function of three autophagy-related lncRNAs and the potential mechanisms involved in the effects of these lncRNAs on HNSCC prognosis, associations between the expression levels of the lncRNAs and protein coding genes (PCGs) were assessed using R software. Pearson’s correlational coefficient > 0.4 and p < 0.001 were considered to indicate significant correlations. A visual co-expression network reflecting the three autophagy-related lncRNAs and PCG co-expression was generated via Cytoscape software (version 3.7.2) (18). To assess associations between the three lncRNAs, PCGs, and risk status the “ggalluvial” component of the R package was used to visualize interaction modules between them (23). Lastly, gene ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed on three lncRNA-related PCGs using Metascape and the R package (24). P < 0.05 was considered significant in gene ontology and KEGG pathway analyses. Enriched gene ontology terms and KEGG pathways were defined as the potential functional terms of the three lncRNAs.



Associations Between Three lncRNAs and Autophagy-Related Pathway

Associations between three lncRNAs and ATGs were investigated by calculating Pearson’s correlational coefficients. Sankey plots were then constructed to visualize association networks between the three lncRNAs, ATGs, and risk status. Gene ontology and KEGG pathway analyses of the three lncRNA-related ATGs were conducted using Metascape (http://metascape.org/gp/index.html) (24). P < 0.05 was considered statistically significant.



Confirmation of the Expression of Three lncRNAs and Autophagy Makers and Evaluation of Their Correlation

The mRNA expression level of three lncRNAs and autophagy markers ATG12, BECN1, and MAP1LC3B were examined through analysis DiffExp module of TIMER database (https://cistrome.shinyapps.io/timer/) and Oncomine database (http://www.oncomine.org) (25, 26). The protein expression level of these makers were compared between HNSCC and normal tissues using HPA database (https://www.proteinatlas.org/) (27). Association analyses between three lncRNAs and autophagy related genes was also performed by GEPIA database and correlation module of TIMER database (19, 25).



Statistical Analysis

Data were processed using the PERL language (strawberry-perl-5.32.0.1-64bit.msi, http://www.perl.org). All statistical analyses were conducted using R software (version 3.6.3, https://www.r-project.org/). P < 0.05 was considered statistically significant.




Results


Identification of Autophagy-Related lncRNAs

The analysis procedure of the current study is shown in Supplementary Material 1. A total of 14,142 lncRNAs were identified by analyzing RNA sequence data from HNSCC patient tissue samples in the TCGA database, and 232 ATGs were extracted from the Human Autophagy Database (Supplementary Material 2). From the initial dataset, 1,153 autophagy-related lncRNAs were selected by calculating Pearson’s correlational coefficients between the lncRNAs and the ATGs (Supplementary Material 3).



Establishment of a Three-Autophagy-Related lncRNA Prognostic Signature

In univariate Cox regression analysis of 1,153 autophagy-related lncRNAs, 19 autophagy-related lncRNAs were significantly associated with HNSCC prognosis (p < 0.05, Table 1). LASSO regression analysis was conducted to assess the correlations between these 19 lncRNAs and survival. That analysis indicated that 13 lncRNAs had prognostic value (Figures 1A, B). In multivariate Cox regression analysis three autophagy-related lncRNAs were significantly correlated with HNSCC prognosis; AL121899.1, TTTY15, and MIF-AS1 (Figure 1C). AL121899.1 was considered a risk factor with a hazard ratio (HR) > 1, and TTTY15 and MIF-AS1 were considered protective factors with hazard ratios < 1. In Kaplan-Meier survival curve analysis of the three autophagy-related lncRNAs AL121899.1 overexpression was correlated with a poor prognosis, and high expressions of TTTY15 and MIF-AS were associated with a good prognosis (Figures 1D–F).


Table 1 | Prognosis-related autophagy lncRNAs by univariate Cox regression analysis.






Figure 1 | Identification of a three-autophagy-related lncRNA prognostic signature. (A) Partial likelihood deviance was plotted versus log(λ). The vertical dotted line indicates the lambda value with the minimum error and the largest lambda value, where the deviance is within one standard error of the minimum. (B) LASSO coefficient  profiles of genes associated with overall survival of head and neck squamous cell carcinoma. (C) Forest plot depicting associations between lncRNAs and risk value determined via multivariate Cox regression analysis. *p < 0.05, **p < 0.01. (D–F) Kaplan–Meier survival curves derived from three autophagy-related lncRNAs and HNSCC patients. These lncRNAs were considered to constitute a prognostic signature for HNSCC. AL121899.1 was identified as a negative prognostic factor, and TTTY15 and MIF-AS1 were identified as positive prognostic factors. (D) AL121899, (E) MIF-AS, (F) TTTY15.





Evaluation of the Prognostic Model

Risk scores were calculated for each HNSCC patient, and the patients were divided into high-risk (n = 77) and low-risk (n = 77) groups based on the median risk score. HNSCC patients were ranked based on risk scores, and survival rate was significantly associated with risk score (Figure 2A). The survival time of patients with higher risk scores was lower than that of patients with low risk scores (Figure 2B). Heat mapping indicated that three autophagy-related lncRNAs were significantly differentially expressed in the high-risk group and the low-risk group (Figure 2C). AL121899.1 expression was higher in high-risk patients than in low-risk patients, and TTTY15 and MIF-AS expression were lower in high-risk patients than in low-risk patients. In Kaplan-Meier survival analysis patients with low risk scores survived significantly longer than those with high risk scores (Figure 2D). To assess the predictive value of the prognostic model, 3-year and 5-year ROC curves were plotted and the concordance index was calculated. The AUC values were 0.864 (3-year ROC) and 0.836 (5-year ROC), and the concordance index was 0.743 (Figure 2E). This result suggested that our model had a medium accuracy to evaluate the prognosis of head and neck squamous cell carcinoma patients. Univariate and multivariate Cox regression analyses demonstrated that risk score was an independent predictor of a poor prognosis in HNSCC patients (Figures 3A, B).




Figure 2 | Construction and evaluation of the risk score model. (A) Survival rate was significantly associated with risk score. (B) Scatterplot of patient survival. (C) Expression heatmap of three autophagy-related lncRNAs. (D) Kaplan-Meier survival curves of the high-risk group and the low-risk group. (E) ROC curve based on the risk score model. AUC: 0.5 means without any predictive power; AUC: 0.5–0.7 represents low accuracy; AUC: 0.7–0.9 means medium accuracy; AUC > 0.9 represents high accuracy.






Figure 3 | Assessment of the independence of the HNSCC prognostic model. (A) Univariate analysis and (B) multivariate Cox regression analysis confirmed the independence of the prognostic model. HNSCC, head and neck squamous cell carcinoma. HR>1 and p-value<0.05 represent poor prognostic factors. HR<1 and p-value <0.05 represent favorable prognostic factors.





Three Autophagy-Related lncRNAs Have Prognostic Value in HNSCC

Multiple databases were used to confirm the prognostic value of the aforementioned three autophagy-related lncRNAs. TTTY15 overexpression had a protective effect on overall survival in different databases, including the GEPIA, Lnc2cancer3.0, Head and Neck Cancer database, UALCAN, and OShnscc (Figures 4A–E, Table 2). These observations are fully consistent with the results of the current study. In GSE27020 analysis, high MIF-AS1 expression was associated with progression-free survival in HNSCC patients, but there were no significant correlations between MIF-AS1 overexpression and progression-free survival or overall survival in analyses of the GES31056, GSE41613, and Lnc2cancer3.0 databases (Figures 4F–I, Table 2). AL121899.1 was not found in the five aforementioned databases.




Figure 4 | Confirmation of the prognostic value of the three autophagy-related lncRNAs. (A–E) Five databases were used to examine the prognostic value of TTTY15. (A) GEPIA database, (B) Lnc2cancer 3.0 online database, (C) OShnscc database, (D) UALCAN database, (E) HNC database. (F–I) Analyses of associations between MIF-AS1 and overall survival and progression-free survival based on different databases. (F) Association between MIF-AS1 and overall survival based on the GSE41613 database. (G) Association between MIF-AS1 and overall survival based on the lnc2cancer 3.0 online database. (H) Association between MIF-AS1 and progression-free survival based on the GSE27020 database. (I) Association between MIF-AS1 and progression-free survival based on the GSE31056 database. PFS, progression-free survival; OS, overall survival.




Table 2 | Confirmation of prognostic value of three autophagy related IncRNAs.





Potential Functions of the Three Autophagy-Related lncRNAs

A co-expression network including the three autophagy-related lncRNAs and PCGs was constructed to predict the function of the three lncRNAs and investigate the potential mechanisms that they were involved in that affected HNSCC prognosis. The three lncRNAs interacted with 189 PCGs (Figure 5A). Associations between the three lncRNAs, the PCGs, and different risk types were then evaluated. TTTY15 and MIF-AS1 and their related PCGs were putative protective factors. AL121899.1 and its related PCGs were putative risk factors (Figure 5B). To predict the functions of the three lncRNAs, 189 PCGs were assessed via gene enrichment and KEGG pathway analysis. The enriched gene ontology terms were mainly involved in DNA replication, the cell cycle, DNA-dependent DNA replication, activation of ATRs in response to replication stress, cell division, the PID HNF3A pathway, and so on (Figure 5C). In KEGG pathway analysis 189 PCGs were mainly involved in homologous recombination and the Fanconi anemia pathway (Figures 5D, E). These identified gene ontology terms or KEGG pathways were considered indicative of the potential functions of the three lncRNAs.




Figure 5 | Co-expression network and function enrichment analysis. (A) Construction of a co-expression network between three prognosis-related autophagy lncRNAs and PCGs. The green rectangles represent three prognosis-related lncRNAs, and the red ovals represent PCGs. (B) Sankey plots were generated to visualize association networks between the three lncRNAs, PCGs, and risk status. Due to the size of the image, the module on the left only shows the first 20 PCGs of each lncRNA. (C) Gene enrichment analysis of 189 PCGs. (D, E) KEGG pathway analysis of 189 PCGs. The red highlighted part represents the PCGs in the current study. (D) Eight PCGs involved in the Fanconi anemia pathway. (E) Seven PCGs associated with homologous recombination. PCG, protein coding gene; lncRNA, long non-coding RNA.





The lncRNAs Were Associated With the Autophagy-Related Pathway

Three lncRNAs were significantly associated with 20 autophagy-related genes (Figure 6A). Sankey plots indicated that AL121899.1 and related ATGs were associated with an unfavorable prognosis, whereas TTTY15 and MIF-AS1 and their related ATGs were associated with a favorable prognosis (Figure 6B). Gene ontology and KEGG pathway analysis indicated that the ATGs were mainly involved in measles, autophagy, the P53 pathway, the PID MTOR pathway, the nuclear factor kappa B signaling pathway, regulation of mitogen-activated protein kinase activity, and the immune related pathway (Figure 6C).




Figure 6 | Associations between the three lncRNAs and the autophagy-related pathway. (A) Three lncRNAs interacted with 20 ATGs. (B) Sankey plot depicting degrees of connection between 20 ATGs and 3 autophagy-related lncRNAs (risk/protective). (C) Metascape analysis of the gene ontology terms and pathways of three lncRNA-related ATGs. ATG, autophagy-related gene.





Three lncRNAs Are Correlated With Autophagy Markers

We verified the expression levels of the three lncRNAs and autophagy markers ATG12, BECN1, and MAP1LC3B through analysis TIMER, Oncomine, and HPA database. As shown in Figure 7A, TTTY15 was highly expressed in HPV (+) and HPV (-) patients, while TTTY15 expression had no difference in HNSCC patients compared with normal tissues. ATG12, BECN1, and MAP1LC3B were increased in HNSCC tissue, HPV (+), and HPV (-) patients compared with normal tissues. ATG12 and BECN1 were upregulated in HNSCC tissue compared with normal tissues based on Oncomine database. There was no significant difference discovered in HNSCC patients with an expression level of TTTY15 and MAP1LC3B (Figure 7B). The protein level of three autophagy makers were highly expressed in HNSCC tissues (Figures 7C–E). The results of GEPIA analysis showed that MIF-AS1 was positively correlated with ATG12 and LC3, and TTTY15 was positively related to three autophagy markers (ATG12, Bclin1, LC3) (Figures 8A–F). TTTY15 was positively correlated with ATG12 and BECN1 in different HNSCC patients, including HNSCC patients, HPV (+) HNSCC patients, and HPV (-) HNSCC patients (Figures 8G–L). The positive association between TTTY15 and MAP1LC3B was detected in HNSCC samples and HPV (-) HNSCC samples based on correlation module of TIMER analysis (Figures 8M–O). MIF-AS1 was not found in TIMER database.




Figure 7 | The expression of three lncRNAs and autophagy related genes at mRNA and protein level. (A)TIMER analyze the expression of three lncRNAs and ATGs at the RNA level. (B) Different expression of three lncRNAs and ATGs in HNSCC and normal sample from Oncomine database. Red indicates up-regulated, blue represents down-regulated. (C–E) The protein expression levels of ATG12, BECN1, and MAP1LC3B for HNSCC tissues and normal tissues from HPA database. (C) ATG12, (D) BECN1, (E) MAP1LC3B. Autophagy Related Genes=ATGs. BECN1=Beclin1. Statistical significance was defined by a p value:*** means 0 ≤p-value < 0.001, ** represents 0.001≤p-value < 0.01, * represents 0.01≤p-value < 0.05,. means 0.05 ≤p-value <0.1.






Figure 8 | Correlation between three lncRNAs and autophagy makers. (A–C) The association between MIF-AS1 and three autophagy makers was evaluated using GEPIA database. (A) ATG12, (B) Beclin1, (C) LC3. (D–F) Association between TTTY15 and three autophagy makers was assessed by GEPIA analysis. (D) ATG12, (E) Beclin1, (F) LC3. (G–I) The correlation between TTTY15 and ATG12 in different HNSCC patients was analyzed using TIMER database. (G) HNSCC patients, (H) HPV (+) HNSCC patients, (I) HPV (-) HNSCC patients. (J–L) The association between TTTY15 and BECN1 was detected in different HNSCC patients. (J) HNSCC patients, (K) HPV (+) HNSCC patients, (L) HPV (-) HNSCC patients. (M–O) Evaluation the correlation between TTTY15 and MAP1LC3B based on TIMER database. (M) HNSCC patients, (N) HPV (+) HNSCC patients, (O) HPV (-) HNSCC patients.






Discussion

More than 500,000 new cases of head and neck cancer are diagnosed every year. HNSCC is the most common pathological type of head and neck cancer, and it is typically highly aggressive and has a poor prognosis (28). TNM staging is not sensitive enough to accurately predict HNSCC prognosis, thus a new method for formulating HNSCC prognosis is required (29). Due to the increased amount of gene expression profile data that has become available in recent years in conjunction with developments in bioinformatics, increased attention has been given to investigating associations between the alteration of RNA, non-coding RNA, and HNSCC prognosis (30, 31). Autophagy plays complex roles in HNSCC. Further investigation to elucidate the roles and clarify the mechanisms of autophagy in HNSCC is imperative (32–34). The analyses conducted in the current study suggest that autophagy-related lncRNAs may provide novel insights into the prediction of HNSCC prognoses. Little is known about the prognostic value of autophagy-related lncRNAs in HNSCC.

AL121899.1 has previously been identified as a tumor suppressor gene in esophageal squamous cell carcinoma via differential co-expression analysis (35). MIF-AS1 is reportedly significantly upregulated in ovarian cancer, and that upregulation can promote the proliferative, migratory, and invasive capacities of ovarian cancer cells. Higher levels of MIF-AS1 predicted poorer prognoses in ovarian cancer patients (36). In breast cancer and gastric cancer, lncRNA MIF-AS1 evidently promotes cell proliferation (37, 38). In a previous study, TTTY15 expression was downregulated in patients with non-small cell lung cancer, and low expression of TTTY15 was associated with tumor stage and poorer prognosis (39). TTTY15 was also reportedly upregulated in most prostate cancer patients and could promote prostate cancer progression by sponging let-7 (40). However, there are no reports on associations between HNSCC prognosis and AL121899.1, MIF-AS1, or TTTY15. In the present study MIF-AS1 and TTTY15 were identified as favorable prognostic biomarkers, and AL121899.1 was identified as an unfavorable prognostic biomarker. These findings were consistent with our understanding that the three lncRNAs were associated with the prognosis of cancer. Moreover, previous study suggested that TTTY15 was associated with HPV infection, and which was upregulated in HPV-positive patients (41). Previous studies reported that Beclin 1 (BECN1) and LC3 are unique autophagy-related protein (42). ATG12, ATG5, and MAP1LC3/LC3 have been reported to mediate the formation of the autophagosome (43). The prognosis for HPV positive patients is significantly longer than those with HPV negative carcinomas in cases of similar treatment (44). We discovered that TTTY15 had upregulation both in HPV (+) and HPV (-) patients, and which was positively correlated with autophagy makers in different HPV status. Positive correlation between MIF-AS1 and autophagy makers (ATG12 and LC3) was examined in HNSCC patients. Taken together, three autophagy-related lncRNAs may regulate the prognosis of HNSCC patients with different HPV status, which provides new insights for evaluating the prognosis of HNSCC.

In previous studies, moderate autophagy reportedly promoted homologous recombination (45, 46). Autophagy can regulate proteins in the homologous recombination repair pathway. DNA damage occurs, the activation of ATG promotes autophagy and activates the downstream STAT3-BRCA1 pathway, allowing BRCA1 protein to participate in chain scission during homologous recombination repair  (46). Inhibition of the classic PI3K/Akt/mTOR autophagy pathway can significantly reduce the level of autophagy in prostate cancer cells, and suppress homologous recombination repair (47). Fanconi anemia pathway genes play an important role in tumor suppression and repair of damage to nuclear DNA. Defects in selective autophagy have profound effects on mutations in Fanconi anemia pathway genes (48). Fanconi anemia genes have also been implicated in breast, ovarian, and pancreatic cancer (49). The three Fanconi anemia genes FANCC, FANCF, and FANCL were identified as candidate autophagy factors via whole genome screening (50). It has been reported that autophagy can be regulated by different pathways, such as those involving AKT, MTOR, mitogen-activated protein kinase, AMP-activated protein kinase, PIK3C3, and the proteins encoded by ATG genes (51). Nuclear factor kappa B contributes to repression of tumor necrosis factor alpha-induced autophagy (52). In a previous study a prognostic model was constructed based on autophagy-related lncRNA, and bladder urothelial carcinoma (BLCA) patients were divided into high-risk and low-risk groups. The PPAR signaling pathway, mitogen-activated protein kinase signaling pathway, P53 signaling pathway, and mTOR signaling pathway were associated with high risk in BLCA patients, whereas immune-related pathways were significantly enriched in a low-risk group (14). Co-expression network and pathway analysis in the current study indicated that functionally the three lncRNAs identified were mainly involved in homologous recombination, the Fanconi anemia pathway, the autophagy-related pathway, and the immune-related pathway. These results are consistent with previous studies indicating that autophagy is regulated by the aforementioned pathways, which may play critical roles in regulating HNSCC prognosis.



Conclusion

Three autophagy-related lncRNAs have prognostic value with respect to HNSCC, and their related pathways may be involved in regulating HNSCC prognosis. Further investigations and experiments such as quantitative real-time PCR, western blotting, and clinical data analyses are required to validate the results of the present study. We will perform further experiments to investigate the molecular mechanisms involved in the effects of autophagy-related lncRNAs on HNSCC prognosis, and their effects on clinical transformation in HNSCC patients.
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Since their discovery in the 1990’s, microRNAs (miRNA) have opened up new vistas in the field of cancer biology and are found to have fundamental roles in tumorigenesis and progression. As head and neck squamous cell carcinoma (HNSCC) with positive human papillomavirus (HPV+) is significantly distinct from its HPV negative (HPV−) counterpart in terms of both molecular mechanisms and clinical prognosis, the current study aimed to separately develop miRNA signatures for HPV+ and HPV− HNSCC as well as to explore the potential functions. Both signatures were reliable for the prediction of prognosis in their respective groups. Then Enrichment analysis was performed to predict the potential biological functions of the signatures. Importantly, combining previous studies and our results, we speculated that HPV+ HNSCC patients with low signature score had better immunity against the tumors and enhanced the sensitivity of therapies leading to improved prognosis, while HPV− HNSCC patients with high signature score acquired resistance to therapeutic approaches as well as dysregulation of cell metabolism leading to poor prognosis. Hence, we believe that the identified signatures respectively for HPV+ and HPV− HNSCC, are of great significance in accessing patient outcomes as well as uncovering new biomarkers and therapeutic targets, which are worth further investigation through molecular biology experiments.




Keywords: HPV – human papillomavirus, HNSCC (head and neck squamous cell carcinoma), miRNA - microRNA, prognostic model, immune



Introduction

Based on the latest GLOBOCAN data (September 2018), head and neck squamous cell carcinomas (HNSCC), further classified as oral cavity, oropharynx, nasopharynx, larynx, and hypopharynx according to their primary site of origin, had the top eight combined incidence rate and was the 5th leading cancer by combined 5-year prevalence worldwide (1, 2). Despite the application of multimodal therapy and the marked improvement in overall survival (OS) for other tumors, the 5-year OS rate of HNSCC patients with locally advanced disease remains poor (25–40%) (3). Apart from excessive alcohol drinking and cigarette smoking, human papillomavirus (HPV) infection with increasing attention is also considered to be an important risk factor in HNSCC, particularly oropharyngeal tumors (4). In western world, alcohol and tobacco induced HNSCC is decreasing, while the incidence of HPV associated HNSCC, especially oropharyngeal, is significantly increasing in younger population (5). Accumulating evidence has showed that HPV positive (HPV+) HNSCC is significantly dissimilar to its HPV negative (HPV−) counterpart at the molecular level, with the respects of genetic, epigenetic, and protein expression profile (6–8). Furthermore, HPV+ is closely related with favorable overall survival (OS) in oropharyngeal squamous cell carcinoma (OPSCC), clinically. And as for non-OPSCC in HNSCC, the effect of HPV status on OS is controversial (9). However, the treatments for HPV+ and HPV− HNSCC patients remain almost the same, in spite of the vital differences between these two groups (10). Therefore, it is crucial to identify more specific and sensitive signatures for HPV+ and HPV− HNSCC respectively so as to develop better prognostic markers and therapeutic targets. It is indicated that HNSCC is more likely to be an epigenetic disease, rather than genetic (11), suggesting that miRNAs involved in epigenetic changes may be promising biomarkers in cancers (12–14).

MicroRNAs (miRNAs) are non-coding RNA molecules with about 22 nucleotides in length, which mainly act as negative regulators of target genes and have been shown to play an essential role in a range of biological functions, including cell proliferation, apoptosis, tumor growth, and metastasis (15). Nevertheless, to our knowledge, limited studies have been performed to identify the cancer specific miRNAs and tap the hidden value of their prognostic and therapeutic potentials, especially in HNSCC with division of HPV status.

In the current study, we integrated miRNA-Seq data and corresponding clinical follow-up information of HNSCC patients from The Cancer Genome Atlas (TCGA) database and Genome Data Analysis Centers (GDAC) server to identify features of miRNAs associated with prognosis. As it has been required to accurately discriminate between HPV-related and HPV-unrelated HNSCC, we then developed distinct miRNA signatures by dividing samples into HPV+ group and HPV− group. Enrichment analysis was further performed to investigate the potential functions, of which the results were truly distinguishable compared the two groups. The exploration procedure of the current study was illustrated in Figure 1.




Figure 1 | Flowchart illustrates the exploration procedure for the HNSCC prognostic miRNAs with division of HPV status.





Materials and Methods


Expression Data and Clinic Information Processing

The level three miRNA isoform expression quantification data and level three RNA-sequencing data (RNA-Seq-HTSeq-FPKM) of HNSCC patients was download from The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov/) on March 9, 2020. The matched patients’ clinical information was downloaded from the Broad Genome Data Analysis Centers Firehose server (https://gdac.broadinstitute.org/). The annotation of mRNAs was performed based on GENCODE (Release 33) and all miRNAs were renamed according to miRBase database v22 (www.mirbase.org) (16). The expression is taken as the median for the same gene or miRNA. All miRNAs with a row mean read less than or equal to one were ruled out. Then the raw counts of miRNA expression data were normalized by R (version 3.6.3)/Bioconductor (version 3.10) package “DESeq2” (17). The “DESeq2” and “apeglm” (18) was further used to detect the differentially expressed miRNAs between HPV+, HPV− and normal-adjacent control samples. The thresholds were set at the values of |log2 (fold change [FC])| >1 and p. adjust <0. 05. Deregulated miRNAs were compared with R package “VennDiagram”.



Development of the miRNA-Based Prognostic Models

Cases with follow-up less than 90 days were excluded in advance and the prognostic value of each miRNA was calculated in the univariate Cox regression analysis using R package “survival” (p<0. 01). After primary filtration, Cox Least Absolute Shrinkage and Selection Operator (LASSO) regression with 10-fold cross-validation was built to pick out candidate miRNAs. Multivariate Cox regression was further performed using R package “survival” based on miRNAs disclosed in the above steps and constructed a prognostic risk score model. Risk score = Expression (miRNAi) × Coefficient (miRNAi). Patients were divided into high risk and low risk groups according to the median risk score. Kaplan-Meier analysis was conducted using R package “survminer” and “survival.” The receiver operating characteristic (ROC) curve was obtained by R package “survivalROC.” Univariate and multiple Cox regression analysis were used to identify independent prognostic factors (p < 0. 05).



Enrichment Analysis

Target genes of prognosis-related miRNAs were predicted by three databases (TargetScan, miRTarBase, miRDB) simultaneously. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for the target genes was conducted by R packages “org.Hs.eg.db” and “clusterProfiler” (19) (p < 0.05, q < 0.05). The matched mRNA expression data (FPKM) was divided into high-risk group and low-risk group by the mean risk score and was analyzed using GSEA version 4.0.3 (p < 0.05, FDR < 0.25).




Results


Patient Characteristics

A total of 515 HNSCC samples and 44 normal-adjacent control tissues with corresponding clinic data were included in this study. The cases were further grouped by HPV status and the basic characteristics of the patients were summarized in Table S1 (in Supplementary Materials). The majority patients were male (73%), had no clinical metastasis (94.0%), with advanced stage disease (stage III or worse, 75.0%). Average age was 60.9 years (range 19–90) with a median of 61 years. Ninety-seven (18.8%) samples harbored HPV transcripts, among which 74 (76.3%) were HPV-16, and 23 (23.7%) were HPV-Other (16 HPV-33, 3 HPV-35, 3 HPV-18, and 1 HPV-56). Oropharyngeal tumors accounted for approximately 55.7% in the HPV positive samples compared with the oral cavity (33.0%), the larynx (6.2%), and the hypopharynx (5.2%). HPV+ patients were younger than HPV− patients (average of 57.8 vs 61.7 years); and the difference was statistically significant.



Identification of Differentially Expressed miRNAs and Prognostic Signatures for HPV+ and HPV− Groups Respectively

The DESeq2 algorithm identified differentially expressed miRNAs (p < 0.05) for three groups (HPV+ vs normal, HPV− vs normal, HPV+ vs HPV−), respectively. The lists of significantly deregulated miRNAs in each group were compared with Venn Diagram (Figure 2A). Given the significant distinctness between HPV+ and HPV− HNSCC at molecular level, we made our efforts to separately discover molecular biomarkers which could serve as available prognostic factors. Among the differentially expressed miRNAs, we further identified survival-related miRNAs (p < 0.01) for the two groups, accompanied by Venn Diagram (Figure 2B). Then the survival-related miRNAs were applied to 1,000 times Cox Lasso regression with 10-fold CV (Figure 3). Based on the screened-out miRNAs, multivariate Cox analysis developed distinct signatures for each group, respectively. No miRNAs were common between the two signatures. Risk score of each patient was calculated based on the expression and coefficient of miRNAs in the signatures. The formula of HPV+ group was as follows: Risk Score = (−0.00039788 × hsa-miR-378a-3p) + (−0.069642608 × hsa-miR-16-1-3p) + (−0.050112958 × hsa-miR-493-3p) + (0.238905909 × hsa-miR-380-5p) + (0.04184412 × hsa-miR-376c-3p) + (0.06043184 × hsa-miR-338-5p). The formula of HPV− group was as follows: Risk Score = (−0.035373051 × hsa-miR-135b-3p) + (0.144736959 × hsa-miR-605-5p) + (0.051610835 × hsa-miR-383-5p) + (0.011764307 × hsa-miR-518a-5p) + (0.006540076 × hsa-miR-1911-5p) + (0.074201442 × hsa-miR-548k). Negative values are bad for the occurrence of HNSCC, while positive values are favorable for it. The higher the risk score is, the worse the patient prognosis is.




Figure 2 | (A) Venn diagram of differentially deregulated miRNA sequences across groups; (B) Venn diagram of survival-related miRNAs. HPV_pos = differentially expressed miRNAs between HPV+ and normal-adjacent tissues; HPV_neg = differentially expressed miRNAs between HPV- and normal-adjacent tissues; Pos_up = up-regulated miRNAs compared HPV+ with HPV- tissues; Pos_down = down-regulated miRNAs compared HPV+ with HPV- tissues; Survival_pos = survival-related miRNAs in HPV_pos; Survival_neg = survival-related miRNAs in HPV_neg.






Figure 3 | Cross-validated and lassopath of LASSO COX. HPV+ group: (A) and (C); HPV- group: (B) and (D). 18 variables were selected according to the lmin; log(lmin) = −3:20; (C) and (D) HPV- group, 8 variables were selected according to the lmin; log(lmin) = −3:12.





Evaluation of Clinical Outcomes for HPV+ and HPV− HNSCC Patients

The median risk score was selected as a cutoff to further separate HPV+ and HPV− patients into high-risk and low-risk groups, respectively. As was shown in Figures 4A, B, both HPV+ and HPV− HNSCC patients in the low-risk group had longer OS (p < 0.001) than those of the high-risk group. And according to the 5-year survival receiving operating characteristic (ROC) curve, the area under curve (AUC) of risk score reached 0.920 in HPV+ group (Figure 4C) and 0.723 in HPV− group (Figure 4D). The detailed relationships between risk score, miRNAs expression, and survival information was shown in Figure 5.




Figure 4 | The prognostic value of the signature. HPV+ group: (A) and (C); HPV- group: (B) and (D). (A, B): The overall survival curve of high risk score group and low risk score group. (C, D): Receiver operating characteristic curve of the 5-year survival estimated via risk score.






Figure 5 | Expression profiles of the signature.



Univariate and multiple regression analysis indicated both signatures for HPV+ and HPV− could serve as an independent predictor after other parameters were adjusted, including Tumor site, Age, Alcohol, Gender, Smoking, Grade, Clinical stage, Clinical T, Clinical N [Table S2 (in Supplementary Materials)]. Relationships were also analyzed between the signatures and clinical characteristics [Table S3 (in Supplementary Materials)]. Risk score of HPV+ was significantly lower (p < 0.001) in oropharynx than other sub-sites while there was no significant relationships between risk score of HPV− and clinical parameters.



Functional Enrichment of the Survival-Related miRNAs

Kyoto Encyclopedia of Genes (KEGG) pathway analysis was performed to assess the functional involvement of the survival-related miRNAs (Figure 6). Only the ones predicted by three databases (TargetScan, miRTarBase, miRDB) simultaneously were recognized as target genes for a given miRNA. As was shown in Figure 6, HPV+ group shared 11 common pathways with HPV− group, among which the gene ratio of HPV− group was generally higher than that of HPV+ group. And the selected different pathways in each group were also displayed at the lower area divided by the gray line. Furthermore, gene set enrichment analysis (GSEA) was implemented to investigate whether alternations of risk scores were linked to specific functional categories (Figure 7). GSEA of the signature score indicated that HPV+ samples with low risk score were mainly enriched in immune-related pathways, suggesting that HPV+ HNSCC patients with favorable prognosis might have better immune systems against the tumors (Figure 7A). As for HPV− group, high risk score appeared to be associated with metabolism and other vital oncogenic pathways showed in Figure 7B.




Figure 6 | KEGG Pathway Enrichment Analysis. The pathways at the upper area divided by a grey line were the common ones between HPV+ and HPV- groups while those at the lower area were the distinct ones. Pos_co colored red stood for the enrichment outcomes of common pathways in HPV+ group and Neg_co colored blue stood for those in HPV- group. Pos_dif colored green were the enrichment outcomes of different pathways in HPV+ group and Neg_dif colored green were those in HPV- group.






Figure 7 | Risk score correlated enrichment gene analysis with multi- GSEA. HPV+ group: (A); HPV- group: (B).





Immune Cells Associated With Survival-Related miRNAs Signature for HPV+ and HPV− HNSCC Patients

Then, we further calculated the fractions of immune-related cells in the tumor micro-environment (TME) through CIBERSORTx and uncovered the relationships between the signature and these cells (Table 1). The results in HPV+ group showed that miRNAs associated with poor prognosis was negatively correlated with CD8+ T lymphocyte. Similarly, miRNAs associated with good prognosis was positively correlated with activated NK cells and T regulatory cells (Tregs). And the signature score was negatively correlated with T follicular helper cells (TFH) and T regulatory cells (Tregs).


Table 1 | Relationships between signatures and immune cells.



For the signature of HPV− group, miR-605-5p related to unfavorable prognosis was found negatively associated with CD8+ T cells, macrophages M1, and activated memory CD4+ T cells, which acted as tumor suppressors. miR-135b-3p related to good prognosis was found negatively correlated with macrophages M2 which could promote tumor progression. And the signature score was negatively correlated with TFH and activated memory CD4+ T cells. These findings implied that these miRNAs in the signature had potential for serving as biomarkers and therapy targets in HNSCC and deserved further investigation.



Targeted mRNA of the Survival-Related miRNAs for HPV+ and HPV− HNSCC Patients

We have further found targeted mRNAs of survival-related miRNAs for HPV+ and HPV− HNSCC patients by TargetScan, miRTarBase, and miRDB. TCGA has been used to choose them and the negative correlation of miRNA and mRNA was applied to validate them. Then 1 mRNA in HPV− miRNA group and 10 mRNAs in HPV+ miRNA group were obtained and shown in Table 2.


Table 2 | Targeted mRNA of the survival-related miRNAs for HPV+ and HPV− HNSCC patients.






Discussion

Over the past decade, the role of HPV has attracted increasing attention in HNSCC, and the significant differences of HPV+ HNSCC in prognosis and etiologic mechanisms from its HPV− counterpart have made it critical to describe and discuss the two subgroups separately whenever possible. Although this vital distinction mainly referred to oropharyngeal tumors within HNSCC, as this was the best-studied entity, HPV was also involved in 23.5% of oral cancer and 24% of laryngeal cancer cases (20). However, most of the identified prognostic signatures so far were still performed using total HNSCC samples regardless of HPV status (21–25). When HPV status was considered, most publications mainly focused on identifying differences in miRNA expression levels between HPV+ and HPV−, and HPV-associated oncogenic miRNA panel has potential utility in diagnosis and disease stratification of HNSCC (26–29). Therefore, to add the current knowledge, it is urgently required to discover robust prognostic factors for HPV+ and HPV− HNSCC which can provide new insights into finding potential prognosis biomarkers and therapeutic targets, respectively.

In the present study, we separately developed distinct miRNA signatures associated with OS of patients for the two groups. Both signatures were reliable for the prediction of prognosis in their respective groups according to the ROC curve. The lists of significantly deregulated miRNAs and survival-related miRNAs in each group were compared with Venn Diagram. Noteworthy were no survival-related miRNA in common compared HPV+ to HPV− groups, reinforcing their differences at the molecular level. Further, KEGG pathways analysis displayed that there were 11 common pathways between HPV+ group and HPV− group, and the gene ratio of HPV− group was generally higher than that of HPV+ group. In addition, GSEA of the signature score showed that HPV+ samples with low risk score were mainly enriched in immune-related pathways and HPV− group with high risk score appeared to be associated with metabolism and other vital oncogenic pathways. Previous studies have shown pronounced advances achieved in cancer immunotherapy. Despite the success, a relative lower overall clinical response of HNSCC was observed compared to other types of tumor treated with similar approaches, highlighting the need to gain better understanding of the complex immune landscape within TME of HNSCC (30, 31).

As our analysis implied that the identified signature of HPV+ group was highly correlated with immune-related pathways, we further calculated the fractions of immune-related cells in the TME and uncovered that survival-related miRNAs was correlated with CD8+ T lymphocyte, activated NK cells and Tregs and TFH. As components of the immune system, CD8+ T cells and NK cells have important roles in suppressing tumors by killing tumor cells with cytotoxic molecules, and the presence of tumor dense CD8+ T cells infiltration possibly represents pre-existing anti-tumor immune responses (32). TFH, a distinct subset of CD4+ cells, whose functions in cancers are rarely reported, seems to act as a protector in non-lymphoid tumors and hazardous factor in lymphoid tumors (33). Remarkably, the increased levels of Tregs, known to be capable of suppressing anti-tumor immunity, was observed in HPV+ HNSCC patients with better prognosis, opposite from the general findings in other tumor types. This was supported by previous publications. Lukesova et al. (34) found that higher infiltration of Tregs and lower ratio of CD8/Tregs associated with the better prognosis of HPV+ HNSCC. The reason of the different roles of Tregs were that Tregs may impair Th17-cell-dependent proinflammatory and also maintain HPV-positive status in HNSCC. Wansom et al. (35) showed that increased FoxP3+ Tregs infiltration closely associated with lower T stage and better survival in both HPV+ and HPV− HNSCC. The possible explanation is that pre-existing immunosurveillance against the HPV proteins actives the negative feedback of repressive mechanism, resulting in elevation of Tregs (3). We further identified a MEred module related with risk scores by WGCNA and performed GO and KEGG enrichment analysis for the module [Figure S (in Supplementary Materials)], whose results confirmed our findings that the miRNA signature of HPV+ was highly associated with immune systems. These provide a basis for the functional analysis in the immune-related pathways, indicating these miRNAs have crucial roles in immune infiltration within TME of HPV+ HNSCC, and the underlying mechanisms remain to be uncovered in the future.

Some identified miRNAs in HPV+ signature have been previously reported to be involved in progressions of several cancer types. A research showed that miR-378a-3p was related with favorable prognosis in ovarian cancer, which could suppress cell proliferation, promote cell apoptosis, and enhance the sensitivity to cisplatin by sponging MAPK1 and GRB2 (36). Wang et al. implied that miR-16-1-3p played an important role in gastric cancer by directly targeting Twist1 and suppressing Twist1-EMT pathways, and might also serve as available therapeutic targets for EMT process in other tumor types (37). miR-493-3p was found to induce apoptosis of ovarian cancer cells through targeting multiple genes, including AKT2, STK38L, HMGA2, ETS1, and E2F5 (38). It was reported that the inhibition of miR-380-5p could increase p53 expression and induce extensive cell apoptosis in human neuroblastoma cell lines (39). A study suggested that miR-376c-3p exerted an oncogenic role in hepatocellular carcinoma progression via repressing ARID2 (40). miR-338-5p appeared to induce invasion and metastasis of colorectal cancer partly through PIK3C3-related autophagy pathway and improved the proliferation and metastasis of malignant melanoma through targeting CD82 (41, 42). Herein, we hypothesized that the miRNAs might serve similar functions in HPV+ HNSCC, which deserved further investigation by molecular biology experiments.

Importantly, combining the outcomes of GSEA analysis for HPV− group and previous studies, it could be speculated that HPV− HNSCC patients with high risk score acquired resistance to therapies as well as dysregulation of cell metabolism responsible for poor prognosis. In order to satisfy the energy demands for malignant cell proliferation, tumors reprogram pathways of metabolism, which are recognized as hallmarks of cancers (43). Besides, it has been shown that cell adhesion to extracellular matrix (ECM) essentially linked to tumor cell resistance to radiation therapy, chemotherapy, as well as targeted drugs (44). Other vital oncogenic pathways were also enriched in those with high risk score, such as “MAPK SIGNALING PATHWAY,” “NOTCH SIGNALING PATHWAY,” “TGF BETA SIGNALING PATHWAY.” MAPK pathways essentially regulate malignant cell behavior in respect of cancer-related proliferation, invasion, migration, and survival, which are considered as viable targets for cancer therapy (45). Studies have revealed NOTCH pathway have a key role in HNSCC related to epithelial-mesenchymal transition (EMT) as well as immune system and its inhibition can decrease cell proliferation and migration, which are recognized as an attractive cancer therapeutic target (46). Apart from the ability of TGF-β pathway to impact diverse cellular processes including cell proliferation, invasion, and ECM remodeling, a research has shown TGF-β-mediated effects on squamous cell carcinoma are linked to metabolic reprogramming, which in particular play a vital role in the responses to anti-tumor therapeutic approaches (47). Thus, it can be inferred that HPV− HNSCC patients with high signature score may acquire more benefits from targeted medicine against the above pathways. The relationships between the signature of HPV− group and immune cells were also explored (Table 1). miR-605-5p and miR-135b-3p related to prognosis associated with CD8+ T cells, macrophages M1, and activated memory CD4+ T cells and macrophages M2. And the signature score was negatively correlated with TFH and activated memory CD4+ T cells. These indicated that these miRNAs in the signature had potential to serve as therapy targets in HPV− HNSCC. However, as far as we know, there are limited studies towards the identified miRNAs in HPV-signature. A research implied that miR-605-5p promoted proliferation and invasion of non-small-cell lung cancer cell carcinoma via sponging TNFAIP3 (48). It was reported miR-135b-3p could inhibit cell clonogenicity and metastasis in triple-negative breast cancer by targeting RGMA (49). Nevertheless, in contrast to our findings, researches suggested that miR-383-5p acted as an inhibitor of cell proliferation and related with poor prognosis in several tumor types, such as ovarian, gastric, and breast cancer (50–52). Similarly, miR-518a-5p was reported to suppress proliferation and promote apoptosis of gastrointestinal stromal tumor while our results showed miR-518a-5p was correlated with poor prognosis of HPV− HNSCC patients (53).

Personalized treatment on the basis of HPV status with better efficacy and minimal side effects is on the horizon. Compared with previously established signatures irrespective of HPV status (21–25), the current study might be more accurate in predicting prognosis of HNSCC patients and, more importantly, better describe the potential molecular mechanisms by dividing samples into HPV+ group and HPV− group. According to the results, we speculated that HPV+ HNSCC patients with low signature score might have better immunity against the tumors and enhance the sensitivity of therapeutic interventions leading to improved prognosis, while HPV− HNSCC patients with high signature score acquired resistance to therapeutic approaches as well as dysregulation of cell metabolism responsible for poor prognosis. Thus, immunotherapy may be useful for HPV+ HNSCC patients with low signature score. We believe the identified signatures respectively for HPV+ and HPV− HNSCC, are of great significance in accessing patient prognosis as well as uncovering new biomarkers and therapeutic targets. However, specific limitations of our study should be mentioned. First, the present signatures based only on single public database, were not validated with an additional data set and the sample size of HPV+ group was relatively small. Second, despite the marked heterogeneity exists between HNSCC subtypes derived from different primary site, we did not separately construct type-specific signatures on account of limited sample size for a specific subtype. Finally, clinical specimen validation along with molecular biology experiments was not performed to uncover the potential mechanisms regulated by hub miRNAs which need to further investigate in the future.
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Objectives

Recently long non-coding RNAs (lncRNAs) have emerged as novel gene regulators involved in tumorigenic processes, including oral squamous cell carcinoma (OSCC). Here, we identified a differentiation-related lncRNA, terminal differentiation-induced non-coding RNA (TINCR). However, its biological function and clinicopathological significance in OSCC still remain unclear.



Methods

The lncRNA expression profiles in OSCC tissues and paired adjacent non-tumor tissues (NATs) from 10 patients were detected by lncRNA microarrays. Weighted gene co-expression network analysis (WGCNA) and gene ontology (GO) enrichment were performed to identify the most significant module and module functional annotation, respectively. Potential differentiation-related lncRNAs were screened by differential expression analysis. TINCR was further confirmed in OSCC cell lines and tissues of another patient cohort by using qRT-PCR. The correlation between the TINCR expression level and clinicopathological characteristics was analyzed. The effects of TINCR on cell differentiation, migration and invasion were assessed by knockdown or knock-in in vitro and in vivo.



Results

WGCNA and GO enrichment analysis showed that one co-expression network was significantly enriched for epithelial cell differentiation, among which, TINCR was significantly downregulated. qRT-PCR analyses validated down-regulation of TINCR in tumor tissues compared with paired NATs, and its expression was closely correlated with pathological differentiation and lymph node metastasis in patients with OSCC. Patients with lower TINCR expression levels had worse survival. Cell function experiments showed that TINCR played a crucial role in epithelial differentiation. Both TINCR and epithelial differentiation-associated genes, including IVL and KRT4, were significantly upregulated during OSCC cell calcium-induced differentiation but were reduced when cell dedifferentiation occurred in tumor spheres. Overexpression of TINCR dramatically suppressed cell dedifferentiation, migration and invasion in vitro, while knockdown of TINCR had the opposite effects. Upregulation of TINCR significantly elevated the expression of terminal differentiation genes and repressed tumor growth in vivo. Moreover, TINCR significantly suppressed the activation of JAK2/STAT3 signaling in OSCC cells.



Conclusion

Our study suggests that TINCR functions as a tumor suppressor by inducing cell differentiation through modulating JAK2/STAT3 signaling in OSCC. TINCR may serve as a prognostic biomarker and therapeutic target for OSCC.





Keywords: lncRNAs (long non-coding RNAs), TINCR (tissue differentiation-inducing non-protein coding RNA), OSCC (oral squamous cell carcinoma), cell differentiation, metastasis, progression



Introduction

Head and neck cancer is the sixth most common malignancy and is a major cause of cancer morbidity and mortality worldwide (1). Oral squamous cell carcinoma (OSCC), comprising a major portion of head and neck cancers, accounts for approximately 90% of all oral malignancies (2). Based on the statistics from the American Cancer Society (http://seer.cancer.gov/statfacts/html/oralcav.html), an estimated 48,000 new OSCC cases occurred in 2016, composing 3% of all new malignancies (3). Despite aggressive treatment methods, including radiation therapy, chemotherapy and surgery, the 5-year survival rate remains at 50–55%, with little improvement due to rapid metastasis and a high regional relapse rate (4). Thus, there is an urgent need for a deeper understanding of OSCC pathogenesis to develop effective therapeutic approaches.

Long non-coding RNAs (lncRNAs) were first described during the large-scale sequencing of full-length cDNA libraries in the mouse (5) and refer to RNAs with no protein coding potential that are transcribed to RNA molecules longer than 200 nucleotides (6). Although lncRNAs have been extensively studied over the past several decades, very little is known about the specific role of lncRNAs. However, the recent explosion of knowledge highlighting the importance of lncRNAs in the regulation of diverse major biological processes, including but not limited to development, differentiation, and metabolism, has brought these ignored molecular players to the forefront (6).

Terminal differentiation-induced non-coding RNA (TINCR) is an important regulatory molecule for epithelial differentiation. Studies have shown that TINCR regulates the differentiation-related gene KRT80 by forming a TINCR-STAU1 complex (7). Accumulating evidence suggests that TINCR is involved in malignant progression, including tumor growth, metastasis, and chemoradiation resistance (8–12). However, the relationship between TINCR and tumor differentiation and the potential mechanism remain unclear.

In this study, we aimed to explore the role of TINCR in OSCC, especially the relationship between TINCR and tumor cell differentiation. We hoped to find a potential biomarker for predicting the prognosis of OSCC patients that is beneficial for OSCC treatment.



Materials and Methods


Patient Tissue Samples

A total of 42 human OSCC specimens were enrolled in this study that were pathologically diagnosed at the Hospital of Stomatology, Sun Yat-Sen University between 2013 and 2015. All patients received radical surgery without receiving any form of pre-surgical adjuvant therapy. All patients were given written informed consent for the purposes of the study. The study was approved by the Ethical Committee of Hospital of Stomatology, Sun Yat-sen University. All studies of patient specimens were conducted in accordance with the Declaration of Helsinki.



Cell Lines

The human OSCC cell lines SCC9, SCC15, and CAL27 were obtained from ATCC (Rockville, MD, USA). UM1, UM2 and SCC1 were provided by Dr. Xiaofeng Zhou (University of Illinois at Chicago, IL, USA). HSC3, HSC6, HN6, CAL33 and normal oral keratinocytes (NOK) were kindly provided by J. Silvio Gutkind (NIH, Bethesda, MD, USA). UM1, UM2, SCC9, SCC15 and SCC25 cell lines were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F12 (Gibco, Rockville, MD, USA) supplemented with 10% fetal bovine serum (FBS, Gibco). SCC1, HSC3, HSC6, HN6, CAL27 and CAL33 cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% FBS (Gibco). NOK cells were grown in keratinocyte serum-free medium containing human recombinant epidermal growth factor and bovine pituitary extract (Life Technologies). All cells were incubated at 37°C in a humidified atmosphere with 5% CO2. All cell lines were routinely tested for Mycoplasma with PlasmoTestTM Mycoplasma contamination detection kit (InvivoGen).



mRNA and lncRNA Microarray

Total RNA was amplified and labeled with a Low Input Quick Amp Labeling Kit, One-Color (Agilent Technologies, Santa Clara, CA, USA) following the manufacturer’s instructions. Labeled cRNA was purified with an RNeasy mini kit (QIAGEN, Duesseldorf, Germany). Each slide was hybridized with 1.65 μg Cy3-labeled cRNA using a Gene Expression Hybridization Kit (Agilent Technologies) in a hybridization oven (Agilent Technologies) according to the manufacturer’s instructions. After 17 h of hybridization, slides were washed in staining dishes (Thermo Shandon, Waltham, MA, USA) with a Gene Expression Wash Buffer Kit (Agilent Technologies). Slides were then scanned by an Agilent Microarray Scanner (Agilent Technologies) with default settings (dye channel: green, scan resolution = 3 μm, 20 bit). Data were extracted with Feature Extraction software 10.7 (Agilent Technologies). Raw data were normalized by the quantile algorithm, Gene Spring Software 11.0 (Agilent Technologies).



Subcellular Fractionation Location

Nuclear and cytoplasmic components were isolated by using the PARIS Kit (Life Technologies, USA) according to the manufacturer’s instructions.



Quantitative Real-Time PCR (qRT-PCR)

Briefly, TRIzol reagent (Invitrogen, CA, USA) was used to isolate total RNA according to the manufacturer’s instructions. PrimeScriptTM RT Master Mix (TaKaRa, Japan) was used to perform reverse transcription. qRT-PCR was performed using SYBR GREEN I Master Mix (Roche, Basel, Switzerland) on a Light Cycler 480 system (Roche) according to the manufacturer’s instructions. After normalization to the GAPDH expression levels, the relative expression levels were calculated using the 2-ΔΔT method. The forward and reverse primer sequences used for qRT-PCR are shown in Supplementary Table 1.



Western Blotting

Western blotting was performed as described previously (13). Specifically, antibodies against KRT4 (Abcam, Cambridge, UK) and IVL (Sigma-Aldrich, St Louis, MO, USA) were used as primary antibodies at a dilution of 1:1000. GAPDH (1:1000, Cell Signaling Technology, Danvers, MA, USA) was used as an internal reference. The target proteins were detected with an ECL kit (Millipore, Billerica, MA, USA) and quantified with ImageJ software analysis.



RNAScope Assay

The RNAScope targeting probe of TINCR was designed and synthesized by Advanced Cell Diagnostics, and the analysis of TINCR expression was performed with the RNAscope® 2.5 High Definition (HD) Detection Reagent-BROWN (Advanced Cell Diagnostics, USA) according to the manufacturer’s instructions. The images were acquired by an Aperio ImageScope (Leica Biosystems, Germany).



Cell Transfection

Transient transfection was performed using Lipofectamine RNA iMAX Transfection Reagent (Invitrogen) according to the manufacturer’s instructions. TINCR siRNA was designed and synthesized by GenePharma (Shanghai, China). The sequences were designed as follows: sense, 5’-GGUACUGGCUGAAGGAAUATT-3’; antisense, 5’-UAUUCCUUCAGCCAGUACCTT-3’. The TINCR lentiviral vector (pEZ-TINCR) and control vector were constructed by GeneCopoeia (Rockville, MD, USA).



Transwell Assay

Cell migration and invasion were measured with a BD BioCoatTM system (BD Biosciences, San Jose, CA, USA). The assays were performed as previously described (14). Briefly, for migration assays, cells were seeded into the upper chambers without Matrigel-coated membranes and cultured with serum-free medium, while the lower chambers were filled with complete medium. For invasion assays, cells were seeded into the upper chambers with Matrigel-coated membranes. The cells were incubated at 37°C for 24 h. The cells on the top surface of the chamber were removed with a cotton swab, and then the cells on the lower surface of the membrane were fixed in 4% paraformaldehyde for 25 min. Cells were stained with 0.1% crystal violet (Sigma-Aldrich), and the cells were counted under a Zeiss microscope (Germany).



Wound Healing Assay

Cells were plated into 6-well plates and incubated at 37°C for 24 h. A 200-µL pipette tip was used to make a straight scratch, and the cells was washed with PBS. Then, medium without FBS was added. Images were taken under an inverted microscope (Carl Zeiss).



Cell Counting Kit-8 Assay

Cell proliferation was analyzed using the Cell Counting Kit-8 (CCK-8, Sigma-Aldrich). Briefly, 2 × 103 cells were seeded in triplicate into a 96-well plate. Cell viability was assessed at 0, 24, 48, 72, and 96 h. The absorbance was measured at 450 nm using a microplate reader (Genios TECAN, Männedorf, Schweiz).



Tumor Sphere-forming Assay

Tumor sphere-forming assays were performed as previously described (14). In brief, cells were plated into ultra-low attachment 6-well plates with serum-free medium supplemented with 2% B27 (Invitrogen), 10 ng/mL epidermal growth factor (EGF, Invitrogen), and 10 ng/mL basic fibroblast growth factor (bFGF, Invitrogen). The medium was changed every three days until the diameters of spheres exceeded 40 μm.



In Vivo Experiments

All animal studies were conducted with the approval of the Sun Yat-sen University Institutional Animal Care and Use Committee and were performed in accordance with established guidelines. Female BALB/c nude mice aged 4–6 weeks were purchased from the Animal Care Unit of Guangdong and maintained in specific pathogen-free (SPF) conditions. After being suspended in 100 µL sterilized PBS, 1 × 106 HSC3 cells were subcutaneously injected into the armpit of the forelimb. Tumor growth was observed on a regular basis, and the volume was measured with a Vernier caliper. Tumor volume was calculated with the following formula: tumor volume = (length × width × width/2). At 18 days after injection, the mice were sacrificed, and the tumor xenografts were weighed and collected.



Weighted Gene Co-Expression Network Construction

The expression profile of the microarray was used to construct a gene co-expression network by using the R package “WGCNA”. Pearson’s correlation analysis of all pairs of genes was used to construct an adjacency matrix, which was used to construct a scale-free co-expression network based on the soft-thresholding parameter β. Then, the adjacency matrix was turned into a topological overlap matrix (TOM), which represented the overlap in the shared neighbors to further identify functional modules in the co-expression network.



Identification of Clinical Significant Modules

The correlation between modules and clinical features was evaluated by Pearson’s correlation coefficient (PCC) analysis. Clinical information included tissue (cancerous or not) and lymph node status (metastatic or not). The correlation between the module eigengenes (MEs) and the clinical features was assessed to identify clinical significant modules.



Gene Ontology (GO) Enrichment Analysis

GO enrichment analysis was performed on key modules using the R package clusterProfiler. P<0.01 was defined as a significant enrichment analysis result.



Statistical Analysis

All statistical analyses were performed using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) or GraphPad Prism 8 (La Jolla, CA, USA). Student’s t-test, the Wilcoxon test or the χ2 test was used to analyze two-group comparisons. The Kaplan–Meier method and log-rank test were performed to evaluate survival outcomes. Differences were considered statistically significant at P < 0.05.




Results


WGCNA Construction and Gene Module Recognition

To screen lncRNAs that are deregulated in OSCC, we comparatively analyzed mRNA and lncRNA profiles of 10 OSCC patient samples and their paired non-cancerous adjacent counterparts. The microarray data were subjected to differential expression analysis. According to the microarray data, we identified 1603 transcripts that were upregulated with a more than 2-fold change (FC) in OSCC samples compared to non-cancerous adjacent tissues (NATs), while 989 transcripts were downregulated by more than 2-fold (Supplementary Figure 1).

To further explore the co-expression patterns of the lncRNAs and mRNAs in OSCC, weighed gene co-expression network analysis (WGCNA) was performed. A total of 16130 genes, consisting of 4549 lncRNAs and 11581 mRNAs, were used for cluster analysis with the WGCNA package. In this study, a power of β = 20 (scale-free R2 = 0.80) was selected for the soft-thresholding to ensure the network was scale-free, and 23 modules were obtained for subsequent analysis (Figure 1A). Each of the modules was marked by a color, while the gray module was a gene that was not co-expressed (Figure 1B).




Figure 1 | Construction of a weighted gene co-expression network. (A) Analysis of the scale-free fitting index for soft threshold powers (β) and the mean connectivity for soft threshold powers. (B) Hierarchical clustering dendrograms of identified co-expressed genes in modules in OSCC. Each colored row represents a color-coded module that contains a group of highly connected genes. The gray module indicates none co-expression between the genes. (C) Twenty-three significant co-expression gene modules were identified with a topological overlap matrix (TOM) plot. The different colors of the horizontal and vertical axes represent different modules. The yellow brightness in the middle indicates the degree of connection between the different modules. (D) Heatmap of the Pearson correlation coefficient (PCC) between module eigengenes (MEs) and clinical information of OSCC. Each cell contains the correlation coefficient and P-value. The color of the cell reflects the size of the correlation coefficient, as shown in the legend on the right. (E) Correlated heatmap plot of the adjacency modules in the WGCNA. The rectangle of each row and column represents an ME. In the correlated heatmap plot, light blue represents low adjacency, while red represents high adjacency. (F) Scatter plot of module eigengenes related to the tissue in the blue module.



We constructed a topological overlap matrix (TOM) plot to analyze the interaction among the 23 modules, which demonstrated the relative independence of the modules. We also found the strong co-expression relationships among the genes in the blue module (Figure 1C). To determine whether any of the identified expression modules were associated with the progression of OSCC, we explored the relationships between the modules and tissue (cancerous or not), and lymph node status (metastatic or not). As shown in Figure 1D, compared with other modules, the blue module, as well as the dark turquoise and turquoise modules, were strongly correlated with the tissue and lymph node status, respectively. Among them, the blue and dark turquoise modules were both positively correlated with the tissue (r = 0.88, p = 4e-07 for blue, r = 0.77, p = 6e-05 for dark turquoise) and lymph node status (r = 0.77, p = 7e-05 for blue, r = 0.77, p = 8e-05 for dark turquoise), whereas the turquoise module had the highest negative correlation with the tissue (r = -0.93, p = 2e-09) and lymph node status (r = -0.82, p = 9e-06) in OSCC. In addition, the heatmap based on adjacencies showed that the blue module was most closely related to the tissue status (Figure 1E). The scatter plot also illustrated the associations between the blue modules and the genetic significance (Figure 1F). All the results suggest that the blue module is the module that is the most relevant to OSCC progression. Therefore, the blue module was chosen for further analysis.



Module Functional Annotation and Screening Cell Differentiation Related LncRNAs in OSCC

To elucidate the biological functions of the module genes, GO enrichment analysis of the blue module was performed by using the “clusterProfiler” R package (Figure 2A). The results showed that the principal biological functions of the blue module were closely related to epithelial development and epithelial cell differentiation, which demonstrated that the genes of the blue module were mainly involved in the regulation of epithelial cell differentiation (Figure 2A).




Figure 2 | TINCR was downregulated in OSCC tissues. (A) Enrichment of the gene ontology (GO) terms of mRNAs in the blue module. (B) A workflow of lncRNA screening. (C) The expression of TINCR in OSCC tissues and non-cancerous adjacent tissues (NATs) was shown by qRT-PCR. qRT-qPCR analysis of TINCR expression in OSCC samples grouped by the lymph node metastasis (D) and the pathological differentiation (E). (F) Analysis of TINCR expression in HNSCC samples from the TCGA database, and the HNSCC samples were grouped by the pathological differentiation. (G) Kaplan-Meier analysis from TANRIC database based on the HNSCC patient cohort of TCGA showed that the high TINCR expression group had a higher survival rate than the low TINCR expression group. *P < 0.05, **P < 0.01.



Of the 2052 mapped genes in the blue module, 1005 genes with high fluorescence intensity on the Agilent Microarray Platform were identified based on the threshold of spot flag≥9 in 10 OSCC samples or in 10 non-cancerous adjacent counterparts. Then, the 1005 genes were subjected to differential expression analysis (Figure 2B). A total of 375 differentially expressed genes (DEGs) were screened under the threshold of false discovery rate (FDR) <0.05 and log2FC ≥1 or ≤-1, of which 2 lncRNAs were identified, TINCR and C5orf66-AS1 (Figure 2B). Recent studies have revealed that TINCR plays a pivotal role in normal epidermal differentiation. In addition, emerging evidence has suggested that the aberrant expression of TINCR is associated with cell growth, metastasis, and drug resistance in human cancers. However, the specific role of TINCR in the cell differentiation of OSCC is still not fully understood. Therefore, TINCR was selected for further investigation.



TINCR Was Downregulated in OSCC Tissues and Associated With a Poor Prognosis

To explore the expression of TINCR in OSCC tissues, 42 OSCC samples and their paired non-cancerous adjacent counterparts were employed to detect the expression of TINCR by qRT-PCR. Our results showed that TINCR was dramatically downregulated in OSCC tissues compared to NATs (Figure 2C). To further clarify the association of TINCR expression with clinicopathological characteristics in OSCC patients, the 42 patients were divided into a low-expression group (n = 24, 57.1%) and a high-expression group (n = 18, 42.9%) based on the median expression level of TINCR. As presented in Table 1, the expression level of TINCR was negatively associated with lymph node metastasis (Figure 2D) and positively correlated with pathological differentiation (Figure 2E) in OSCC patients. However, no significant association between TINCR expression level and patient sex, age, tumor size, T classification or clinical stage was observed (Table 1). To further confirm these findings, we downloaded the RNA sequencing dataset of 481 head and neck squamous cell carcinoma (HNSCC) tissues from the TCGA database. As expected, the expression level of TINCR was significantly lower in poorly differentiated tissues than in well-differentiated tissues (Figure 2F). Furthermore, Kaplan-Meier analysis showed that overall survival was significantly worse in the TINCR low-expression group than that in the TINCR high group (Figure 2G). These results indicate that down-regulation of TINCR is associated with tumor progression and worse prognosis in patients with OSCC.


Table 1 | Correlation of TINCR expression with clinicopathological features of OSCC patients (n = 42).





TINCR Was Involved in the Cell Differentiation of OSCC

To choose appropriate cell lines to manipulate the expression of TINCR and examine its potential biological function, the expression of TINCR in several OSCC cell lines and normal oral keratinocytes (NOKs) was detected by using qRT-PCR. The results in Figure 3A showed that TINCR expression was markedly lower in a panel of 11 OSCC cell lines than that in NOK cells, which was consistent with the findings in the OSCC tissues. Notably, the expression of TINCR in UM1 and HSC6 cell lines was higher than that in CAL33 and HSC6 cells, which were then subjected to further experiments in vitro. To determine the subcellular localization of TINCR, we detected the expression level of TINCR in the cytoplasmic and nuclear fractions of HSC3 and HSC6 cells. As shown in Supplementary Figures 2A, B, qRT-PCR analysis revealed that 86.65 and 73.61% of the TINCR transcripts were detected in the nuclear fraction, respectively, while 13.35 and 26.39% were found in the cytoplasmic fraction. To examine alterations in TINCR expression during OSCC cell differentiation, we treated the OSCC cell lines HSC3 and CAL33 with CaCl2 (2.4 mmol/liter) for 2 days, and then total RNA and proteins were extracted. We found that the expression of TINCR was increased during OSCC cells calcium-induced differentiation. Meanwhile, both involucrin (IVL) and keratin 4 (KRT4), two commonly recognized differentiation-associated genes (15), were upregulated as well (Figures 3B, C). A Western blotting assay confirmed the increased levels of IVL and KRT4 proteins (Figures 3D, E). To further validate these findings, we treated the HSC3 cell line with all-trans retinoic acid (ATRA, 10 mmol/liter), another well-accepted differentiation inducer. As expected, ATRA increased expression levels of TINCR, IVL and KRT4 over time (Supplementary Figures 3A, B). Tumor sphere-forming assays were also performed to confirm our findings. Two OSCC cell lines, UM1 and HSC6, were cultured in non-adherent serum-free conditions, and total RNA and protein were collected for further analysis. As illustrated in Figures 3F, G, the mRNA levels of IVL and KRT4 were suppressed, accompanied by the down-regulation of TINCR when cell dedifferentiation occurred in tumor spheres. Similar results were also observed in the results of a Western blotting assay (Figures 3H, I). Correlation analysis showed that the expression of endogenous TINCR was positively correlated with expression levels of KRT4 and IVL (Supplementary Figures 4A, B). Moreover, a positive correlation between the basic expression level of TINCR and IVL or KRT4 was also observed in HNSCC patients from TCGA database using GEPIA (Supplementary Figures 4C, D). Taken together, our data suggested that TINCR may play a pivotal role in OSCC cell differentiation.




Figure 3 | TINCR was involved in the cell differentiation of OSCC. (A) The expression of TINCR in OSCC cell lines and NOK cells was examined with qRT-PCR. The expression of TINCR in 11 OSCC cell lines was lower than that in NOK cells. (B, C) The expression of TINCR, IVL and KRT4 in OSCC cell lines was examined by qRT-PCR after cells were treated with CaCl2 (2.4 mmol/liter). (D, E) Western blot analysis showed that the protein expression of both IVL and KRT4 was upregulated after treatment with CaCl2. Quantification of the relative protein expression levels is shown. (F, G) qRT-PCR analysis revealed that the expression of TINCR, IVL and KRT4 was reduced in tumor spheres compared to adherent cells. (H, I) Western blot analysis showed that the protein expression of IVL and KRT4 was decreased in tumor spheres. Quantification of the relative protein expression levels is shown. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





TINCR Induced Cell Differentiation and Suppressed Migration, Invasion and Proliferation in OSCC Cells

To investigate the effect of TINCR on OSCC cell differentiation, functional analyses were performed by using the lentivirus-mediated stable overexpression of TINCR (pEZ-TINCR) in OSCC cell lines, including HSC3 and CAL33, both of which have low TINCR expression levels. The TINCR transfection efficiency was determined by qRT-PCR (Figures 4A, B). According to the qRT-PCR results, the elevated expression of TINCR led to the increased expression of differentiation-associated genes, including IVL and KRT4 (Figures 4A, B). The results of a Western blotting assay also demonstrated that protein levels of IVL and KRT4 were upregulated by TINCR overexpression (Figures 4C, D). In addition, overexpression of TINCR induced a dramatic change in cell-cell contact. Distinct spaces between cells became much less apparent (Supplementary Figure 5). Then, siRNA method was adopted to knock down TINCR in UM1 and HSC6 cell lines, in which TINCR was relatively highly expressed. As expected, TINCR depletion significantly reduced the expression of IVL and KRT4 at both the mRNA and protein levels relative to the negative control (Figures 4E–H). To study the effect of TINCR on cell migration and invasion, a Transwell assay was performed with TINCR-overexpressing cells. As shown in Figure 5A, overexpression of TINCR decreased the migration of CAL33 cells. Similar results were also observed in the HSC3 cell line (Figure 5B). Wound healing assays further confirmed that the exogenous upregulation of TINCR contributed to the repression of cell motility in CAL33 and HSC cells (Figures 5C, D). Moreover, to explore the effect of TINCR on tumor growth in vitro, a CCK-8 assay was performed. As shown in Figure 5E, F, overexpression of TINCR decreased the proliferation of HSC3 cells, while deletion of TINCR promoted cell growth in UM1 cells. These results were consistent with our findings in OSCC patients described above and supported the hypothesis that TINCR induces cell differentiation and functions as a tumor suppressor in OSCC.




Figure 4 | TINCR induced cell differentiation in OSCC cells. (A, B) The expression of TINCR, IVL and KRT4 in OSCC cell lines was measured by qRT-PCR after cells were transfected with the TINCR overexpression plasmid. (C, D) The protein expression of KRT4 and IVL was detected by Western blotting. Quantification of the relative protein expression levels is shown. (E, F) The expression of TINCR, IVL and KRT4 in OSCC cell lines was measured by qRT-PCR after cells were transfected with TINCR siRNA. (G, H) Western blot results showing the protein expression of IVL and KRT4. Quantification of the relative protein expression levels is shown. **P < 0.01, ***P < 0.001, and ****P < 0.0001.






Figure 5 | TINCR suppressed the migration, invasion, and proliferation of OSCC cells. (A, B) Transwell assays were used to evaluate the effect of TINCR overexpression on cell migration or invasion (upper panel). The relative numbers of cells that migrated or invaded are shown (lower panel). (C, D) Cell motility was evaluated by a wound healing assay in OSCC cells treated with the TINCR overexpression vector and control vector (upper panel). The relative width of the scratch in 0 h and 24 h is shown (lower panel). (E) Cell growth was evaluated by a CCK-8 assay in OSCC cells treated with the TINCR overexpression vector and control vector. (F) Cell growth was evaluated by a CCK-8 assay in OSCC cells treated with the TINCR siRNA and negative control. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





Overexpression of TINCR Inhibited the Tumorigenesis of OSCC In Vivo

To further validate the suppressive effects of TINCR on OSCC tumorigenesis in vivo, a xenograft model was established. The TINCR-overexpressing cells (pEZ-TINCR) and corresponding control cells (NC) were subcutaneously injected into BALB/c nude mice. As shown in Figures 6A–C, mice bearing cells overexpressing TINCR had smaller tumors with a lower tumor volume and weight than mice in the control group. Meanwhile, the tumor growth rate in the TINCR overexpression group was slower than that in the control group (Figure 6B). Furthermore, the expression level of TINCR in xenograft tumors was also confirmed by qRT-PCR and in situ hybridization assays (Figures 6D, E). Xenograft sections stained with IHC showed that the expression of IVL and KRT4 was increased in the TINCR overexpression group compared to the control group, supporting that TINCR may suppress tumor progression by inducing cell differentiation. Collectively, these data suggested that TINCR inhibits OSCC tumorigenesis in vivo.




Figure 6 | TINCR overexpression inhibited OSCC xenograft tumor growth. (A) Representative image of tumor xenografts after the subcutaneous injection of OSCC cells overexpressing TINCR or control cells. (B) Growth curves of the tumor volumes in the TINCR overexpression group and control group are shown. The tumor volumes were recorded every 3 days post-injection. (C) The tumor weight of the TINCR overexpression group was significantly lower than that of the control group. (D) qRT-PCR analysis verified that the expression of TINCR in the TINCR overexpression group was much higher than that in the control group. (E) RNAScope and IHC assays were used to detect the expression of TINCR, KRT4 and IVL in tumor xenografts, respectively. (F) Western blot analysis showed that the protein expression of p-JAK2, JAK2, p-STAT3 and STAT3 was remarkably inhibited in HSC3 cells after transfection with the TINCR overexpression plasmid (left panel). Quantitative analysis of p-JAK2, JAK2, p-STAT3 and STAT3 is shown (right panel). (G) Western blot analysis showed that the protein expression of p-JAK2, JAK2, p-STAT3 and STAT3 was significantly increased in HSC6 cells after transfection with TINCR siRNA (left panel). Quantitative analysis of p-JAK2, JAK2, p-STAT3 and STAT3 is shown (right panel). **P < 0.01, ****P < 0.0001.





JAK2/STAT3 Signaling Pathway Was Involved in TINCR-Mediated Cell Differentiation

A couple of studies have proven that JAK2/STAT3 signaling plays a key role in modulating keratinocyte differentiation and epithelial carcinogenesis (16–19). Our previous data also suggested that JAK2/STAT3 signaling was involved in the tumorigenesis of HNSCC (20). To investigate the role of JAK2/STAT3 signaling in the TINCR-mediated cell differentiation of OSCC, the expression of key factors in JAK2/STAT3 signaling was detected after TINCR overexpression. Our results showed that TINCR overexpression significantly reduced the expression of JAK2, p-JAK2, STAT3, and p-STAT3 in HSC3 cells (Figure 6F). In contrast, all of these proteins were increased after TINCR deletion (Figure 6G). Taken together, our results suggested that JAK2/STAT3 signaling might be involved in TINCR-mediated cell differentiation.




Discussion

Increasing evidence suggests that some lncRNAs act as oncogenes or tumor suppressors in tumorigenesis and progression. However, the molecular mechanisms have yet to be fully elucidated. In the present study, WGCNA was performed to explore the specific lncRNAs correlated with the pathogenesis of OSCC. A total of 23 gene modules were identified based on the microarray data, of which the blue module was significantly associated with OSCC and the lymph node status. A differentiation-related lncRNA, TINCR, was finally screened from the blue module by using GO enrichment and gene differential expression analysis. We verified that TINCR was dramatically downregulated in OSCC tissues, and was associated with pathological differentiation, lymph node metastasis, and poor survival in OSCC patients. We further showed that the expression of TINCR increased during cell differentiation and reduced during cell dedifferentiation. Functional analyses demonstrated that overexpression of TINCR mediated cell differentiation and suppressed the migration of OSCC cells. Furthermore, we also found that overexpression of TINCR decreased xenograft tumor volume and weight and promoted cell differentiation in vivo. Interestingly, down-regulation of TINCR led to the activation of JAK2/STAT3 signaling. These findings suggested that TINCR may serve as a tumor suppressor and induce cell differentiation by modulating JAK2/STAT3 signaling in OSCC.

LncRNAs have been widely reported to be involved in the proliferation, differentiation, apoptosis, invasion and metastasis of various human cancers (21–23). For example, the lncRNA LOWEG is remarkably downregulated in gastric cancer and suppresses migration and invasion in gastric cancer by acting as a tumor suppressor (24). In melanoma, ILF3-AS1 promotes cell proliferation, invasion and migration by negatively regulating miR-200b/a/429 (25). In colorectal cancer, GAPLINC is significantly upregulated and promotes cell migration and invasion by regulating miR-34a/c-MET (26). In addition, increased levels of H19 promote the invasion, angiogenesis, and stemness of glioblastoma cells. Upregulation of H19 in CD133+ glioblastoma cells is significantly related to the increased neurosphere formation of glioblastoma cells (27). All of these studies demonstrated that dysregulated lncRNAs are critical contributors to tumorigenesis and cancer progression. Moreover, accumulating evidence has revealed that lncRNAs exert crucial influences on the development of HNSCC, including the OSCC (28–30). H19, which is upregulated in OSCC, promotes cell proliferation and invasion (31). Huang et al. found that the down-regulation of NEAT1 represses cell proliferation and invasion in OSCC (32). Unfortunately, it remains a major challenge to effectively screen the specific lncRNAs from numerous lncRNA transcripts in high-throughput data. Few studies have focused on the clinical characteristics specific lncRNAs. WGCNA can transform gene expression data into co-expression modules and build correlation with clinical characteristics (33), which makes it a powerful tool for identifying modules of highly associated genes that can be widely applied to identify candidate biomarkers or therapeutic targets. In this study, a total of 23 gene modules were identified based on the WGCNA, of which the blue module was significantly related to the tissue and lymph node status. TINCR was then screened by both GO enrichment and gene differential expression analysis. We further validated that TINCR expression was strongly decreased in OSCC tissues compared with the NATs.

TINCR is aberrantly expressed in many human malignancies and closely associated with cancer occurrence, progression, invasion and metastasis, and prognosis (8, 34, 35). TINCR is downregulated in prostate cancer, and the low expression of TINCR is associated with advanced clinical T stage, lymph node metastasis, distant metastasis and poor prognosis (36). Yu et al. reported that upregulation of TINCR is negatively correlated with the overall survival of patients with colorectal cancer (37). TINCR is overexpressed in hepatocellular carcinoma and is related to tumor size, pathological differentiation, TNM classification, hematogenous metastasis and poor prognosis (34). However, its role in OSCC is still largely unknown. Here, the clinicopathological analysis was performed that revealed a close relationship between TINCR expression and pathological differentiation and lymph node metastasis in patients with OSCC. Lower TINCR expression is significantly associated with short survival. All of these results suggested that TINCR may serve as a tumor suppressor in OSCC progression.

TINCR plays a key regulatory role during human epidermal differentiation by interacting with a series of differentiation-related genes. A series of functional assays had confirmed that TINCR is necessary for epithelial cell differentiation and that its aberrant expression contributes to tumor occurrence and progression. An increasing number of studies have verified that TINCR serves as a regulatory factor in human squamous cell carcinoma, including breast cancer (38, 39), gastric cancer (10, 40), prostate cancer (36), lung cancer (41), hepatocellular carcinoma (34), bladder cancer (8), colorectal cancer (35), etc. In our study, we demonstrated that the expression of TINCR in OSCC cells was significantly upregulated, accompanied by an increase in IVL and KRT4 during cell differentiation induced by CaCl2. In contrast, the expression level of TINCR was dramatically suppressed, accompanied by IVL and KRT4 down-regulation, when OSCC cells were dedifferentiated in tumor spheres.

IVL is an important keratinocyte differentiation marker (42), and barrier protein (43). Chen et al. found that S100A has a prominent effect on IVL and therefore regulates esophageal cancer cell differentiation (44). KRT4 is a member of the keratin family, whose aberrant expression usually causes many diseases, and even cancer (45). According to sequence homology, keratins are classified into type I and type II clusters (46). Zhang et al. found that KRT4 is aberrantly expressed in human white sponge nevus (WSN) (47). Ohkura et al. observed the down-regulation of KRT4 in OSCC cells, but its upregulation in leukoplakia, suggesting that the expression level of KRT4 is closely related to malignancy in OSCC (48). Here, we explored the association among TINCR, KRT4, and IVL. Correlation analysis showed that the expression of endogenous TINCR was positively correlated with the expression levels of KRT4 and IVL. Moreover, the expression levels of IVL and KRT4 were remarkably decreased when TINCR was deleted. Conversely, the expression of IVL and KRT4 was distinctly increased in cells overexpressing TINCR. These results suggested that TINCR plays an important role in the process of epithelial differentiation and carcinogenesis of OSCC.

The Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling pathway is an evolutionarily conserved pathway (49). It is activated in response to many protein ligands, such as cytokines and growth factors, which regulate various cellular processes, including cell proliferation, differentiation, and apoptosis (50, 51). JAK/STAT3 has been observed in numerous tumors and underpins a majority of features of cancer (52), including cell proliferation (53), antiapoptosis (54), angiogenesis (55), metastasis (56), and cancer stem cell maintenance (57). In addition, increasing evidence has proven that JAK/STAT3 signaling plays a key role in modulating keratinocyte differentiation and epithelial carcinogenesis (16–19). Amano et al. demonstrated that suppressing STAT3 activation by JAK inhibitors increases the levels of terminal differentiation and improves skin barrier function (17). Chan et al. also found that abrogation of STAT3 function leads to the significant repression of the growth of initiated keratinocytes and papilloma cells (18). In the present study, TINCR overexpression significantly suppressed the activation of JAK2/STAT3 signaling in OSCC cells, while the deletion of TINCR enhanced the JAK2/STAT3 signaling. Our findings indicated that JAK2/STAT3 signaling might be involved in the TINCR-mediated cell differentiation of OSCC. However, the underlying mechanism still needs further exploration.

In summary, our data suggest that TINCR functions as a tumor suppressor by inducing cell differentiation by modulating JAK2/STAT3 signaling in OSCC. TINCR may act as a prognostic biomarker and therapeutic target for OSCC.
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MiR-21-5p is one of the most common oncogenic miRNAs that is upregulated in many solid cancers by inhibiting its target genes at the posttranscriptional level. However, the upstream regulatory mechanisms of miR-21-5p are still not well documented in cancers. Here, we identify a super-enhancer associated with the MIR21 gene (MIR21-SE) by analyzing the MIR21 genomic regulatory landscape in head and neck squamous cell carcinoma (HNSCC). We show that the MIR21-SE regulates miR-21-5p expression in different HNSCC cell lines and disruption of MIR21-SE inhibits miR-21-5p expression. We also identified that a key transcription factor, FOSL1 directly controls miR-21-5p expression by interacting with the MIR21-SE in HNSCC. Moreover, functional studies indicate that restoration of miR-21-5p partially abrogates FOSL1 depletion-mediated inhibition of cell proliferation and invasion. Clinical studies confirmed that miR-21-5p expression is positively correlated with FOSL1 expression. These findings suggest that FOSL1-SE drives miR-21-5p expression to promote malignant progression of HNSCC
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is one of the most common malignant tumors worldwide, with a 5-year survival rate of only about 50% (1, 2). HNSCC easily invades surrounding tissues and spreads to cervical lymph nodes (LN), ultimately leading to relapse and death (3). Although a significant progress on the pathogenesis of HNSCC has been made in the past decades, the exact molecular mechanisms are still not well understood. Increasing evidences implicates that dysregulation of miRNAs has a critical role in the development and progression of HNSCC (4–10). In our previous studies, we also confirmed that miRNAs are involved in the tumor growth, stemness and metastasis of HNSCC by targeting a cohort of key oncogenes or tumor suppressors, including miR-21, miR-204-5p, miR320a, miR-138 (11–13). Interestingly, the alterations of miRNA landscape showed that most of deregulated miRNA are downregulated in HNSCC as compared to normal tissue (14–17). Contrarily, only several upregulated miRNAs were identified, including miR-21-5p, miR-7 and miR-31 (18–22). Notably, miR-21-5p is one of the most common oncogenic miRNAs that is robustly upregulated and function as an oncogene in many solid cancers by inhibiting its target genes at the posttranscriptional level, including HNSCC (23, 24). However, the upstream regulatory mechanisms of miR-21 are still not well documented in cancers.

Herein, we aimed to investigate the upstream regulatory mechanisms of miR-21-5p in HNSCC. Strikingly, a MIR21-associated super enhancer (MIR21-SE) was identified in HNSCC and disruption of this super enhancer inhibits miR-21-5p expression. Interestingly, a key transcription factor, FOSL1, was confirmed to directly promote miR-21-5p expression by interacting with the MIR21-SE in HNSCC. Taken together, these findings showed that the miR-21-5p expression was controlled by a FOSL1-driving-SE in HNSCC.



Materials and Methods


Samples

95 OSCC tissues samples, 16 matched adjacent non-cancerous normal tissues (ANCT) were collected at the Department of Oral and Maxillofacial Surgery, Hospital of Stomatology, Sun Yat-sen University between January 2013 and July 2018. Tissue samples applied in this study were conducted in accordance with the Declaration of Helsinki’s guidelines. All patients did not receive any form of preoperative treatment. The study was approved by the Ethical Committee of the hospital. Tumor grade was determined according to the 8th American Joint Committee on Cancer Staging System. Immunohistochemical and in situ hybridization analysis were used to assess the gene expression.



Immunohistochemistry and In Situ Hybridization

Formalin-fixed, paraffin-embedded tissue samples were cut into 4-μm sections for immunohistochemistry analysis. The tissue sections were incubated at 4°C with primary antibodies against FRA1/FOSL1(1:100, ab232745, Abcam) overnight. Diaminobenzidine (DAB, GK600510, Gene Tech, China) was used to visualize and hematoxylin (D006, Nanjing Jiancheng Biotech, China) was applied to counterstain. Two pathologists who were blinded to the clinical data evaluated the immunohistochemical stain independently. The intensity of FOSL1 staining was evaluated as 0: no staining; 1: weak; 2: moderate; and 3: strong. The proportion was evaluated as 0–100% positive cells. Staining index(SI: 0–300)=staining intensity × the proportion of positive cells. Samples with SI>100 were defined as “high expression” and those with SI ≤ 100 were defined as “low expression”.

miR-21-5p expression was examined by in situ hybridization according to the manufacturer’s instructions (microRNA ISH Optimization Kit for FFPE, Exiqon, Vedbaek, Denmark). miR-21-5p was hybridized with Double-DIG-labeled LNA™ microRNA probes (1:1250, Exiqon) overnight after demasking. The sections were blocked and incubated with goat anti-digoxigenin-AP (1:1000, Roche) and then counterstained with nitro blue tetrazolium/5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP). The staining intensity of the cells was recorded as follows: The intensity staining was evaluated as 0: no staining; 1: weak, light blue; 2: moderate, blue; and 3: strong, dark blue. The proportion was evaluated as 0: negative; 1:<10%; 2: 11–50%; 3: 51–80% or 4: >80% positive cells. The staining index (SI)=staining intensity × the proportion of positive cells. SI (miR-21-5p)>4 was defined as “high expression” and SI ≤ 4 was defined as “low expression”.



Chromatin Immunoprecipitation Assay (ChIP)

For ChIP assay, 106 cells were treated with 1% formaldehyde at 37°C for 10 min to crosslink their DNA. Agarose gel electrophoresis was used to assess the DNA fragments between 500 bp and 800 bp the cells were lysed. The chromatin crosslink was incubated at 4°C overnight. Then purify the immunoprecipitated DNA after reversing the DNA–protein crosslink. Quantitative real-time PCR (qPCR) was used to quantify the final precipitated DNA. The PCR result was expressed with the percentage of input DNA. The primer sequences of ChIP-qPCR were listed as below. MIR21 super enhancer (MIR21-SE) 5’-AAACCACACTCTGTCGTATCTGTG-3’ and 5’-TACAGAACGGCAAGAAAACTGGG-3’ and negative control primer (MIR21-NEG) 5’- CCACCATGCCCAGCCTTGAAGTTA-3’ and 5’-TGGAGAGGGCTGACCTTAACCAA-3’.



Luciferase Reporter Assay

MIR21-SE and MIR21-NEG fragments were inserted into pLG4.23 luciferase reporter through Kpn1 and Xho1 restriction sites using standard PCR-cloning method. The primer sequences for cloning MIR21-SE were 5’- GGGTACCGTTCTAGAAAAGAAGTGAAGGCCAGTCG-3’ and 5’- CCTCGAGTTAGACATGCTTGCAGGCGTTT-3’. The primer sequences for cloning MIR21-NEG were 5’- GGGTACCACCATGCCCAGCCTTGAAGTTAA-3’ and 5’- CCTCGAGACTGAGTGGGGAGAATTGCCTA -3’. For luciferase assay, SCC1 and 293T cells were plated in 24-well plates at 40-50% confluence. For luciferase assay in SCC1 cells, 12h after seeding, the cells were transfected with FOSL1 siRNA or control siRNA. Then, after 24h, the cells were transfected with 50 ng of luciferase reporters and 20 ng of CMV-galactosidase constructs. For luciferase assay in 293T cells, 12h after seeding, the cells were transfected with 50 ng of luciferase reporters, 20 ng of CMV-galactosidase, and expression constructs of FOSL1 and JUN. The reporter activities were determined 24h after DNA transfection. The luciferase and β-galactosidase activity of total cell lysates were determined by Bright-Glo Luciferase Assay System (Promega; cat#E2620) and GalactoStar Reporter Gene Assay System (Applied Biosystems, cat#T1012), respectively. The luciferase reporter activity was normalized against the β-galactosidase activity of each cell lysate sample.



RNA Isolation and Quantitative Real-Time PCR (RT-qPCR)

RNAzol® RT (RN190, Molecular Research Center, USA) was used to extracted RNA from the cells per the manufacturer’s protocol. 1 µg of total RNA was applied to reverse transcription with the ribo SCRIPT Reverse Transcription kit (C11027, RIBOBIO, China). All miR-21-5p (RT primter: ssD809230239; qPCR primer: ssD809230931 and ssD089261711) and U6 (RT primter: ssD0904071008; qPCR primer: ssD0904071006 and ssD0904071007) RT-qPCR primers were ordered from RIBOBIO. The 3-step RT-qPCR reactions were carried out with a SYBR Green Master Mix (11201ES08, Yeasen, China) in the LightCycler 96 System (Roche, Germany). The thermal cycling parameters were as follows: preincubation at 95°C for 5 min, followed by 40 cycles of amplification as: 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s, with a final cycle of 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s as the melting curve. The relative expression level of miR-21-5p was calculated by 2−ΔΔCt. Human U6 was served as an internal reference.



Cell Lines, Cell Culture, and Treatments

SCC1 cells were obtained from University of Michigan and HN6 cells were obtained from Wayne State University. UM1 and UM2 cells were provided by Dr. Xiaofeng Zhou (University of Illinois at Chicago, IL, USA). SCC9, SCC15, SCC25 and CAL27 were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). The SCC1, HN6 and CAL27 cell lines were cultivated in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA). The SCC9, SCC15, SCC25, UM1 and UM2 cell lines were grown in DMEM/F12 medium (DMEM/F12, Gibco, USA) supplemented with 10% FBS. Cells were kept at 37°C under a humidified atmosphere with 5% CO2. Lipofectamine (Lipofectamine RNAiMAX Transfection Reagent, Thermo Fisher) was used to transfect miR-21-5p mimics (50nM, RIBOBIO), FOSL1 siRNA (100nM, RIBOBIO) and their respective negative controls. For the BET bromodomain Inhibitor treatment groups, cells were treated with 1μmol/mL (+)-JQ1 (HY-13030, MCE, USA) or iBET-151 (HY-13235, MCE, USA).



Cell Proliferation

HN6 and SCC1 cells were seeded in 96-well plates at a density of 1000 or 1500 cells per well. The cell confluence of untreated cells and treated cells were detected and analyzed using the Incucyte® S3 Live-Cell Analysis System (Essen BioScience, USA) at the indicated time points.



Wound-Healing, Migration, and Invasion Assays

Wound-healing assay was carried out with a sterile pipette tip to make scratches when cells reached 90% fusion degree in 6-well plates. FBS-free media was then used to cultivate cells for 48h. 2 × 105 HN6 cells or 4 × 105 SCC1 cells with 200μl FBS-free media were seeded into the upper chambers (pore size: 8-μm, Corning, China) with or without Matrigel (354234, Corning, China) to verify the invasion or migration assays. 600μl of 10% fetal bovine serum (FBS) was added into the lower chambers. Cells stranded in the upper chambers after 24h were removed, and the fixed cells on the lower surface of the membrane were stained with hematoxylin. Five random views were selected and photographed under a microscope (ZEISS, German). Image J was used to calculate the cell numbers and wound healing area.



Statistical Analysis

GraphPad prism 8.0. (GraphPad Software Inc.) was used for statistical analysis with the mean ± standard deviation (SD). All statistical tests were two-tailed. P-values of <0.05 were considered statistically significant.




Results


miR-21-5p Is Upregulated and Correlated With Malignant Progression of HNSCC

To investigate the potential role of miR-21-5p in HNSCC, we firstly evaluated miR-21-5p expression based on The Cancer Genome Atlas (TCGA) HNSCC datasets. As shown in Figure 1A, the expression of miR-21-5p was significantly increased in HNSCC as compared to normal tissue. To further validate these findings, we performed in situ hybridization to detect the expression of miR-21-5p in 95 HNSCC tissues. As expected, we found that miR-21-5p expression was mainly located in cytoplasm and significantly increased in HNSCC when compared to normal epithelium (Figures 1B, C). Moreover, the expression of miR-21-5p was also upregulated in HNSCC patient with T3,4 stage as compared to patients with T1,2 stage. Similar results were observed in HNSCC patient with lymph node metastasis as compared to patient without lymph node metastasis (Figures 1D, E). An increase of miR-21-5p was also observed in an 8 HNSCC cell lines panel as compared to NOK cells (Figure 1F).




Figure 1 | The expression of miR-21-5p was upregulated and correlated with malignant progression in HNSCC. (A) The expression of miR-21-5p was upregulated in HNSCC as compared to the normal tissue. Data was from TCGA HNSCC datasets downloaded using the UCSC Xena browser (https://xenabrowser.net). ***P < 0.001. (B) The representative images of miR-21-5p ISH staining. Scale bar, 300μm (C) The quantitative analysis of miR-21-5p ISH staining in HNSCC patient samples. ***P< 0.001 by Student’s t-test (D) The expression of miR-21-5p was increased in T3,4 stage HNSCC patient as comparted to those with T1,2 stage. **P < 0.01 by Student’s t-test (E) The expression of miR-21-5p was increased in HNSCC patient with lymph node metastasis as comparted to those without lymph node metastasis. **P < 0.01 by Student’s t-test (F) The relative of miR-21-5p was upregulated in 8 HNSCC cell lines as compared to NOK cells. ***P < 0.001 by Student t-test. (G, H) Overexpression of miR-21-5p promotes cell invasion of SCC1 and HN6 cells. ***P < 0.001 by Student’s t-test. Scale bar, 200μm (I, J) Overexpression of miR-21-5p promotes proliferation of SCC1 and HN6 cells. ***P < 0.001 by two-way ANOVA



To further investigate the functional role miR-21-5p in HNSCC, HNSCC cells, HN6 and SCC1 were transfected with miR-21-5p mimics and we found that cell proliferation and invasion were increased in cells treated with miR-21-5p mimics (Figures 1G–J). Taken together, these findings confirmed that miR-21-5p is upregulated in HNSCC and promotes malignant phenotypes in HNSCC.



Targeting FOSL1 Suppresses miR-21-5p Expression by Interacting With the MIR21-SE

To dissect the upstream regulatory machinery of miR-21-5p, we tried to analyze its promoter and enhancer region of the MIR21 gene based on our MED1 ChIP-seq results of human SCC cells from a different study (Figure 2A). Unexpectedly, we discovered that SEs were associated with MIR21. In agreement with ChIP-seq findings, RT-qPCR showed that the expression of miR-21-5p was decreased in SCC1 and HN6 cells upon JQ1 and iBET-151 treatment (Figures 2B, C), two well-known BET inhibitors which can disrupt SE. Consistently, ChIP-PCR showed that the enrichments of MED1 and BRD4 on miR-21-SE region were also significantly suppressed in cells treated with JQ1 and iBET-151 (Figures 2D, E). Interestingly, the enrichment of FOSL1 in promoter region of MIR21 was also decreased upon JQ1 and iBET-151 treatment (Figure 2F).




Figure 2 | Targeting FOSL1 suppresses miR-21-5p expression by interacting with the MIR21-SE. (A) ChIP-seq data revealed SE was formed around the MIR21 gene region and knockdown of FOSL1 suppressed the enrichment of MED1 and FOSL1 in the MIR21-SE. (B, C) Disruption of SE by JQ1 and iBET-151 inhibited the expression of miR-21-5p. **P< 0.01, ***P < 0.001 by one-way ANOVA. (D–F) The enrichments of MED1, BRD4 and FOSL1 in the MIR21-SE were eliminated in HNSCC cells upon JQ1 and iBET-151 treatment. **P < 0.01 by one-way ANOVA. (G–I) The enrichments of MED1 and FOSL1 in the MIR21-SE were eliminated in HNSCC cells treated with FOSL1 siRNA. **P < 0.01 by one-way ANOVA. (J) Knockdown of FOSL1 significantly suppressed the MIR21-SE luciferase activity. ***P < 0.001, **P<0.01 by one-way ANOVA. (K) MIR21-SE fragment was capable of elevating the luciferase reporter activity as compared to the negative control. **P < 0.01 by Student’s t-test (L, M) Knockdown of FOSL1 inhibited the expression of miR-21-5p. **P < 0.01, ***P < 0.001 by one-way ANOVA.



To further investigate the role of FOSL1 in establishment of the MIR21-SE, we analyzed the promoter and enhancer region of MIR21 based on our FOSL1 ChIP-seq results of human SCC cells. Surprisingly, we found that FOSL1 was also significantly enriched in MIR21-SE region and MED1 occupancies on SEs in MIR21 were inhibited in cells treated with FOSL1 siRNAs (Figure 2A). ChIP-PCR results confirmed that the enrichments of MED1, BRD4 and FOSL1 on MIR21-SE region were significantly eliminated in cells treated with FOSL1 siRNA (Figures 2G–I). To further validate that FOSL1 can interact with the MIR21-SE, we cloned a fragment of MIR21-SE regions as well as a similar length negative control region into the pLG4.23 luciferase reporter. As shown in Figure 2J, knockdown of FOSL1 significantly suppressed the MIR21-SE luciferase activity. Consistently, the MIR21-SE fragment was also capable of elevating the luciferase reporter activity as compared to the negative control (Figure 2K). As expected, the expression of miR-21-5p was significantly inhibited in cells transfected with FOSL1 siRNA (Figures 2L, M). These findings support a notion that FOSL1 promotes miR-21-5p expression by interacting with MIR21-SE.



Restoration of miR-21 Attenuates FOSL1 Depletion-Mediated Inhibition of Cell Proliferation and Invasion in HNSCC Cells

To clarify the functional role of miR-21-5p in FOSL1-mediation cell proliferation and invasion, simultaneous knockdown of FOSL1 and restoration of miR-21-5p were performed in HNSCC cells. As shown in Figures 3A–F, FOSL1 depletion-mediated inhibition of cell invasion and migration were attenuated by overexpressing miR-21-5p. Similar results were also observed in cell proliferation assay (Figures 3G, H). These findings indicate that miR-21-5p is involved in FOSL1-mediated invasion and proliferation in HNSCC in vitro.




Figure 3 | miR-21-5p was required for FOSL1-medaited malignant progression in HNSCC. (A-D) FOSL1 depletion-mediated inhibition of cell invasion was attenuated by overexpressing miR-21-5p in SCC1 and HN6 cells. ***P < 0.001 by one-way ANOVA. Scale bar, 200μm (E, F) FOSL1 depletion-mediated inhibition of cell migration was rescued by overexpressing miR-21-5p in HN6 cells. ***P < 0.001 by one-way ANOVA. Scale bar, 200μm (G, H) FOSL1 depletion-mediated inhibition of cell proliferation was impaired by overexpressing miR-21-5p in SCC1 and HN6 cells. ***P < 0.001 by two-way ANOVA.





The Expression of miR-21-5p Is Positively Correlated With FOSL1 and Indicates Poor Prognosis in HNSCC

Next, we analyzed the correlation of FOSL1 and miR-21-5p and then assessed their prognostic value in HNSCC. As shown in Figures 4A, B, FOSL1 expression was positively correlated with miR-21-5p expression in HNSCC, supporting the notion that FOSL1 promotes expression of miR-21-5p at the transcriptional level. As expected, the expression of FOSL1 was upregulated in HNSCC as compared to the normal tissue (Figure 4C). The increased expression of FOSL1 was also observed in T3,4 stage HNSCC when comparing to T1,2 stage HNSCC (Figure 4D). Similar results were also observed in HNSCC patients with lymph node metastasis as compared to those without lymph node metastasis (Figure 4E). The survival analysis revealed that high expression of miR-21-5p and FOSL1 indicated a poor prognosis in HNSCC (Figures 4F, G). Moreover, HNSCC patients with high expression of miR-21-5p and FOSL1 showed the worst overall survival as compared to the other groups (Figure 4H).




Figure 4 | miR-21-5p expression was positively correlated with FOSL1 in HNSCC. (A) The representative images of miR-21-5p ISH staining and FOSL1 IHC staining. Scale bar, 300μm (B) FOSL1 expression was positively correlated with miR-21-5p expression. (C) The expression of FOSL1 was increased in HNSCC as comparted to the normal tissue. ***P < 0.001 by Student’s t-test (D) The expression of FOSL1 was increased in T3,4 stage HNSCC patient as comparted to those with T1,2 stage. *P < 0.05 by Student’s t-test (E) The expression of FOSL1 was increased in HNSCC patient with lymph node metastasis as comparted to those without lymph node metastasis. *P < 0.05 by Student’s t-test. (F) HNSCC patient with high FOSL1 expression levels indicated a poor overall survival. (G) HNSCC patient with high miR-21-5p expression levels indicated a poor overall survival. (H) HNSCC patient with high FOSL1 and miR-21-5p expression levels indicated a poorest overall survival.






Discussion

MiR-21-5p has been extensively studied in variety of cancers and can function as an oncomiR to promote malignant progression of cancer, including HNSCC (25). As a result, miR-21-5p has been proposed as a promising diagnostic and prognostic biomarker, as well as an attractive therapeutic target for cancer treatment (25). However, the regulation of miR-21 is not well understood in HNSCC. Increasing evidences imply that miR-21 expression is maintained by transcriptional and post-transcriptional regulation (26, 27). Notably, it has been reported that AP-1, Ets/PU.1, C/EBPα, NFI, SRF, p53, STAT3 and AR binding sites were observed in the promoter region of the MIR21 gene, indicating that miR-21 expression is controlled by a transcriptional activator or suppressor (26, 28, 29). In agreement with these findings, our data shows that FOSL1, a member of the AP-1 family, occupied the promoter region of the MIR21 gene and regulated miR-21 expression. Moreover, FOSL1 is frequently dysregulated in HNSCC and has a critical role in the invasive growth, metastasis and stemness of HNSCC (30, 31). These results indicate that dysregulation of FOSL1 might exert its function by upregulation of miR-21-5p expression.

Recently, several studies implicating SEs have an important role in the regulation of ncRNAs, including miRNAs, circRNA and lincRNAs (32–34). As a new type of gene regulatory center, SEs are is often found to be positively correlated with oncogenes in cancer (35, 36). Strikingly, we found that a SE was formed around the MIR21 gene, which is enriched with FOSL1, indicating that miR-21 was controlled by FOSL1-associated SE in HNSCC. SEs are considered to be a large cluster of regulatory elements, which have a high binding capacity with transcriptional coactivators (such as BRD4, Mediator, CDK7 or EP300) as compared to typical enhancer binding, and SEs have high potential to activate their target gene transcription to control cell identity (37–40). To investigate the functional role of SEs in the regulation of miR-21-5p, JQ1 and iBET-151, two well-known BET inhibitors, were used to disrupt the SE (41). As expected, the expression of miR-21-5p was significantly suppressed in HNSCC cells upon treatment with JQ1 and iBET-151. Importantly, ChIP-qPCR data showed that the enrichments of MED1, BRD4 and FOSL1 were decreased in SE region of MIR21. To further demonstrate the role of FOSL1 in SE, we knocked-down the endogenous expression of FOSL1 in HNSCC cells, the ChIP-seq and ChIP-qPCR results revealed that MED1 and BRD4 enrichment on the MIR21-SE were also decreased. In agreement with these findings, the expression of miR-21-5p was significantly decreased in HNSCC cells treated with FOSL1 siRNA, supporting the notion that miR-21-5p was controlled by FOSL1 driven SE in HNSCC.

Taken together, we identified a SE associated with the MIR21 gene driven by FOSL1 in HNSCC, which uncovers a novel mechanism underlying miR-21-5p regulation in cancer.
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Recently, additional long noncoding RNAs (lncRNAs) have been identified and their possible roles were investigated in a variety of human tumors. One of these lncRNAs, LINC01929, promoted the progression of some cancers, whereas its expression and biological function in human oral squamous cell carcinoma (OSCC) remains still mostly uncertain. The LINC01929 expression in OSCC tissues or cell lines was identified via quantitative real-time polymerase chain reaction. The cell counting kit-8, transwell migration, wound-healing, and flow cytometry assays were utilized to characterize the functions of LINC01929 in OSCC cells. The interactive relationships between LINC01929 and miR-137-3p, miR-137-3p and Forkhead box C1 (FOXC1) were investigated by the dual-luciferase activity assay. Our findings demonstrated that LINC01929 was highly expressed in OSCC tissue samples and cell lines, whereas miR-137-3p expression was downregulated. LINC01929 acted as a carcinogenic lncRNA with accelerated OSCC cell proliferation, migration and invasion, and suppression of apoptosis. We further indicated that LINC01929 facilitated tumor growth in xenograft mouse models. Mechanistically, LINC01929 acted as a sponge for miR-137-3p to elevate FOXC1 expression, which is the target of miR-137-3p. In addition, downregulated miR-137-3p expression rescued the suppressive behaviors of LINC01929 knockdown on the biological behaviors of OSCC cells. Taken together, LINC01929 functioned as a tumor-promoting lncRNA via the miR-137-3p/FOXC1 axis in OSCC, suggesting novel targets for OSCC therapy.
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Introduction

Oral squamous cell carcinoma (OSCC) accounts for a remarkable cases of human malignant tumors that occur in the head and neck region. It has the sixth highest incidence rate and a high mortality rate (1, 2). There have been remarkable advances in recent years in OSCC treatment, including surgery, radiotherapy, and chemotherapy. However, OSCC is accompanied with a low five-year survival rate (3, 4). The literature indicates that the progression of OSCC is accompanied with coding and non-coding gene disorders (5).

Scholars have defined long noncoding RNAs (lncRNAs) as non-coding RNAs that cannot encode genes and are less than 200 nucleotides in length (6–8). Numerous reports have suggested substantial role of lncRNAs in controlling gene expression at the transcriptional, post-transcriptional, and chromosomal levels, and also participated in the biological progression of proliferation, invasion, and apoptosis of tumor cells (9–11). Increasingly, additional lncRNAs have been shown to regulate mRNA expression at the post-transcriptional level by sponging miRNA with competitive endogenous RNA (ceRNA) mechanisms (12–15). Several researches pointed out that lncRNAs were involved in the development of OSCC (16–18). LncRNA BLACAT1 knockdown could inhibit invasion and migration of OSCC cells by sponging miR-142-5p (19). LncRNA ANRIL advanced the proliferation of OSCC cells and inhibited apoptosis by regulating the TGF-/Smad signaling pathway (20).

LINC01929 could promote tumor progression as a carcinogenic lncRNA in hepatocellular carcinoma and non-small cell lung carcinoma (21, 22). However, the role of LINC01929 in OSCC remains unclear.

We, in the present research, measured LINC01929 expression in OSCC tissues and OSCC cells and characterized its function via in vitro and in vivo experiments. We also attempted to evaluate the molecular mechanism by which LINC01929 plays a role in OSCC.



Materials and Methods


Tissue Collection

OSCC tissues and paired adjacent tissues of 27 confirmed patients were collected from the Stomatological Hospital of Jilin University. Prior to surgical removal, none of the patients received anticancer treatment. All patients signed informed consent. The confirmation of the present research could be achieved from the Ethics Committee of Stomatological Hospital of Jilin University.



Cell Cultivation

Human oral keratinocytes (HOK) and OSCC cells (CAL-27, CAL-33, SCC-9, SCC-25, and HSC-3) were acquired from the Chinese Academy of Sciences. These were cultivated with DMEM with 10% FBS and maintained at 37°C in a humidified 5% CO2 incubator.



Cell Transfection

ShRNA against LINC01929 (sh-LINC01929), control shRNA (sh-NC), pcDNA3.1-LINC01929 (pLINC01929), control pcDNA3.1 (pcDNA3.1), as well as pcDNA3.1-FOXC1 (pcDNA-FOXC1), and the empty control vector (pcDNA-NC) were utilized (GenePharma, Shanghai, China). To silence miR-137-3p, miR-137-3p inhibitor (miR-137-3p in) and negative control (miR-NC) were provided by GenePharma. Lipofectamine 2000 was applied to transfect the constructs separately into CAL-27 or SCC-9 cells.



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA of OSCC tissues and OSCC cells was extracted by TRIZOL reagent. Reverse transcription into cDNA was accomplished with the PrimerScript RT Reagent Kit. The reaction was performed on the ABI7500 system with SYBR Premix Ex Taq. Primers used in experiments are summarized in Table 1. GAPDH and U6 were used as internal controls for the cytoplasm and nucleus, respectively.


Table 1 | The primer of referred genes.





Nucleus-Cytoplasm Separation

PARIS™ Kit was used to detect the cytoplasmic and nuclear distribution of LINC01929 in CAL-27 and SCC-9 cells. The expression levels of LINC01929, GAPDH, and U6 in cytoplasm and nucleus were detected by qRT-PCR.



Cell Counting Kit-8 (CCK-8)

CAL-27 and SCC-9 cells (5x103 cells/well) were used to coat onto 96-well plates for 24, 48, 72, and 96 h. Afterwards, CCK-8 reagent was mixed with the cells for 1 h incubation at 37 °C. Finally, the absorption value at 450 nm was measured with a microporous plate.



Wound-Healing Assay

Transfected cells were coated onto 6-well plates and allowed to multiply until 100% confluence was reached. A scratch was then created with a 200 μL pipette tip, and the scratch distance was recorded through a microscope (Olympus) after 0 and 48 h in serum-free medium.



Transwell Assay

The transwell assay was employed to measure invasion with Transwell chambers. Transfected cells in serum-free medium were added to the upper compartment, followed by adding DMEM with 10% FBS to the lower compartment. Once 24 h was passed after cultivation, the upper layer cells were gently removed, and the invaded cells in the lower layer were immobilized by 4% paraformaldehyde and crystal violet. Five fields were randomly selected and photographed with a microscope.



Flow Cytometry Assay

The annexin V-fluorescein isothiocyanate (FITC)-apoptosis detection kit was used. Concisely, we attempted to wash transfected cells with PBS for two times, followed by staining with Annexin V-FitC in darkness at room temperature for 5 min and then with 10 μL of PI for 15 min. Finally, flow cytometry was employed for detecting apoptosis.



Luciferase Reporter Assay

Mutant plasmids (FOXC1-MUT, LINC01929-MUT) and wild-type plasmids (FOXC1-WT, LINC01929-WT) were constructed using the pmirGLO double-luciferase vector. Once we co-transfected the plasmids with miR-137-3p mimics or NC mimics, Renilla luciferase activity was detected.



Tumor Xenograft Assay

Immunodeficient female BALB/c nude mice (4‐6 weeks old) were provided by Shanghai Laboratory Animal Company and maintained at the Animal Laboratory Center of Jilin University. The animal experiment ethics committee of Jilin University approved the animal experiments. The knockdown transfected cells (5 × 106/mL, 100 μL) were then injected subcutaneously into nude mice (n = 3/group). We attempted to quantify tumor volumes once a week. The mice were killed four weeks after the mold was made. The OSCC tissues of mice were removed, weighed, photographed, and stored for subsequent qRT-PCR and Western blotting.



Western Blotting

According to the kit instructions, radioimmunoprecipitation assay (RIPA) protein lysis buffer was applied to extract protein lysates from OSCC tissues or OSCC cells, and 10% SDS-PAGE was applied for separation, followed by transferring the protein to PVDF membrane, and blocking with skim milk. The blot was incubated at 4°C with primary and secondary antibodies, separately. The band signal was visualized through BeyoECL.



Statistical Analysis

Data analyses were undertaken with GraphPad PRISM 6 and SPSS 17.0 software. The findings were summarized as mean ± standard deviation (SD), from three independent experiments and analyzed via the Student’s t-test. P < 0.05 was served to show statistical significance.




Results


LINC01929 Was Highly Expressed in OSCC Tissues and OSCC Cells

In our study, LINC01929 expression was detected for the first time in 27 OSCC tissues. The findings unveiled that LINC01929 expression was remarkably elevated in OSCC tissues (Figure 1A). To explore the markedly upregulated LINC01929 expression in OSCC, we attempted to divide patients into groups of high LINC01929 expression and low LINC01929 expression. This revealed that elevated LINC01929 expression was linked with advanced lymph node metastasis (Table 2). We also measured the LINC01929 expression in HOKs and OSCC cells, including CAL-27, CAL-33, SCC-9, SCC-25, and HSC-3. LINC01929 expression was upregulated in OSCC cells, while CAL-27 and SCC-9 cells showed the highest expression (Figure 1B). Thus, CAL-27 and SCC-9 cells were selected for subsequent experiments. Kaplan-Meier assays suggested that patients with higher LINC01929 expression had poorer overall survival rates than those with lower LINC01929 expression (Figure 1C). In general, the level of LINC01929 was higher in OSCC tissues and OSCC cells and correlated with poorer OSCC clinical outcomes.




Figure 1 | High LINC01929 expression in OSCC tissues and OSCC cells. (A) LINC01929 expression was measured by qRT-PCR in OSCC tissues and paired non-tumor tissues (n = 27). (B) The LINC01929 expression was identified by qRT-PCR in HOKs and OSCC cells. (C) Survival curves were generated with Kaplan-Meier to measure the correlation between LINC01929 expression and overall survival of OSCC patients. **p < 0.01, ***p < 0.001.




Table 2 | Correlation between LINC01929 expression and clinicopathological factors in patients of OSCC.





LINC01929 Regulated Proliferation, Migration, Invasion, and Apoptosis of OSCC In Vitro

To detect the biological function of LINC01929 in OSCC cells, we firstly used sh-LINC01929 to knockdown LINC01929 in CAL-27 cells, while pLINC01929 to overexpress LINC01929 in SCC-9 cells. qRT-PCR highlighted the successfully transfection of sh-LINC01929 and pLINC01929 (Figure 2A). CCK-8 assay indicated that downregulation of LINC01929 dramatically reduced, whereas LINC01929 overexpression promoted proliferation (Figure 2B).




Figure 2 | LINC01929 regulated proliferation, migration, invasion, and apoptosis of OSCC in vitro. (A) qRT-PCR analysis was used to examine the efficiency of sh-LINC01929 and pLINC01929. (B) Proliferation was monitored by CCK-8 assay after transfecting sh-LINC01929 or pLINC01929 into selected OSCC cells. (C, D) Wound-healing assay and transwell assay were employed to assess migration and invasion after LINC01929 knockdown or overexpression. (E) The effects of sh-LINC01929 or pLINC01929 on apoptosis was detected by flow cytometry. **p < 0.01, ***p < 0.001.



As illustrated in Figures 2C, D, migration and invasion in the sh-LINC01929 group were limited and the pLINC01929 group were increased compared with the control group. Then, flow cytometry was used to examine apoptosis, and the data showed that apoptosis of OSCC cells was notably elevated after LINC01929 knockdown, while inhibited after LINC01929 upregulation (Figure 2E). In summary, the above-mentioned findings indicated that LINC01929 regulated cell proliferation, migration, invasion, and apoptosis of OSCC cells.



LINC01929 Sponged miR-137-3p in OSCC Cells

The subcellular distribution of lncRNAs determines their biological actions. Through the nuclear-cytoplasmic fractionation assay, LINC01929 was mainly found in the cytoplasm (Figure 3A). Therefore, we speculated that LINC01929 regulated the function of OSCC through a ceRNA mechanism. The miRDB prediction revealed a sequence that suggested that binding of miR-137-3p to LINC01929 was possible (Figure 3B). As depicted in Figure 3C, dual-luciferase activity assay verified that miR-137-3p mimics downregulated the luciferase activity of LINC01929-WT. However, the effect of miR-137-3p expression on LINC01929-MUT was not noticeable. Through qRT-PCR, we discovered that miR-137-3p expression was attenuated in OSCC tissues compared with paracancer tissues (Figure 3D), and was downregulated in OSCC cells (Figure 3E). In addition, after LINC01929 expression was knocked down in OSCC cells, miR-137-3p expression was markedly elevated (Figure 3F). When miR-137-3p was upregulated, this was associated with a remarkable inhibition in LINC01929 expression (Figure 3G). Figure 3H depicts that the lower miR-137-3p expression in OSCC tissues was negatively correlated with that of LINC01929. In conclusion, LINC01929 could target miR-137-3p in OSCC cells.




Figure 3 | LINC01929 sponged miR-137-3p in OSCC cells. (A) Identification of LINC01929 expression by nuclear and cytoplasmic fractionation to analyze its subcellular location. (B) The binding site between LINC01929-MUT and miR-137-3p was predicted with bioinformatics analysis. (C) The luciferase gene reporter assay was applied to test the binding relationship between LINC01929 and miR-137-3p mimics. (D, E) The miR-137-3p expression was detected by qRT-PCR in OSCC tissues and OSCC cells. (F) The miR-137-3p expression was identified in LINC01929 knockdown OSCC cells. (G) The LINC01929 expression was tested after transfecting with miR-137-3p mimics into OSCC cells. (H) Spearman’s correlation analysis was used to analyze the relevance between LINC01929 and miR-137-3p. *p < 0.05, **p < 0.01, ***p < 0.001.



We conducted in vitro experiments to explore whether the binding between miR-137-3p and LINC01929 affects OSCC progression. Sh-LINC01929 and miR-137-3p inhibitor were co-transfected into CAL-27 cells. The cell proliferation of sh-LINC01929 cells was rescued by the introduction of miR-137-3p inhibitor (Figure 4A). Wound healing and transwell assays demonstrated that miR-137-3p inhibitor significantly reversed sh-LINC01929-attenuated migration and invasion activity of CAL-27 cells (Figure 4B, C). Furthermore, flow cytometry assay indicated co-introduction of miR-137-3p remarkedly decreased cell apoptosis compared with sh-LINC01929 group (Figure 4D).




Figure 4 | MiR-137-3p inhibitor restored the effect of LINC01929 knockdown on OSCC cells. (A) CCK-8 assay showed CAL-27 cells proliferation after transfection of sh-NC, sh-LINC01929 and sh-LINC01929+miR-137-3p inhibitor. (B, C) Wound healing assay and transwell assay showed CAL-27 cells migration and invasion after transfection of sh-NC, sh-LINC01929 and sh-LINC01929+miR-137-3p inhibitor. (D) The flow cytometry was applied to measure apoptosis in each group.





MiR-137-3p Directly Interacted With FOXC1

We sought to identify the target of miR-137-3p and found that FOXC1 contained a putative binding site for miR-137-3p (Figure 5A). We found that luciferase activity of cells transfected with FOXC1-WT was notably inhibited by miR-137-3p mimics (Figure 5B). Moreover, we found that FOXC1 expression was notably upregulated in OSCC tissues compared with neighbor non-tumor tissues (Figure 5C). Furthermore, FOXC1 was upregulated in OSCC cells (Figure 5D). Finally, outcomes of Spearman’s correlation analysis suggested that FOXC1 was negatively correlated with miR-137-3p, and LINC01929 expression and FOXC1 expression showed a notable positive correlation (Figures 5E, F). The above-mentioned findings highlighted that LINC01929 sponged miR-137-3p, acted as a ceRNA, and released FOXC1 from the inhibitory effect of miR-137-3p.




Figure 5 | MiR-137-3p directly interacted with FOXC1. (A) Potential binding and mutant sequences were constructed. (B) The putative site of miR-137-3p in the FOXC1 3’UTR was detected by the dual-luciferase reporter assay. (C) FOXC1 expression was monitored by qRT-PCR in OSCC tissues and paired adjacent normal tissues. (D) The FOXC1 expression was measured by qRT-PCR in OSCC cells and the HOKs. (E) Correlation analysis of miR-137-3p expression with FOXC1 expression. (F) Correlation analysis of LINC01929 expression with FOXC1 expression.





The LINC01929/miR-137-3p/FOXC1 Axis Regulated the Behavior of OSCC Cells

We speculated that LINC01929/miR-137-3p may influence OSCC progression via FOXC1. The findings highlighted that transfection of pcDNA-FOXC1 remarkably elevated its expression level (Figure 6A). qRT-PCR and Western blotting indicated that miR-137-3p expression downregulation or FOXC1 expression upregulation could reverse the LINC01929 knockdown-mediated inhibition on FOXC1 expression (Figures 6B, C). CCK-8 assay revealed that FOXC1 overexpression could restore the LINC01929 knockdown-mediated inhibition on proliferation (Figure 6D). Furthermore, FOXC1 overexpression had a partial reversal effect on the migration and invasion changes in CAL-27 cells caused by LINC01929 knockdown (Figures 6E, F). Flow cytometry assay confirmed that the enhanced apoptosis of OSCC cells caused by sh-LINC01929 could be reversed by FOXC1 upregulation (Figure 6G). In general, LINC01929 promoted proliferation, migration, and invasion of OSCC cells via the miR-137-3p/FOXC1 axis.




Figure 6 | The LINC01929/miR-137-3p/FOXC1 axis regulated the behavior of OSCC cells. (A) The efficiency of FOXC1 overexpression was measured by qRT-PCR. (B)The mRNA and (C) protein expressions of FOXC1 were identified by qRT-PCR and Western blotting in OSCC cells transfected with sh-NC, sh-LINC01929, sh-LINC01929+miR-137-3p in and sh-LINC01929+pcDNA-FOXC1. (D) The CCK-8 assay was applied to identify the proliferation in each group. The migration (E) and invasion (F) in each group were identified by wound-healing assay and transwell assay. (G) The flow cytometry was applied to measure apoptosis in each group.





Downregulation of LINC01929 Inhibited Tumor Growth In Vivo

Immuno-deficient nude mice were used in a xenograft model to detect the influence of LINC01929 on OSCC progression. LINC01929 knockdown markedly attenuated tumor growth as well as tumor weight (Figures 7A–C). qRT-PCR assay confirmed enhanced miR-137-3p and reduced FOXC1 expression in sh-LINC01929 tumors (Figure 7D). The above-mentioned consequences demonstrated that downregulation of LINC01929 expression noticeably limited tumor growth in vivo.




Figure 7 | Downregulation of LINC01929 inhibited tumor growth in vivo. (A) Tumor images at 28 days post-xenotransplantation from the sh-LINC01929 groups and sh-NC groups. (B) Quantification of tumor volume was undertaken every seven days after the xenotransplantation. (C) Tumor weight was monitored after the experiment. (D) qRT-PCR was employed to identify miR-137-3p expression and FOXC1 expression in xenograft tumors. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

Several recently conducted researches have pointed out that lncRNA expression disorders actively participate in the development of tumors (23–27). In OSCC, more and more lncRNAs have been shown to be involved in changing the biological functions of tumor cells (28–30). For instance, Shao et al. stated that LncRNA AC007271.3 accelerates proliferation, invasion, and migration of OSCC cells, and suppresses apoptosis of OSCC through the Wnt/β-catenin signaling pathway (31). Xu et al. pointed out that lncRNA FezF1-AS1 accelerates the occurrence and development of OSCC by directly binding to miR-196 (32). Scholars pointed out that LINC01929 has carcinogenic effects in several types of cancer (21, 22). In the present research, we sought to understand the functions and molecular mechanisms of LINC01929 in OSCC. We revealed that LINC01929 was highly expressed in OSCC tissues and OSCC cells. Functional experiments indicated that LINC01929 promoted proliferation, migration, and invasion of OSCC cells in vitro, as well as regulated tumor growth in vivo. This demonstrates that LINC01929 also has an oncogenic role in OSCC.

The function of lncRNA depends on its downstream binding molecules, such as ceRNA, which can competitively bind miRNA and thus regulate the changes of targeted mRNA expression. In gastric cancer, lncRNA MT1JP as ceRNA sponges miR-92a-3p to regulate the expression of FBXW7 and then influence the progression of gastric cancer (33). LINC01087 is enhanced in breast cancer, and LINC01087 affects the expression of ROCK1 by sponging miR-335-5p, thus affecting the migration and invasion of breast cells (34). Using bioinformatics and dual-luciferase activity assays, we verified that LINC01929 and miR-137-3p could fully bind to each other. The miR-137-3p expression was downregulated in OSCC tissues and OSCC cells compared with normal materials. Some reports suggest that miR-137-3p acts as a tumor suppressor gene in cancer. In colorectal cancer, miR-137-3p is low expressed and suppresses migration of colorectal cancer cells via regulating a KDM1A-dependent EMT process (35). Overexpression of miR-137-3p inhibits the tumor growth of prostate cancer by regulating the JNK3/EZH2 signal pathway (36). In the present research, suppressing miR-137-3p expression partially abolished the inhibition of proliferation, migration, and invasion of OSCC cells upon LINC01929 knockdown. Overall, the outcomes highlight that LINC01929 knockdown suppresses the growth of OSCC cells by regulating miR-137-3p expression.

FOXC1, which is also known as FREAC3, Fkh-1, or Mf1, is a single exon gene which encodes a 533 amino acid protein located at 6p25 in the nucleus, where it can bind to DNA and regulate gene expression (37–40). In recent years, FOXC1 has been found to play a key role in tumorigenesis. FOXC1 expression is upregulated in some types of cancer and participates in tumor formation as an oncogene. Knockdown of FOXC1 expression by siRNA dramatically inhibits proliferation, migration, and invasion of basal-like breast cancer cell lines (41). FOXC1 upregulates the expression levels of CCL2 and CXCR1 by directly binding to their promoters in hepatocellular carcinoma cells. The elevated expression of CXCR1 accelerates invasion and metastasis of hepatocellular carcinoma cells (42). FOXC1 functions as an oncogene in OSCC cells. LncRNA-FOXCUT and FOXC1 are overexpressed in OSCC patients and knockdown of either FOXCUT or FOXC1 inhibits the proliferation and migration of OSCC cell Tca8113 and SCC-9 (43). FOXC1-silenced OSCC cells exhibits decreased growth and migration, accompanied by a downregulation of MMP-2 and MMP-9 (44). Employing the dual-luciferase activity assay, we confirmed that FOXC1 is a direct target gene of miR-137-3p. It could be elevated in OSCC tissues and OSCC cells. It accelerated the proliferation, invasion, and migration of OSCC cells. FOXC1 partially reversed the changes in biological behaviors induced by sh-LINC01929.

In summary, the present research elucidated that LINC01929 targets FOXC1 via miR-137-3p to enhance the OSCC (Figure 8). As far as we know, this is the first research aimed to characterize the function and mechanism of the LINC01929 in OSCC. The outcomes may provide new targets for the diagnosis and treatment of OSCC.




Figure 8 | Schematic of the LINC01929/miR-137-3p/FOXC1 axis in OSCC cells.
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Circular RNAs (circRNAs) are a novel type of non-coding RNAs. Because of their characteristics of a closed loop structure, disease- and tissue-specificity, and high conservation and stability, circRNAs have the potential to be biomarkers for disease diagnosis. Head and neck cancers are one of the most common malignant tumors with high incidence rates globally. Affected patients are often diagnosed at the advanced stage with poor prognosis, owing to the concealment of anatomic sites. The characteristics, functions, and specific mechanisms of circRNAs in head and neck cancers are increasingly being discovered, and they have important clinical significance for the early diagnosis, treatment, and prognosis evaluation of patients with cancer. In this study, the generation, characteristics, and functions of circRNAs, along with their regulatory mechanisms in head and neck cancers have been summarized. We report that circRNAs interact with molecules such as transcription and growth factors to influence specific pathways involved in tumorigenesis. We conclude that circRNAs have an important role to play in the proliferation, invasion, metastasis, energy and substance metabolism, and treatment resistance in cancers.
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Introduction

Head and neck cancers (HNC) are malignant tumors occurring in the oral cavity, hypopharynx, nasopharynx, and larynx. Depending on the location, HNC can be divided into hypopharyngeal squamous cell carcinoma (HSCC), oral squamous cell carcinoma (OSCC), laryngeal squamous cell carcinoma (LSCC), and nasopharyngeal carcinoma (NPC). With about 600,000 new patients per year, HNC ranks seventh in the incidence rate of malignant tumors worldwide (1). There are many ways to treat HNC, such as surgical treatment, radiotherapy, and chemotherapy. However, due to the lack of early diagnosis methods, patients with HNC are often diagnosed in the late stage. The 5-year overall survival rate of patients is 54.7%–65.9% and has not significantly improved over the years (2, 3). Therefore, it is necessary to elucidate the potential molecular regulation mechanism of HNC and to find possible molecular markers and targets. Circular RNAs (circRNAs) have the potential to be HNC biomarkers (4). This review summarizes the research progress of circRNAs in HNC and seeks to understand the occurrence, development, and metastasis of HNC, and the possible molecular markers and therapeutic targets.



Classification and Formation of circRNA

According to the composition of the source, circRNA can be divided into 4 categories: exonic circRNAs (ecircRNA), intronic circRNAs (ciRNAs), exon-intron circRNAs (EIciRNA), and tRNA intronic circRNA(tricRNA) (5). Although the formation mechanism of circRNAs is not completely clear, the current research results reveal two different formation modes (4).

Lariat-driven circularization: Lasso-driven cyclization is also known as the exon-skipping model (4), whereby non-adjacent exons of pre-mRNA are close to each other during transcription, causing part of exons to be skipped and eventually not appear on mature mRNA. By exon skipping, the exons and introns that are skipped form a lasso structure, and after the introns are removed, the ecircRNA is formed.

Intron-pairing-driven circularization model: There are reverse complementary sequences in flanking introns of pre-mRNA, which can assist pre-mRNA to form lasso structures through complementary base pairing. For example, inverted repeated Alu sequences can make introns move close to each other in space and form a hairpin structure, and finally form a lasso structure containing exons and introns. After the introns are removed, ecircRNA containing only the exons is formed (6). During this process, introns are sometimes retained in the circRNA resulting in formation of EIciRNA (7). However, the specific mechanisms of EIciRNA formation are not clear. In addition, when the two ends of an intron have complementary sequences, the cyclization of a single intron can occur and form ciRNA (8). The formation of ciRNA (mainly occurring in the nucleus) depends on a consensus motif containing a seven-nucleotide (nt) GU-rich element near the 5′ splice site and an 11 nt C-rich element close to the branchpoint site (8).

RNA-binding proteins (RBP) are also involved in the circRNA cyclization; they can bind to introns, assist the interaction of upstream and downstream introns, and promote circRNA cyclization (8). Quaking is an RBP, which can form dimers and bind to the binding site of flanking introns, and promote the production of circRNA (9).



Characteristics of circRNA

Up to now, more than one million circRNAs have been found in human tissues by high-throughput sequencing technology. Because of their characteristics of a closed loop structure, disease- and tissue-specificity, and high conservation and stability, circRNAs have the potential to be biomarkers for disease diagnosis.

The highly stable structure of circRNAs is a closed loop, without 3′ and 5′ ends and a poly (A) tail. Therefore, compared with linear RNAs, circRNAs are not easily hydrolyzed by RNase. It is reported that the half-life of circRNAs can reach more than 48 h, while that of linear RNAs is only 10 h (10).

Types and expression abundance: circRNAs are numerous and widely available in human cells (11). Over 1,000,000 circRNAs have been found in human tissues using high-throughput sequencing technology (4). The expression abundance of different circRNAs varies greatly. The expression of some circRNAs is much higher than that of linear mRNAs, and even more than 10 times that of their linear isomers (4). However, most circRNAs have low expression abundance.

Conservation: Because of the stability of circRNAs, most of them are conserved in the evolution process of different species (12, 13). For example, 5¬–30% of circRNAs from human and mouse homologous genes are completely conserved (14). The conservation of circRNAs proves that they are not by-products of transcription but play an important role in life activities.

Expression specificity: The expression of circRNAs is tissue- and disease-specific (12). The expression of circRNAs in embryo, brain, heart, stomach, lung, liver, and other organs is very different. For example, in the brain, the amount of circRNAs is higher than that of other tissues (15, 16). Expression specificity indicates that circRNAs may play a specific function in disease development and may serve as a biomarker for disease diagnosis.



The Functions of circRNAs

miRNA sponging: CircRNAs are rich in miRNA binding sites, which can act as competitive endogenous RNA (ceRNA) to adsorb miRNA, thereby regulating the activity of downstream target genes of miRNA (11). For example, CDR1as contains more than 70 miR-7 binding sites, which act as ceRNA regulatory target genes in many biological processes (16–19).

Combination with protein: CircRNAs can directly bind to proteins and affect the function of downstream proteins. For example, circ-CCND1 can inhibit the binding of HuR to CCND1 mRNA by binding to HUR (20). In addition, circRNAs can act as a scaffold to make multiple proteins form complex and accelerate the reaction.

Translation of proteins: CircRNAs without 5’cap and 3’poly(A) tail lack internal ribosome entry site, so circRNAs are defined as non-coding RNA. However, studies have shown that circRNAs with open reading frames can translate functional proteins through internal ribosome entry site (IRES) or m6A-mediated translation initiation mechanisms (21). IRES can fold into a tRNA-like structure and mediate the binding of ribosomes to RNA. For example, circAKT3 in brain tumors can encode functional protein AKT3-174aa through IRES, and regulate PI3K/AKT signaling pathway (22). In addition, m6A modified circRNAs can directly bind to eukaryotic initiation factor 3, realizing a cap-independent translation initiation mode (23).



CircRNAs Are Widely Expressed and Serve as Markers and Targets in HNC

With the development of high-throughput sequencing, microarray technology, and bioinformatics, it has been increasingly found that circRNAs have abnormal expression and potential functions in HNC (24–27). For example, in HSCC, Feng et al. analyzed the expression profiles of four paired HSCC tissues and found 173 differentially expressed circRNAs. The authors performed enrichment analysis on 40 circRNAs with the most significant differences and found that these circRNAs are most likely to play a role in the ErbB and Hippo signaling pathways (28). In addition, Cheng et al. constructed a circRNA expression profile of LSCC by performing second generation sequencing on five paired LSCC tissues. They detected 21,444 circRNAs, and further analysis using the Kyoto Encyclopedia of Genes and Genomes showed that peroxisome proliferator-activated receptor-, axon guidance, and Wnt signaling pathways are the key pathways of circRNAs in the occurrence of LSCC (26).

CircRNAs are not only widely expressed in HNC but are also correlated to the prognosis of patients. They have the potential as biomarkers for tumor diagnosis and prognosis (29–37). For example, the expression of hsa_circ_0092125 is related to the tumor size, tumor node metastasis stage, and lymph node metastasis in OSCC patients. Survival analysis shows that patients with a higher expression of hsa_circ_0092125 survive longer (29).

The receiver operating characteristic (ROC) curve and the area under curve (AUC) can be used as indices to evaluate the accuracy of biomarkers. The AUC values of hsa_circ_0072387, hsa_circ_001242, hsa_circ_009755, hsa_circ_0004491, hsa_circ_0036722, hsa_circ_0008309 and hsa_circ_0086414 are 0.746, 0.784, 0.782, 0.751, 0.838, 0.764 and 0.749, indicating the reliability of these molecules as biomarkers (30–37). Body fluids also contain a large amount of circRNAs. For example, Zhao et al. reported that the expression of hsa_circ_0001874 and hsa_circ_0001971 was upregulated in OSCC saliva, and the AUC value of the combination of these two molecules was 0.922 (33). Serum exosomes can reflect the pathological conditions of the body and are considered as a potential auxiliary diagnostic marker. CircRASSF2 is upregulated in the serum exosomes of patients with LSCC and can affect the progression of LSCC (38). Those circRNAs in body fluids can be easily detected and have a great clinical value and significance.

In addition, circRNAs have the potential to be therapeutic targets. Fucoidan is a component of the seaweed cell wall, which can inhibit OSCC growth, migration, and invasion. Zhang et al. reported that circFLNA is a fucoidan target. They found that fucoidan increased the expression of circFLNA in OSCC cell lines and affected the expression of key proteins related to growth, apoptosis, migration, and invasion (39).



CircRNAs Are Associated With Proliferation in HNC

The uncontrolled proliferation of tumor cells is the basis of tumorigenesis. Multiple circRNAs have been demonstrated to be involved in HNC development through the regulation of the proliferation process (Figure 1). CircATRNL1 (40), hsa_circ_0007059 (41), circRNA_002178 (42), hsa_circ_0046263 (43), hsa_circ_0005379 (44), circUHRF1 (45), circPVT1 (46, 47), circHIPK3 (48, 49), circRNA_0000140 (50), circRNA_100290 (51), circDOCK1 (52), hsa_circ_0055538 (53), circITCH (54), hsa_circRNA_101036 (55), circCCND1 (20), circMYLK (56), CDR1as (17, 57, 58), circPKD2 (59), circLARP4 (60), hsa_circ_0042666 (61), hsa_circRNA_100533 (62), circMDM2 (63), circ_0067934 (64), circRPMS1 (65), circ-ZNF609 (66, 67), hsa_circ_0072387 (68), circRASSF2 (38), hsa_circ_0023028 (69), circCTDP1 (70), circ_0008450 (71), circMATR3 (72), hsa_circ_0057481 (73), circ_0001742 (74), circ_0000218 (75), circ_0001971 (76), circCORO1C (77), hsa_circ_0109291 (78), hsa_circ_0036722 (34), hsa_circ_0002203 (79) and hsa_circ_0066755 (80) are associated with tumor proliferation (Table 1).




Figure 1 | Circular RNAs (circRNAs) associated with proliferation in head and neck cancers (HNC). CircRNAs that are known to regulate proliferation processes and their validated targets in HNC. CircRNAs regulate the growth of HNC by regulating PI3K/Akt/mTOR, insulin-like growth factor (IGFR), transforming growth factor (TGF) β, p53 signaling pathways, apoptosis, and cell cycle-related molecules. Red circle, upregulated circRNAs in HNC; green circle, downregulated circRNAs in HNC; yellow arrow, positive regulation; red arrow, negative regulation.




Table 1 | The proliferation-related circular RNAs in head and neck cancers.



Tumor proliferation is regulated by multiple cellular pathways, such as the PI3K/Akt/mTOR signaling pathway, and some circRNAs are involved in the regulation of tumor proliferation through these pathways. In OSCC, circATRNL1 can induce apoptosis and cell cycle arrest through the PI3K/Akt/mTOR signaling pathway (40). CircATRNL1 is downregulated in OSCC and can target miR-23a-3p to eliminate the inhibition of phosphatase and tensin homolog (PTEN) by miR-23a-3p. PTEN is one of the most common tumor suppressor genes, which regulates cell apoptosis and cell cycle through PI3K/Akt/mTOR signaling pathway (82). PTEN can enhance BAD activity, inhibit caspase-3 activation, and induce apoptosis by antagonizing the PI3K/Akt/mTOR signaling pathway (83, 84). In addition, PTEN induces the expression of the cell cycle inhibitor p21, resulting in cell G0/G1 arrest (85). Therefore, circATRNL1 affects the progression of OSCC through the PTEN/PI3K/Akt/mTOR signaling pathway (40). Similarly, hsa_circ_0007059 and circRNA_002178 also affect OSCC growth through AKT signaling pathway (41, 42). The transforming growth factor β (TGF-β) signaling pathway can also regulate cell proliferation (86). Zhao et al. reported that circUHRF1 positively regulates the c-Myc oncogene by competitively binding miR-526b-5. In addition to activating the TGF-β1 pathway, c-Myc can also promote the expression of ESRP1. ESRP1 promotes the generation of circUHRF1 by combining with the flanking introns of circUHRF1, and finally forms a positive feedback regulation loop. CircUHRF1 eventually activates the TGF-β pathway to promote tumor growth (45).

Various growth factors such as insulin-like growth factors (IGFs) and their receptors are also involved in the growth of HNC (87, 88). When IGF-1R is combined with its ligand, it can activate the PI3K/Akt/mTOR signaling pathway, and play an important role in the proliferation and apoptosis of tumor cells (88, 89). CircRASSF2 can adsorb miR-302b-3p as a competitive endogenous RNA (ceRNA), increase the expression of IGF-1R, and promote the progression of LSCC (38). IGFBP3 is the transporter of IGF-1, and it can extend the half-life of IGF-1 and promote the binding of IGF-1 and IGF-1R. IGFBP3 is the downstream target of miR-133a-5p and hsa_circ_0046263 acts as a sponge of miR-133a-5p in NPC and promotes IGFBP3 expression. Therefore, hsa_circ_0046263 can also activate the IGFR signaling pathway to promote LSCC (43).

P53 is the most commonly mutated gene in HNC; the mutation and deletion of this gene leads to the disorder of intracellular signal pathways and the uncontrolled growth of tumor cells (90). The expression of circPVT1 is upregulated in patients with HNC with a p53 mutation. Further research found that the complex formed by mutant p53, yes-associated protein, and TEA domain combined with the circPVT1 promoter to regulate circPVT1 expression at the transcriptional level. CircPVT1 acts as an oncogene and can regulate the expression of miR-497-5p and its downstream genes, which are involved in cell proliferation (46). In addition to the above mechanisms, circRNAs can regulate the proliferation of HNC through different mechanisms such as affecting apoptosis and cell cycle.

Resistance to cell death is one of the ten characteristics of tumors. Apoptosis is the main way to clear cells that are potentially harmful to the body, and almost all cancer cells have anti-apoptotic mechanisms (91). CircRNAs can directly regulate molecules related to the apoptosis pathway. For example, Wang et al. found that circDOCK1 can act as the ceRNA of miR−196a−5p to regulate the expression of Baculoviral IAP repeat-containing protein 3 (BIRC3). BIRC3 is an endogenous inhibitor of a cysteine proteolytic enzyme (caspase), which can prevent the conversion of the p19 subunit of caspase-3 to the p17 subunit and inhibit the activity of caspase 3 (92, 93). Wang et al. used tumor necrosis factor α to stimulate the OSCC cell line CAL-27 to establish an OSCC apoptosis model, establish an apoptosis-related circRNA profile through microarray sequencing, and screen the apoptosis-related molecule circDOCK1 (52). Finally, the authors found that circDOCK1 regulates the expression of BIRC3 by acting as a ceRNA and participates in the process of OSCC cell apoptosis (52). The p53 molecule is the central mediating switch of apoptosis and can downregulate the expression of Bcl-2 to promote cell apoptosis (94). Su et al. found that the overexpression of hsa_circ_0055538 in OSCC increased the expression levels of p53, Bax, and caspase 3, and decreased the expression of Bcl-2. These indicate that hsa_circ_0055538 may affect OSCC apoptosis through the p53/Bcl-2/caspase signaling pathway (53). Programmed cell death 4 (PDCD4) is a tumor suppressor gene related to apoptosis. Studies have found that PDCD4 inhibits FLIP-mediated tumor cell apoptosis. In addition, circ-ITCH can directly bind to miR-421 and block its inhibition of PDCD4 in OSCC and induce cell apoptosis (54). Endoplasmic reticulum stress is another way to induce apoptosis. The main signs of endoplasmic reticulum stress are the upregulation of related proteins CHOP and Bcl-2 (95). After the overexpression of hsa_circRNA_101036 in OSCC, the levels of these proteins levels of CHOP and Bcl-2 can be found to increase, and hsa_circRNA_101036 may exert a tumor suppressor effect by regulating the endoplasmic reticulum stress in cancer cells (55). Autophagy is also a way of cell death, but under severe conditions, tumor cells can promote cell survival through autophagy. According to reports, CDR1as can promote autophagy and growth of OSCC by adsorbing miR-671-5p and promoting the AKT/ERK/mTOR signaling pathway (58).

The cell cycle is closely related to the growth of tumors (96). Abnormal expression of cyclin will result in abnormal cell growth. Cyclin D (CCND1) plays an important positive regulatory role in G1/S phase transition. Its high expression can shorten the G1 phase and accelerate the cell cycle. CircCCND1 is a circRNA derived from the CCND1 gene (97). CircCCND1 can block the inhibition of CCND1 by adsorbing miR-646. In addition, circ-CCND1 also inhibits the binding of the human antigen R to CCND1 mRNA by binding to HUR, thereby enhancing the stability of CCND1 mRNA (20). Briefly, circ-CCND1 regulates CCND1 in these two ways and regulates the transformation of cells from G1 to S phase. circMYLK also promotes CCND1 expression in LSCC by binding to miR-195 (56). Cyclin E1 also plays an important role in the G1/S phase transition (98). As the first reported circRNA molecule, CDR1as can inhibit miR-7, upregulate the expression of cyclin E1, and promote LSCC progression (17). Gao et al. found that the expression of circPKD2 was downregulated in the OSCC circRNA expression profile and experimentally proved that circPKD2 can induce cell cycle arrest. CircPKD2 also acts as a sponge for miR-204-3p, inhibiting miR-204-3p from acting on APC2 (59). APC2 can work with DNA-PKcs to inhibit the stability of CCND1 (81). Therefore, circ-PKD2 plays a tumor suppressor effect by promoting APC2.



CircRNAs Are Associated With Invasion and Metastasis in HNC

Invasion and metastasis are the most essential biological features of malignant tumors and are also the direct cause of treatment failure in tumor patients. CircRNAs in HNC have important roles in HNC metastasis and invasion (Figure 2). Hsa_circ_0007059 (41), circUHRF1 (45), circHIPK3 (48), circRNA_0000140 (50), circRNA_100290 (51), hsa_circ_0055538 (53), CDR1as (17, 57), circPKD2 (59), circLARP4 (60), hsa_circ_0042666 (61), hsa_circRNA_100533 (62), circ_0067934 (64), circRPMS1 (65), circ-ZNF609 (66), hsa_circ_0072387 (68), circRASSF2 (38), hsa_circ_0023028 (69), circCTDP1 (70), circ_0008450 (71), circMATR3 (72), hsa_circ_0057481 (73), circ_0001742 (74), circCORO1C (77), hsa_circ_0004491 (37), circ_0001971 (33), circFLNA (99), hsa_circ_0001162 (100), circARHGAP12 (101), circCRIM1 (102), circEPSTI1 (103), hsa_circ_0109291 (78), circRNA_002178 (42), hsa_circ_0002203 (79) and hsa_circ_0066755 (80) are involved in the regulation of HNC invasion and metastasis (Table 2).




Figure 2 | Circular RNAs (circRNAs) associated with invasion and metastasis in head and neck cancers (HNC). CircRNAs that are known to regulate invasion and metastasis processes and their validated targets in HNC. CircRNAs regulate the cytoskeleton remodeling, local adhesion, extracellular matrix remodeling, and the epithelial–mesenchymal transition (EMT) of HNC by regulating invasion and metastasis-related molecules to promote tumor invasion and metastasis. Red circle, upregulated circRNAs in HNC; green circle, downregulated circRNAs in HNC; yellow arrow, positive regulation; red arrow, negative regulation.




Table 2 | The migration and invasion-related circular RNAs in head and neck cancers.



The PI3K/Akt/mTOR, IGF-1/IGF-1R, Hippo, P53, and TGFβ signaling pathways mentioned above also play a role in the regulation of HNC invasion and metastasis by circRNA (38, 40–42, 45, 50, 75, 104). For example, TGF-β can act on the transcription factors Snail, Twist, etc., and is a key factor in inducing epithelial mesenchymal transition (EMT) (105). EMT is an important biological process for malignant tumor cells derived from epithelial cells to acquire the ability of migration and invasion (105). As mentioned above, circUHRF1 competitively binds miR-526b-5 and positively regulates c-Myc, which activates the TGF-β1 pathway (45). Therefore, circUHRF1 can promote the EMT and invasion and metastasis of HNC by activating the TGF-β1 pathway.

ZEB1 is also an important factor which promotes tumor EMT (106). It can work with snail and slug to inhibit downstream adhesion molecules and promoter molecules, and ultimately induce EMT. Hsa_circ_0057481 can directly capture miR-200c, promote the expression of the ZEB1, and promote the invasion and metastasis of LSCC (73).

Matrix metalloproteinases (MMPs) can promote tumor invasion and metastasis by promoting the degradation of the extracellular matrix (107). Hsa_circ_0001162 is a circRNA derived from MMP9, which blocks the inhibitory effect of miR-149 on the 3′ end of MMP9 by adsorbing miR-149, and promotes the migration and invasion of OSCC (100). In addition, there is also an AU-rich element RBP 1 binding motif on MMP9 mRNA 3′-UTR, which does not overlap with the binding site of miR-149 on MMP9 3′-UTR. Therefore, hsa_circ_0001162 can also enhance the stability of MMP9 mRNA by antagonizing the attenuation of MMP9 mRNA induced by the AU-rich element RBP 1 in OSCC (100). Rap2c is a member of the RAS oncogene family and it is reported that it can increase the activity of MMP2. Highly-expressed circRNA_100290 promotes the migration of LSCC by blocking miR-136-5p inhibiting this protein (51).

The realization of tumor migration and invasion requires the rearrangement of intracellular cytoskeletal proteins. The protein encoded by the EZR gene is a component of the microvilli, acting as an intermediate product between the plasma membrane and the actin cytoskeleton, and can regulate cell adhesion and skeletal reorganization (108). Studies have found that circARHGAP12 can bind to the 3′-UTR of EZR mRNA and promote its stability (101). EZR can interact with TPM3 and RhoA to regulate cytoskeleton remodeling and promote NPC invasion and metastasis (101). Rock1 protein plays a key role in cell surface structure adhesion and cytoskeleton recombination (109). Pan et al. proved that ROCK1 is the direct target of circLARP4, which inhibits cell migration and invasion of NPC by regulating the kinase (60). FLNA can limit tumor migration by regulating the activation of integrins and the morphology and degradation of focal adhesions (110). CircFLNA can act as a miRNA sponge for miR-486-3p, thereby protecting FLNA from miR-486-3p-mediated silencing, and inhibiting the migration of LSCC cells (99).



CircRNAs Are Related to the Regulation of Tumor Glucose Metabolism in HNC

The various biological characteristics of tumors are closely related to the metabolism of substances and energy. Tumor metabolism provides energy for the biological behavior of tumors, promotes tumor growth, metastasis, and other activities (111). CircRNAs such as circPVT1 (112), circ_0000140 (113), circRNA_100290 (114), CDR1as (57), circMDM2 (63), hsa_circ_0072387 (68) and circGDI2 (115) (Table 3) can also affect tumor growth through glucose metabolism (Figure 3).


Table 3 | The glycolysis-related circular RNAs in head and neck cancers.






Figure 3 | Circular RNAs (circRNAs) related to regulation of tumor glucose metabolism in head and neck cancers (HNC). CircRNAs that are known to regulate glucose metabolism processes and their validated targets in HNC. CircRNAs regulate HNC glucose metabolism by regulating Glucose transporter 1 (GLUT1) and Hexokinase 2, key enzymes of glycolysis. Red circle, upregulated circRNAs in HNC; green circle, downregulated circRNAs in HNC; yellow arrow, positive regulation; red arrow, negative regulation.



Glucose transporter 1 (GLUT1) plays an important role in the glycolysis process by regulating glucose uptake (116). CircRNA_100290 can alleviate the inhibitory effect of miR-378a on GLUT1. Therefore, overexpression of circRNA_100290 can increase the glucose uptake rate of tumor cells and meet their high metabolic need (114). Hexokinase 2 (HK2) is also a key enzyme in the glycolysis pathway, and its expression in HNC cells is significantly increased (117). Studies have shown that circRNAs can regulate the HK2 gene, thereby affecting the glycolysis of HNC cells. For example, in OSCC, circPVT1 and circMDM2 upregulate HK2 expression by inhibiting miR-497-5p and miR-532-3p, respectively, thereby promoting glycolysis (63, 112).



CircRNAs Are Associated With Radiochemotherapy Resistance in HNC

Surgery combined with radiotherapy and chemotherapy is the main treatment for HNC, but many patients develop radiochemotherapy resistance. Therefore, exploring the molecular mechanisms of HNC radiochemotherapy resistance has important practical significance for further improving the therapeutic effect. Recently, several lines of evidence have suggested that circRNAs, such as circRNA_000543 (118), circRNA_0000285 (119), hsa_circRNA_001387 (120), circATRNL1 (40) circ_0001971 (33), hsa_circ_0109291 (78), circCRIM1 (102), hsa_circ_0028007 (121), hg_circ_0005033 (122) and hsa_circ_0005379 (44) (Table 4) are likely to play vital roles in radiochemotherapy resistance in HNC (Figure 4).


Table 4 | The radiochemotherapy resistance related circular RNAs in head and neck cancers.






Figure 4 | Circular RNAs (circRNAs) associated with radiochemotherapy resistance in head and neck cancers (HNC). CircRNAs that are known to regulate radiochemotherapy resistance processes and their validated targets in HNC. CircRNAs regulate the radiochemotherapy resistance of HNC through phosphatase and tensin homolog (PTEN)/PI3K/Akt/mTOR, epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor A (PDGFR) signaling pathway and transcription factor forkhead box Q1 (FOXQ1). Red circle, upregulated circRNAs in HNC; green circle, downregulated circRNAs in HNC; yellow arrow, positive regulation; red arrow, negative regulation.



To find radiotherapy resistance-related circRNAs, Chen et al. performed high-throughput sequencing on radiotherapy-sensitive and -insensitive NPC tissues and found that the expression of circRNA_000543 was upregulated in radiotherapy-insensitive NPC, which may be a carcinogenic circRNA involved in radiotherapy resistance. Further studies have shown that miR-9 can bind to circRNA_000543, and a bioinformatics software predicts that miR-9 can bind to the 3′ UTR of the PDFGRB. Therefore, the author finally proved that circRNA_000543 is involved in radiation resistance of NPC by blocking inhibition of miR-9 to PDFGRB (77).

Radiotherapy is also one of the main treatment methods of OSCC. The resistance to radiation often leads to poor prognosis and tumor recurrence in patients with OSCC. As mentioned above, circATRNL1 in OSCC induces tumor apoptosis and cell cycle arrest through PTEN/PI3K/AKT. Therefore, circATRNL1 also improves the radiosensitivity of OSCC cells through this mechanism (40).

Systemic induction chemotherapy is also an important auxiliary method. Recent studies reported that circCRIM1 can promote NPC metastasis and docetaxel chemoresistance. CircRNA sequencing was performed on high- and low-metastatic ability cell lines and obtained metastasis-related circRNA expression profiles, among which circCRIM1 was the most upregulated molecule. Further studies have shown that circCRIM1 upregulates FOXQ1 expression by acting as a miR-422a sponge, thereby promoting the process of NPC. The author performs enrichment analysis on the expression profile of NPC with high and low expression of FOXQ1 and found that chemoresistance was significantly rich. Furthermore, in vitro and in vivo experiments both showed that circCRIM1 promotes chemoresistance of NPC docetaxel (102). Cetuximab is an IgG1 monoclonal antibody with high affinity for the epidermal growth factor receptor (EGFR) (44). It can inhibit cell cycle progression and induce tumor cell apoptosis by specifically binding to the extracellular EGFR domain. Su et al. found that hsa_circ_0005379 can act on EGFR to significantly enhance the sensitivity of OSCC to cetuximab drugs (123). Functional experiments show that hsa_circ_0005379 can inhibit the growth and metastasis of OSCC, and increase the sensitivity to cetuximab drugs (123).



CircRNAs Produced by Viruses in HNC

EBV and HPV are closely related to the pathogenesis of HNC. It is reported that about 98% of NPC patients are EBV positive (124), and about 70% of oral and pharyngeal squamous cell carcinoma are associated with HPV infection (125). Therefore, it is very important to understand the carcinogenic mechanism of the virus. Studies have shown that DNA viruses can produce circRNA in host cells, and these circRNAs may also be a potential mechanism of virus carcinogenesis (126, 127).

EBV is the first virus reported to produce circRNAs in the host genome. Toptan et al. used circRNA Seq to sequence the EBV genome and found that the BART, LMP2, and BHLF1 genes in the EBV genome can produce circRNA (126). In another study, the authors developed a tool called circleVis and found more than 30 circRNAs produced by EBV (127). Among them, circRPMS1 encoded by BART has been verified by other studies, and it has been found that circRPMS1 can promote the proliferation and metastasis of NPC by acting as a miRNA sponge (65, 128). circLMP2A was also verified to exist in gastric cancer, but there is no research of circLMP2A in HNC (129). Similarly, HPV can also produce circRNAs. Wang et al. found that the E7 gene in HPV16 virus can produce circular RNA-CircE7 in cervical cancer, and CircE7 can be translated into protein and promote tumor growth (130). However, the study of circRNAs produced by HPV in HNC has not been reported yet. Whether the circRNA produced by these tumor viruses also functions in HNC is worthy of further investigation.



Conclusion and Future Prospects

CircRNAs have a closed-loop structure, lack free ends, and are not easily hydrolyzed by RNase. In addition, because of their high conservation, stability, expression abundance, and tissue and disease expression-specificity, circRNAs have the potential to become diagnostic or predictive biomarkers for disease. Notably, circRNAs can be detected in body fluids including peripheral blood, saliva, and urine. For example, there are a large number of circRNAs in human saliva (131), and hsa_circ_0001874 and hsa_circ_0001971 in saliva may be used as biomarkers for OSCC (33). In addition, circRNAs are enriched in exosomes (132). CircRASSF2 has been reported to be upregulated in serum exosomes in patients with LSCC and affects the progression of LSCC (38). These characteristics make the detection of circRNAs in body fluids of patients with HNC possible and have great clinical value and significance.

In HNC, circRNAs can affect tumor development through various mechanisms such as cell cycle, apoptosis, EMT, metabolism, and radiochemotherapy resistance. However, circRNAs also affect tumor development in other ways, such as immune escape, cancer stem cells. Immune checkpoint refers to a group of factors involved in negative regulation in the immune system and is closely related to the immune escape mechanism (133). Recently, inhibitors of immune checkpoint PD1 or PDL1 have been approved for the treatment of advanced HNC (134), and have become a new trend in the clinical treatment of HNC. Studies have shown that circRNA can also play a regulatory role in immune checkpoints, and may be used as a target for immune checkpoint therapy. For example, Circ-CPA4 acts as miRNA sponge for let-7 to down-regulate the expression of PD-L1, thereby promoting lung cancer cell death (135), while circFGFR1 can induce lung cancer cell resistance to PD-1 drugs by inhibiting miR-381-3p (136). However, the study of circRNA related to PD1 or PD-L1 in HNC has not been reported yet, and further research is needed. In addition, anti-tumor research for innate immunity is also very necessary. It has recently been reported that exogenous circRNA can activate innate immunity and is an effective adjuvant for inducing anti-tumor immunity in vivo (137). Exogenous viruses associated with HNC can also produce circRNA, such as EBV and HPV (65, 138–140). Therefore, the role of exogenous circRNA encoded by EBV or HPV genome in innate immunity deserves further study. In short, more efforts are needed to promote the research on the immune regulation of circRNA in HNC.

Cancer stem cells have the ability to induce tumor self-renewal and high chemoradiotherapy resistance in tumors, so cancer stem cells are one of the main reasons for drug resistance and high recurrence in tumor treatment (141). In HNC, circRNA participates in chemoradiotherapy resistance by regulating cancer stem cells. For example, curcumin mediates the regulation of cancer stem cell-like cells through the circRNA network and enhances the radiosensitization effect of NPC (142). In addition, Hg19_circ_0005033 affects LSCC stem cells, promotes tumor occurrence and chemotherapy resistance (122). However, the research on cancer stem cells in HNC just emerges, and there may be other regulatory mechanisms for circRNA. The main pathways involved in cancer stem cells are Hedgehog, Wnt, PI3K/PTEN, Notch, and Hippo signaling pathways (143), and many circRNAs in HNC are related to some of these signaling pathways (28, 82). Therefore, circRNAs may also participate in the regulation of cancer stem cells through these signaling pathways. Studying the role of circRNA in cancer stem cells will contribute to the improvement of tumor diagnosis and treatment methods, and further research is needed.

As with some studies, this manuscript has also limitations. In HNC, circRNAs affect tumor progression mainly by acting as miRNA sponges or binding proteins. But a few circRNAs with open reading frames can translate functional proteins under the mediation of IRES or m6A. Since there is no report on circRNA encoded protein in HNC, this article does not cover it. However, it cannot be ruled out that the circRNA in HNC can also play a role through the mechanism of encoding protein. In addition, the current research on circRNA has just emerged, and more clinical research is needed before clinical application. However, with the development of research, circRNAs will play a more important role. The emergence of circRNAs has greatly enriched the regulatory network of non-coding RNAs in human diseases and which may be used as new disease biomarkers and therapeutic targets with great potential.
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Metabolic reprogramming contributes to patient prognosis. Here, we aimed to reveal the comprehensive landscape in metabolism of head and neck squamous carcinoma (HNSCC), and establish a novel metabolism-related prognostic model to explore the clinical potential and predictive value on therapeutic response. We screened 4752 metabolism-related genes (MRGs) and then identified differentially expressed MRGs in HNSCC. A novel 10-MRGs risk model for prognosis was established by the univariate Cox regression analysis and the least absolute shrinkage and selection operator (Lasso) regression analysis, and then verified in both internal and external validation cohort. Kaplan-Meier analysis was employed to explore its prognostic power on the response of conventional therapy. The immune cell infiltration was also evaluated and we used tumor immune dysfunction and exclusion (TIDE) algorithm to estimate potential response of immunotherapy in different risk groups. Nomogram model was constructed to further predict patients’ prognoses. We found the MRGs-related prognostic model showed good prediction performance. Survival analysis indicated that patients suffered obviously poorer survival outcomes in high-risk group (p < 0.001). The metabolism-related signature was further confirmed to be the independent prognostic value of HNSCC (HR = 6.387, 95% CI = 3.281-12.432, p < 0.001), the efficacy of predictive model was also verified by internal and external validation cohorts. We observed that HNSCC patients would benefit from the application of chemotherapy in the low-risk group (p = 0.029). Immunotherapy may be effective for HNSCC patients with high risk score (p < 0.01). Furthermore, we established a predictive nomogram model for clinical application with high performance. Our study constructed and validated a promising 10-MRGs signature for monitoring outcome, which may provide potential indicators for metabolic therapy and therapeutic response prediction in HNSCC.
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Introduction

Head and neck squamous carcinoma (HNSCC) is a heterogeneous epithelial tumor, accounting for more than 830,000 newly diagnosed cases, and no more than half a million individuals’ deaths annually in the world (1). Although advances in various treatment regimens, patient’s prognosis is still poor (2). The 5-year survival time is only nearly 50% and there is strong tendency of distant metastasis and local recurrence in HNSCC (3). There are limited effective indicators that can predict prognosis in HNSCC patients (4). It is hence significant to identify novel predictors for clinical outcomes and predicting therapeutic response to provide new insights for optimizing individual treatment in HNSCC.

The oncogenesis and development of HNSCC are closely associated with viral infection, genetic changes, environmental factors and imbalanced metabolism (5). Metabolic reprogramming is regarded as a hallmark of cancers, which defined as the remarkably changes of metabolic patterns in the occurrence and evolution of cancer (6). It includes several metabolic pathways, involving in the glycolysis, amino acid metabolism, the tricarboxylic acid (TCA) cycle, nucleic acid metabolism, etc. (7). It’s significative to reveal the neoplastic metabolic patterns, thereby which may benefit for personalized treatment management and disease monitoring.

Previous findings have shown that the unique metabolic pattern of tumor cells is a positive alteration of heredity expression to regulate the neoplasm oncogenesis and invasiveness (8, 9). Regulation of metabolism-related genes (MRGs) was suggested to be an important mechanism by which the specific metabolic mode exerts its functions in cancers (10). Given the targeting tumor metabolism as a potential and promising novel treatment strategy, exploring MRGs-related signature which can serve as a predictor for the evaluation of diagnosis, treatment, and prognosis, has received increasing attention and demonstrated in several cancers (11–13). Some recent studies also revealed the imbalance metabolic patterns of HNSCC in a single metabolic pathway or metabolite, based on glycolysis (14), lipid metabolism (15, 16), and pyruvate catabolism (17). However, the overall landscape of MRGs in HNSCC has not been fully revealed and the predictive role on therapy response remains unclear.

In present study, we use the public dataset, The Cancer Genome Atlas (TCGA) databases, to develop a MRGs-related risk model in HNSCC. We evaluated and verified the specificity and sensitivity of this model to determine prognostic significance and make an evaluation into its prognostic value on both conventional therapy and immunotherapy in HNSCC.



Materials and Methods


Samples and Data Acquisition

The whole-genome RNA-seq data (normalized RPKM) with corresponding somatic mutation data and clinical information was obtained from the TCGA database (https://portal.gdc.cancer.gov/). The somatic mutation data of tumor samples was utilized to calculate tumor mutation burden (TMB), which refers to the frequency of somatic alterations per megabase of the genome (18). Moreover, patients’ clinical follow-up information was collected, including age, gender, grade, TNM stage, survival time (days), survival status, and application of radiotherapy or chemotherapy. An independent HNSCC cohort (GSE41613 from GPL570 platform) with complete overall survival (OS) information was extracted from the Gene Expression Omnibus (GEO) available database (https://www.ncbi.nlm.nih.gov/gds/) for validation (19). We used R package “sva” to remove data batch effects. These data were obtained from the online public sources, so all informed consents were available and we conducted this study as requested on using these databases.



Identification of MRGs Set

A list of 2752 MRGs was extracted from previously published report, which was associated with metabolism process and encoded the known human metabolic enzymes and transporters (20). Additionally, differentially expressed genes (DEGs) between HNSCC and compared normal samples were derived from the GEPIA v2.0 database (http://gepia2.cancer-pku.cn/), with the criteria of the threshold value of adj. p < 0.01 and |log2 fold change (FC)| > 1.0. Venn was used to identify differentially expressed metabolism-related genes (DEMRGs) by the two groups drawn using “VennDiagram” R packages. We presented a protein-protein interaction (PPI) network via the Search Tool for Recurring Instances of Neighbouring Genes (STRING) database (https://string‐db.org/cgi/input.pl) for the overlapping DEMRGs to retrieve interaction.



Gene-Enrichment and Functional Annotation Analysis

Gene functional enrichment analysis were carried out to illustrate various functions and differential disturbing pathways of DEMRGs, including the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, conducted by “clusterProfiler” R package. GO analysis, consisting of biological processes (BPs), molecular functions (MFs), and cellular components (CCs), offers integrative annotation to identify characteristic biological meaning in MRGs. We applied the “GOplot” R package to visualize the enrichment terms. Additionally, the KEGG analysis revealed potential signaling pathways which the candidate MRGs participate in. The results accurately were visualized by the R packages “enrichplot” and “ggplot2”.



Construction and Validation of the Risk Model Based on MRGs

Totally 499 HNSCC patients were randomly divided at a 7:3 ratio, served as the training and internal validation cohorts with the “caret” R package. The prognostic value of DEMRGs on HNSCC patients was evaluated by the univariate Cox regression model using the data from the training cohort. Initially, the potential prognostic DEMRGs were selected (p-value < 0.01 was chosen). Then the least absolute shrinkage and selection operator (Lasso) regression analysis was screened to construct the MRGs-derived risk signature with the “glmnet” R package. We used CBioPortal (http://www.cbioportal.org/) to show the related genetic changes of particular genes. The formula of risk score was generated as following: risk score = ∑ (expression level of each particular gene × individual regression coefficient). According to the median of risk score as the cutoff, we classified subjects into low- and high-risk groups. PCA was performed to explore the distribution of different groups with the “stats” R package, based on the expression of genes in the signature. Besides, survival differences were assessed by Kaplan-Meier curve using the “survival” R packages. Receiver operating characteristic (ROC) curves were conducted to investigate the prediction accuracy of the model for 3/5-year OS using area under the ROC curve (AUC) estimation with the “survival ROC” R package. An AUC value of 0.70 or greater was considered as a significant predictive value. The internal validation cohort and GSE41613 cohort were also subject to the same analysis to verify the predictive power of the risk signature.



Correlation Analysis of Clinicopathologic Characteristics

Univariate and multivariate Cox regression analysis were carried out to examine the prognostic significance of the risk score and clinicopathologic characteristics for OS. We further evaluated differences of prognostic MRGs and risk score in clinical features. Subsequently, we employed the “survival” R packages to estimate the clinical utility of risk model for patients subjected to chemotherapy or radiotherapy.



Tumor-Infiltrating Immune Cell Analysis

In order to characterize immune cell infiltration in tumour microenvironment (TME) in different risk groups, two algorithms, the single sample Gene Set Enrichment Analysis (ssGSEA) algorithm and the CIBERSORT were performed based on the gene expression in TCGA training cohort. The former calculated HNSCC tissue purity, immune and stromal scores using the “ESTIMATE” R package. The relative fractions of 22 types of immune cell in TME in each sample of HNSCC were determined by “CIBERSORT” R package with all proportions normalized to 1 in each sample. This algorithm used Monte Carlo sampling to calculate a p-value for each case, and cases with p-value > 0.05 were excluded for subsequent analysis. We illustrated the results as a stacked bar plot, with the various immune cells. The box plots were exhibited for better visualization to show the difference abundance of infiltrating immune cells with “ggplot2” R package. Subsequently, we evaluate the correlations of immune cell infiltration and risk score.



Prediction of Immune Checkpoint Blockade (ICB) Therapy Response

Potential tumor therapeutic response with ICB was predicted by Tumor Immune Dysfunction and Exclusion (TIDE) score, a computational algorithm based on gene expression profile (http://tide.dfci.harvard.edu). It demonstrated that patients exhibit lower sensitivity with ICB agents, who had high TIDE score, thus indicating high possibility of antitumor immune escape (21). The details of the algorithm are described elsewhere (21). Meanwhile, the TMB, also as a useful marker for ICB selection, was performed to validate the predictive effectiveness of immunotherapy response.



Construction and Validation of the Nomogram Model

We established a nomogram model using prognosis factors from univariate Cox regression analysis to visualize the score for each variable on the point scale by the “rms” R package. Then we evaluated the predictive probabilities for 3- and 5-year clinical outcomes by depicted calibration curves. The ROC curves were also employed to determine the exactitude of the model.



Statistical Analysis

R software v3.6.2 (https://www.r-project.org/) together with SPSS Statistics v25.0 assisted in performing all statistical analysis. We also used R software, GraphPad Prism 7.0 and Cytoscape software for diagram drawing. Unpaired Student’s t-test and Whitney U-test were employed for comparing differences between two sets containing parameters with normally and non-normally distributions, respectively. A Chi-square test was used for categorical variables. A Wilcoxon rank-sum test was applied to compare non-parametric parameters for two sets, while the Kruskal-Wallis test was used for multiple sets. Pearson’s chi-square test was made to analyze the correlation between qualitative parameters. If not specified above, it represented statistical significance with p-value < 0.05.




Results


Initial Screening of DEMRGs in HNSCC From the TCGA Database

The HNSCC transcriptome data comprised 546 samples, which involved 502 tumor samples and 44 normal samples from TCGA database. Among 2752 genes involved in metabolism, 2751 MRGs were finally selected after filtering repeated genes. Afterward, we analyzed the DEGs between cancer and compared normal samples from online database and 2751 MRGs, and then identified 306 DEMRGs shown in Figure 1A. We identified PPI network of DEMRGs with high confidence levels (> 0.7) in Figure 1B. After excluding the samples without complete survival information, 499 HNSCC patients were finally enrolled for further analysis.




Figure 1 | Identification and functional analysis of candidate DEMRGs. (A) Venn diagram depicting overlap to identify DEMRGs between HNSCC tumor and normal tissue. (B) The interactions among MRGs showing in PPI network. (C) The GO circle plot of biological process (BP) differentially enriched in patients. (D, E) Enriched KEGG pathways of differentially expressed MRGs.





Gene-Enrichment and Functional Annotation for DEMRGs in HNSCC

According to the functional enrichment analysis of the 306 DEMRGs, we obtained GO and KEGG annotations of these genes in HNSCC. Not surprisingly, it showed that these genes were significantly related to metabolism process, including organic compounds biosynthesis, transport and metabolic process in the biological processes (Figure 1C). In the CC term of GO analysis, membrane-transport-related components, such as “intrinsic component of Golgi membrane”, “transporter complex”, and “integrin complex” were significantly enriched by DEMRGs (Figure S1). In terms of MF analysis, “transmembrane transporter activity”, “transferase activity” and “oxidoreductase activity” were mainly categories for these genes to play important roles (Figure S1). For KEGG analysis, these DEGs were also shown to mainly enrich in several tumor metabolic pathways, like amino acids, purine and drug metabolism. Interestingly, it indicated that these genes were also related to chemical carcinogenesis as general oncogenes (Figures 1D, E).



Construction and Internal Validation of the MRGs-Related Prognostic Risk Signature

499 HNSCC patients were divided into two cohorts, namely, a training set with 350 patients and an internal validation set with 149 patients. Table 1 presented the baseline clinical characteristics, which showing the compared characteristics of the two cohorts were matched. Next, the univariate Cox regression analysis was performed to identify prognosis-related genes using 306 DEMRGs in the training group. A total of 14 DEARGs were obviously associated with the OS (Figure 2A, ps< 0.05). To construct an optimal risk model for predicting prognosis of HNSCC patients, 10 MRGs identified by Lasso regression analysis were used for further research on their prognostic value (Figures 2B, C). Among these 10 genes, ADA, ALG3, CHPF2, HPRT1, and HSD17B6 showed higher expressions than adjacent non-cancerous tissues, while CYP4X1, GATM, GPT, HS3ST1, and LIPE were low expressions in tumors (Figure 2D). The mutational landscape of 10 MRGs revealed ALG3 was the most frequently mutated gene (20%), followed by GPT with an alteration frequency of 10% (Figure 2E). The detailed interactions of these 10 genes in MRGs were presented in Figure S2. The coefficients to calculate risk scores based on expression level of genes obtained by the LASSO algorithm were listed in Table S1.


Table 1 | Demographic characteristics of the training cohort and the test cohort in HNSCC.






Figure 2 | Prognosis MRGs-related signature identified by Lasso regression analysis. (A) Forest plots showing the prognostic metabolic genes determined by the univariate Cox regression analysis (green represents protective factors, and red represents risk factors). (B) Lasso coefficient profiles of selected 14 MRGs and (C) the optimal values of the penalty parameter λ for OS. (D) The expression of 10 MRGs based on TCGA databases from GEPIA. (E) The mutation patterns of 10 differentially expressed MRGs. (*p < 0.05).



To detect the robustness of the model established by training set, we utilized the same coefficients to calculate the risk scores in validation cohort. Based on the median value of risk score (0.63) as a cut-off point, subjects were classified into high- and low-risk groups in training and validation sets, respectively. Figures 3A, B exhibited the ranked risk scores’ distribution, survival status of individual patients, and the heatmap of 10 MRGs expression in two cohorts. The distribution map of survival status showed patients suffered more mortal risks with increasing risk score. The heatmap results suggested that therisky MGRs, including ADA, ALG3, CHPF2, HPRT1, and HS3ST1, were highly expressed in the high-risk group, while the expression of CYP4X1, GATM, GPT, HSD17B6, and LIPE were upregulated as protective MRGs in the low-risk group. PCA analysis depicted by scatter plots revealed the patterns of risk-genes expression in different risk groups (Figures 3C, D). The Kaplan-Meier curves showed remarkably worse OS with high risk (Figures 3E, F, p < 0.001) in training and validation cohort. To evaluate the predictive power of the risk score, the time-dependent ROC curves were utilized and the AUC for 3-, and 5-year OS reached 0.69, and 0.73, respectively (Figure 3G). Consistently, as shown in Figure 3H, the AUC values for 10 risk signatures were 0.66 at 3 year, and 0.72 at 5 years in validation cohorts.




Figure 3 | Construction and internal validation of the prognosis-related risk model based on MRGs in TCGA cohort. The risk scores distribution, vital status of patients, and heatmap of identified 10 MRGs expression level in (A) training and (B) validation cohorts. (C, D) PCA plot of prognostic metabolism signature. (E, F) Kaplan-Meier curves of OS and (G, H) time-dependent ROC analysis for 3/5-year survival to predict OS.





Validation of the MRGs-Related Prognostic Risk Model via External Cohort

We used an independent cohort with 97 patients from GEO dataset GSE41613 to verify the model accuracy externally. The risk scores and grouping did with the same ways mentioned previously (the median value of risk score = 0.63). Figure 4A showed the survival status together with the 10 MRGs expression, based on patients with increasing risk scores. PCA analysis showed a segregated tendency of gene expression patterns in two risk groups based on MRGs-related signature (Figure 4B). As demonstrated by TCGA cohorts, patients with high risk exhibited worse OS (Figure 4C, p = 0.011). Correspondingly, the 3- and 5-year AUC value in predicting prognosis were 0.67 and 0.70, respectively (Figure 4D). It was further revealed the predictive performance of the 10-MRGs prognosis signature of HNSCC patients by these results.




Figure 4 | Validation of the risk signature in external GSE41613 cohort. (A) The distribution of risk score, survival status of patients and heatmap of 10 MRGs. (B) PCA plot of prognostic metabolism signature. (C) Kaplan-Meier curves of OS and (D) time-dependent ROC curve of 3- and 5-year survival rate.





Assessment of Relevance Between the Prognostic Signature and Clinical Characteristics

Univariate and multivariate Cox regression analysis were utilized to explore prognostic factors for OS in TCGA cohorts, as shown in Table 2. Among the available variables, age, gender, stage and risk score (HR = 6.945, 95% CI = 3.538-13.632, p < 0.001) were prognosis factors of HNSCC in the training cohort. However, it was validated that only the risk score was significantly correlative with OS via validation cohort (HR= 3.217, 95% CI = 1.691-6.118, p < 0.001). The results of multivariate Cox regression analysis indicated the role of risk score working as an independent predictor for HNSCC prognosis (training cohort: HR =6.387, 95% CI = 3.281-12.432, p < 0.001; validation cohort: HR=2.812, 95% CI = 1.439-5.495, p = 0.002). Then we further evaluated the associations between clinical features and risk signature. We found that the risk score was correlated with survival state, as mentioned above (Figure 5A). And the T3-4 stage had higher risk scores than T1-2 stage (p < 0.05), indicting poor prognosis, as shown in Figure 5B. In addition, some signature-related genes were differentially expressed among clinical parameters. Patients with stage III-IV had higher ALG3 expression than early stage (Figure 5C). And the expression of CYP4X1, GATM, GPT, and LIPE were related to grade (Figures 5D–G).


Table 2 | Univariate and multivariate Cox regression analyses of OS in the TCGA training and internal validation cohorts of HNSCC.






Figure 5 | The relevance between the risk model and clinicopathologic features. (A, B) The correlations between risk score and clinical characteristics. (C–G) The associations between MRGs expression level and clinical features. Kaplan-Meier survival analysis for patients in (H) low- and (I) high-risk groups with the application of chemotherapy. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).



We further evaluated the clinical utility of risk model for patients subjected to radiotherapy or chemotherapy in HNSCC. We observed that HNSCC patients would benefit from the application of chemotherapy, patients with chemotherapy (n = 59) had a higher probability of survival than those without chemotherapy (n = 116) in the low-risk group (Figure 5H, p = 0.029). The survival benefit with chemotherapy was not significant in the high-risk group (n = 64, with chemotherapy; n = 111, without chemotherapy; p = 0.59, Figure 5I). We didn’t observe the same results in the application of radiotherapy (Figures S3A, B). Moreover, patients with low risk score significantly suffered more beneficial prognosis from chemotherapy (Figure S3C, p < 0.001) or radiotherapy (Figure S3D, p = 0.012).



Comprehensive Analysis of Immune Characteristics and ICB Therapy in Different Risk Subtypes

To elucidate the difference of immune microenvironment of HNSCC, we analyzed the immune scores and immune cell infiltrating density between high- and low-risk groups. It revealed significant differences in purity of tumor (p =0.021, Figure 6A) and immune scores (p = 0.007, Figure 6B), but not in stromal scores (Figure 6C) between the two groups. The high-risk group showing lower immune scores presented lower immune infiltration in TME. It also indicated poor prognosis which was consistent with worse survival outcomes of patients in the high-risk group. Subsequently, we analyzed the fraction of 22 types of immune cell via CIBERSORTx algorithms. The stacked bar plot illustrated the infiltrating difference of immune cells in each case (Figure 6D). Additionally, Figure 6E showed the differential distributions of infiltrating immune cells in the two risk groups. Among them, the infiltration levels of naive B cells (p < 0.001), plasma cells (p < 0.05), T cell follicular helpers (Tfh) (p < 0.05), and regulatory T cells (Tregs) (p < 0.01) were significantly higher in low-risk group. While the resting NK cells (p < 0.05), monocytes (p < 0.05), and activated mast cells infiltration (p < 0.01) were higher in high-risk group. Moreover, we evaluated the relationships between different immune infiltrates and risk score. The infiltration of naive B cells, plasma cells, CT8+ T cells, Tfh, Tregs, and resting mast cells was found to be negatively associated with prognostic risk, while M2 macrophages and resting NK cells were positively associated (Figure 6F).




Figure 6 | Comprehensive analysis of immune characteristics. (A–C) Comparison of the ssGSEA scores (tumor purity, immune and stromal scores) between different risk groups. (D) A stacked bar plot presenting the fractions of 22 types of infiltrating immune cell estimated using CIBERSORT algorithm in HNSCC from TCGA training cohort. (E) The differences of immune cells infiltration between high- and low-risk groups in boxplots. (F) The correlations between immune cells infiltration and risk scores. (G–I) The violin plot of different prediction score of TIDE, together with dysfunction score and exclusion score in two groups analyzed by the t-test. (J) The difference of TMB in two groups. (ns, p > 0.05, *p < 0.05; **p < 0.01; ***p < 0.001).



To investigate the association between risk subtyping of HNSCC and its response of immune checkpoint inhibitor, we estimated the potential clinical response of ICB therapy with TIDE algorithm. The low-risk group was featured by higher TIDE score (p < 0.01, Figure 6G), composed of higher TIDE dysfunction signatures (p < 0.01, Figure 6H) and lower TIDE exclusion scores (p < 0.05, Figure 6I), compared to the high-risk group. It indicated the mechanism of tumor immune evasion was mainly associated with the infiltration of dysfunctional tumor cytotoxic T lymphocytes (CTL) in low-risk group. What’s more, the patients with high risk score were featured by higher TMB shown in Figure 6J (p < 0.05). Our findings suggested that ICB therapy may be effective for HNSCC patients with high-risk subtype.



Construction and Validation of the Nomogram Model

To further predict patients’ prognoses, we constructed a nomogram that enrolled all prognosis factors, including age, gender, TNM stage, and risk score to quantitatively predict HNSCC prognosis in the TCGA training cohort (Figure 7A). It was an assessment that is tailored to an individual HNSCC patient, the estimate probability of 3- and 5-year OS was easy to ascertain by calculating each score for prognosis variables and then gaining the total score on the point scale. Compared to the other prognosis factors, risk score based on MRGs-related signature had the most score points. Calibration curves were developed to validate the nomogram’s performance. It showed that the curves were close to the 45° line which was regarded the best prediction (Figure 7B). Meanwhile, the AUC for the nomogram model was 0.74 and 0.81, respectively (3‐, 5‐year OS prediction), which significantly improved the predictive performance, compared to the AUC of risk signature (Figure 7C).




Figure 7 | Construction and validation of the predictive nomogram model. (A) Nomogram model established by prognosis factors to estimate the survival possibility for 3 and 5 years in HNSCC patients. (B) The calibration curves for validation of the nomogram. (C) The time-dependent ROC curves of the nomogram of 3-year and 5-year survival rate.






Discussion

In this study, we used mRNA expression data together with 4751 MRGs to analyze the overall landscape of imbalance metabolism in HNSCC. Functional analysis confirmed differentially expressed MRGs primarily involved in amino acids, purine and drug metabolism process. We constructed a prognosis-related 10-MRGs signature (ADA, ALG3, CHPF2, CYP4X1, GATM, GPT, HPRT1, HS3ST1, HSD17B6, and LIPE) for establishing risk stratification and predicting clinical outcomes. We found lower risk score suggested better survival outcome, which was also effectively validated by internal and external validation cohorts. The metabolism-related risk score was verified to be an independent prognostic factor of HNSCC. The risk signature was associated with survival status and tumor size. Furthermore, we evaluated the clinical role of risk model for predicting responses to various therapies. We observed that patients in low-risk group were more likely to benefit from the application of chemotherapy. ICB therapy may be efficacious for HNSCC patients in high-risk group. Moreover, we constructed a valuable predictive nomogram model with MRGs-related signature and other prognosis factors, which could work as a better predictive model for survival in clinically application.

The role of most of the 10 identified MRGs in oncogenesis and progression of tumors has been reported. ADA, encoding an enzyme involving the crucial purine metabolism, mainly exerted its function on T lymphocytes proliferation and differentiation (22). Besides, some studies also shown the functionality of HPRT in purine regulation (23). It has been revealed that ADA was served as a potential therapeutic target for breast cancer and a biomarker in oral cancer (24, 25). Increased expression of ALG3 was observed in HNSCC cell line (26). Moreover, ALG3 as a class of glycosyltransferases promotes the proliferation and radiosensitivity of cancer cells and is related with poor prognosis and lymph node metastasis (27, 28). CHPF2 acts as an oncogene that is up-regulated in cancers to exert its positive role in cell proliferation and metastasis, including breast cancer, hepatocellular carcinoma, lung adenocarcinoma, etc. (29–31). CYP4X1, a member of the cytochromes P450 family, oxidatively metabolizes a wide range of physiological substrates and plays a potential role in the body in response to cancer chemotherapy (32). Additionally, GATM enhances creatine synthesis in relation to the metabolism of human thermogenic fat (33). GPT is thought to be involved amino acid metabolism and be a novel target for cancer therapy (34). HS3ST1 might acts as a molecular biomarker for tumor diagnosis and prognosis (35). HSD17B6 has important functionality in androgen catabolism and was remarkably downregulated in hepatocellular carcinoma, which predicted poor prognosis and high tumor immune infiltrates (36). It was identified that LIPE is up-regulated in cervical cancer and promotes cell proliferation, invasion, and epithelial-mesenchymal transformation (37).

Metabolic reprogramming contributes to patient prognosis, as previous studies demonstrated (9, 38). Recent findings have shown that gene mutations and epigenetic regulation could be triggered by dysfunction metabolism during HNSCC progression (11, 39). Several metabolism-related prognostic biomarkers have been proposed based on gene expression profiles in HNSCC using RNA-Seq technology. Liu and his team developed a new risk model with identified glycolysis-related genes to predict prognosis of HNSCC patients (14). Xiong et al. found lipid metabolism was correlated with worse prognosis and may reflect the immune status of HNSCC patients (15). It was determined that pyruvate catabolism key genes made great progress in HNSCC neoplastic progression (17). Wu et al. provided support for dysregulated metabolism underlying OSCC tumorigenesis (10). Nevertheless, most studies mainly focused on an individual metabolic pathway, which may not sufficiently characterize integrative hallmarks of cancer-related metabolism. In previous study, a metabolism-related signature was identified by several dysregulated metabolic pathways in HNSCC rather than using the common methods based on gene sets, giving the chance to know the impact of abnormal cancer metabolic profiles on survival outcome (40). A comprehensive signature based on multiple MRGs can be better to capture tumorous metabolic changes and have favorable advantage in prognostic prediction (10). Our results also suggested that the risk stratification based on integrative MRGs sets played an important part in HNSCC prognosis and we established a nomogram model with satisfactory predictive value in HNSCC.

HNSCC is a highly heterogeneous malignant tumor with surgery, radiotherapy, chemotherapy, or targeted therapy as single or combinational therapeutic regimens generally (41). In addition, immunotherapy as research hotspot has gained much interest for cancer treatment in recent years. However, only about 20% of patients can benefit from it (42). Accordingly, identification of effective markers contributing to predicting therapeutic response among patients could allow individualization of therapy for HNSCC patients (43, 44). In present study, we found MRGs-related signature could be regarded as an indicator for the efficiency of chemotherapy. However, the survival benefit of HNSCC patients with radiotherapy was to no avail, with probably reason for too much missing clinical information. Compared with conventional therapies, ICB therapy, such as anti-programmed death 1 (PD1) therapy, has been confirmed to obtained indications for treating recurrent or metastatic HNSCC patients in 2016 (42). However, the low response rate becomes the major limitation for survival benefit in patients (41). Deeper characterization of the TME of HNSCC was needed to evaluate the potential predictive role of MRGs signature in tumor immunotherapy.

The immune cell infiltration in the TME plays important roles in the biological behaviors of HNSCC (45). We found patients with superior prognosis and low risk score had higher immune score by ssGSEA algorithm, as demonstrated in several previous studies (46, 47). Additionally, we characterized 22 immune cells infiltration in HNSCC by CIBERSORT algorithm. The infiltration of naive B cells accounted for the most obvious difference in two risk groups, emphasizing their roles in HNSCC. We found the abundance of Tfh, Tregs, and plasma cells were higher in the low-risk group, consisting with the results of Jiang (48). The negative correlation has been recognized between an increasing infiltration of these three cells and a decreased risk score in present study. However, the low-risk group exhibited a higher Tregs infiltration level, which contradicts several previous studies (46, 49, 50). Interestingly, it was found that the monocytes was highly infiltrated in high-risk group, suggesting the HNSCC promoting effect of monocytes in TME (51). What’s more, our results further confirmed the speculation from Jin et al. that resting mast cells may inhibit HNSCC malignant progression (49). As a subgroup of T cells, it was demonstrated that CD8+ T cell infiltration indicated better survival outcomes in HNSCC patients (52). Although we didn’t observe the difference of CD8+ T cells, the correlation analysis revealed the potential tendency of high infiltration in low-risk group. These findings suggested that infiltrated immune cells may occur complicated communications in different metabolism pattern of HNSCC.

We further explored the predictive performance of MRGs-related risk model in the response of immunotherapy. The potential clinical utility of ICB therapy was reflected by TIDE algorithm, which integrates two mechanisms modeling tumor immune evasion, including the CTL dysfunction and exclusion based on gene expression signatures (21). Our study revealed the low-risk group had higher TIDE suggesting poor responsive to ICB therapy with the mechanism of tumor immune escape contributing to high level infiltration of dysfunctional CTL. The dysfunction signatures of TIDE represent the dysfunctional profiles of late-stage T cell (53). Anti-PD1 therapy can recover the function of the early-stage T cells dysfunction, while the dysfunctional T cells at the late stage are resistant to ICB reprogramming (53). Tumour-infiltrating Tregs were reported to exert their immunosuppressive function which contributing to the failure of anti-PD1 immunotherapy (54), which may explain patients with low risk score had poor response to ICB with high Tregs infiltration. Additionally, investigations have revealed that TMB can trigger T-cell responses and neoantigen-rich tumors may be responding to immunotherapy (55, 56). Compared to overexpressed PD-L1, as a prognostic biomarker in tumor cells, high TMB is regarded as a predictive indicator implicated a greater potential of immunotherapy response (57). The high-risk group in this study had significantly higher TMB, which result in exposing neoantigens continuously and subsequent activating the immune response (56). It further supported our result that patients with high risk score may exhibit a better therapeutic response to ICB.

Despite we constructed a prognostic signature and provide innovative insights for improving HNSCC management, there still exist several limitations in present study. On one hand, the missing data may affect the results to a certain degree, which resulting in the lack of prognostic values of radiotherapy. And our external validation cohort only consisted of OS, which cannot further validate our signature effectively. The findings need to be validated by more independent cohorts to prove the clinical utility of risk model. Furthermore, further functional experiments require to explore the underlying mechanisms of 10 MRGs in HNSCC. Finally, the links between the immune activity and risk score have not yet been experimentally confirmed. A prospective clinical trial is encouraged to further validate the clinical value of risk model in ICB decision.



Conclusion

In conclusion, we constructed a novel 10-metabolic-genes signature and confirmed their prognostic value in HNSCC. Our study also provides potential promising indicators for predicting therapeutic response, which contributing to HNSCC individualized treatment in clinical practice.
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Angiogenesis is essential for the development of tumors. Studies have shown that carcinoma-associated fibroblasts (CAFs) are involved in regulating tumor angiogenesis, but the mechanism remains unclear. Recently, long noncoding RNAs (lncRNAs) have been proved to play an important role in the angiogenesis of various tumors. However, there is currently no research involving the regulation of CAFs on the angiogenesis of oral squamous cell carcinoma (OSCC) mediated by lncRNAs. By analyzing microarray data, we identified that the expression of lncRNA FOXF1 adjacent noncoding developmental regulatory RNA (FENDRR) in OSCC patients is downregulated, compared to that in normal tissues. Quantitative polymerase chain reaction (qPCR) results demonstrated that FENDRR expression is lower in CAFs compared to normal fibroblasts (NFs) of OSCC patients. KEGG pathway analysis revealed that some genes differentially expressed between CAFs and NFs of HNSCC patients are enriched to the PI3K/AKT pathway. Further experiments confirmed that the downregulation of FENDRR can activate the PI3K/AKT pathway in NFs and enhances the expression of matrix metalloproteinase 9 (MMP9). The overexpression of FENDRR had the opposite effect. Besides, we co-cultured human umbilical vein endothelial cells (HUVECs) with CAFs, and the tube-forming ability of HUVECs co-cultured with CAFs overexpressing FENDRR decreased significantly. However, activation of the AKT pathway of CAFs overexpressing FENDRR can weaken the inhibitory effect of FENDRR on angiogenesis. In summary, our experiments are focused on the influence of lncRNAs in CAFs on OSCC angiogenesis for the first time and prove that FENDRR mediates CAFs’ regulation of OSCC angiogenesis through the PI3K/AKT pathway.
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Introduction

Oral squamous cell carcinoma (OSCC) is the most common type of head and neck squamous cell carcinoma (HNSCC) which ranks sixth among cancers worldwide (1). The prognosis of patients with OSCC is poor, especially for metastatic patients, whose 5-year survival rate is only about 40% (2). Angiogenesis is a critical factor leading to the low survival rate of OSCC patients, which has been illustrated to be closely related to the metastasis of OSCC (3, 4). The formation of new blood vessels around the tumor facilitates the tumor’s access to oxygen and nutrients. Besides, the increased permeability of newly formed blood vessels is conducive to the metastasis of tumor cells (5, 6). Therefore, controlling angiogenesis plays an important role in the fight against cancer.

Carcinoma-associated fibroblasts (CAFs), often known as activated fibroblasts, are generally derived from the tissue-resident normal fibroblasts (NFs) and can promote tumor angiogenesis by secreting higher levels of proteolytic enzymes, such as matrix metalloproteinase 9 (MMP9) (7). Recently, The proangiogenic effect of CAFs has been demonstrated in various cancers, such as breast cancer (8), melanoma (9), and colorectal cancer (10). However, few studies have addressed the role of CAFs in OSCC angiogenesis.

Long noncoding RNAs (lncRNAs) are a subtype of RNA with a length of more than 200 nucleotides that have little or no coding potential (11). To date, lncRNAs have been found to be abnormally expressed in various cancers, such as colon cancer (12), gastric cancer (13), and cervical cancer (14), and regulate tumor angiogenesis through different mechanisms. In addition, some lncRNAs were demonstrated to be differentially expressed in OSCC (15), regulate OSCC development (16), and can be used as prognostic biomarkers for OSCC (17). Moreover, studies have confirmed that the abnormal expression of lncRNAs has a non-negligible effect on the biological function of CAFs (18, 19). However, there has been no research involving the role of lncRNAs in the proangiogenic effect of CAFs derived from OSCC.

Herein, for the first time, we explored the regulation of lncRNAs on the proangiogenic effect of CAFs derived from OSCC. Our experiments show that lncRNA FENDRR, downregulated in CAFs derived from OSCC, can inhibit the proangiogenic effect of CAFs through the PI3K/AKT pathway, which makes FENDRR a potential therapeutic target for anti-angiogenic therapy of OSCC treatment.



Materials and Methods


GEO Data Download and Annotation

An OSCC microarray profiling dataset (GSE9844) and a fibroblasts RNA-seq dataset (GSE83314) were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9844 and https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83314). The “hgu133plus2.db” package was used to perform probe reannotation for the GSE9844 profiling dataset. The “FactoMineR” and “factoextra” packages were used to perform the principal component analysis (PCA). GSE9844 profiling data was used to verify the differential expression of FENDRR in OSCC tissues compared with normal tissues. The “ggpubr” package was used to draw statistical charts. The RNA-seq dataset GSE83314 was used to identify differentially expressed genes in CAFs compared with NFs using the “edgeR” package in R software. |Fold Change| > 1 and P < 0.05 were set as the statistical threshold of differentially expressed genes.



KEGG Pathways Enrichment Analysis and Survival Analysis

The “clusterProfiler” package was used to perform the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment analysis. Differentially expressed genes in CAFs compared with NFs were used for enrichment analysis. The statistical threshold of enriched pathways was set to P < 0.05. The survival analysis was performed using the GEPIA database (http://gepia.cancer-pku.cn/) (20). Quartile was used as the Group Cutoff. P < 0.05 was considered to be significant.



Antibodies and Reagents

MMP9 antibody was obtained from Proteintech (Wuhan, China). β-actin antibody, anti-rabbit IgG, and anti-mouse IgG were acquired from Abbkine (CA, USA). AKT1, phospho-AKT1 (P-AKT1), phosphatidylinositol-3-kinase (PI3K), phospho-PI3K (P-PI3K), and vimentin antibodies were purchased from Cell Signaling Technology (MA, USA). FAP antibody was obtained from Abcam (Cambridge, England). Matrigel used for tube formation assay was acquired from Corning (NY, USA). Bicinchoninic acid protein assay kit used to measure the protein concentration was purchased from Thermo Fisher. Trizol reagent for RNA extraction was obtained from Takara (Kyoto, Japan). SC79 was acquired from TOPSCIENCE (Shanghai, China).



Cell Culture

The CAFs and NFs were isolated from 7 OSCC patients according to a previous study (21). To put it simply, the OSCC tissues and normal tissues were cut into 1-2 mm size tissue blocks, and then put into a 15 ml centrifuge tube and washed with PBS (phosphate buffered saline) containing 5% double antibiotics (Penicillin and Streptomycin) for 8 times. Subsequently, the tissue blocks were inoculated to the bottom of the culture bottle and put into a constant temperature cell incubator. After 4-6 hours, 1 ml of complete medium containing 20% FBS was added. When it was observed that the cells crawling out between different tissue blocks come into contact, cell passage can be carried out. All procedures conformed with the Ethics Committee of School and Hospital of Stomatology at Wuhan University. The OSCC cell lines SCC25 and CAL27 were purchased from the China Center for Type Culture Collection (Shanghai, China). The OSCC cell lines SCC4, SCC9, and HN4 were kindly provided by Doctor Xinmiao‐Wang. The fibroblasts, HN4 and CAL27 were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) (HyClone, UT, USA) containing 10% fetal bovine serum (FBS) (Natocor, Córdoba, Argentina). The SCC4, SCC9, and SCC25 were cultivated in DMEM:F12 (1:1) containing 10% FBS. The HUVECs were purchased from ScienCell (CA, USA) and cultured in endothelial cell medium (ECM) (ScienCell, CA, USA) containing 5% FBS (ScienCell, CA, USA). The human immortalized oral epithelial cells (HIOECs) were kindly provided by Professor Cheng‐zhang Li and Doctor Zhen‐Zhang and were cultured in KGM gold (Lonza, MD, USA) containing 5% FBS (Lonza, MD, USA). All cells were cultivated in a 5% CO2 environment at 37°C.



Cell Immunofluorescence

On the first day, we seeded CAFs and NFs cells in 24-well plates. When the cell confluence reached 70%-90%, the cells were fixed with paraformaldehyde, washed 3 times with PBS solution, and then blocked with BSA for 1 hour. Finally, the cells were incubated with the primary antibody overnight at 4°C. The next day, the cells were incubated with the second fluorescent antibody for 1 hour. Nuclear staining was performed using DAPI and the images of stained cells were obtained using a Fluorescence microscope (Carl Zeiss, Germany).



Cell Migration Assay

The co-culture model of CAFs and HUVECs was established using Transwell membrane chambers (24-well plate, 8-μm pore size, 6.5-mm insert) acquired from Corning (NY, USA). The CAFs transfected with FENDRR lentiviral vectors (Lent-FENDRR) or negative control vectors (Lent-NC) were seeded into the lower chambers at a density of 3x105 cells per well, cultured for 24 hours. Subsequently, 2.5x105 HUVECs were seeded in serum-free medium in the upper chambers. After 48 hours of incubation, the cells on the chambers were fixed and stained with crystal violet. Finally, five random fields were selected to count the number of cells traversing to the reverse face.



In Situ Hybridization

In situ hybridization (ISH) was performed with digoxigenin-labeled FENDRR probe: 5′-DIG-CAGTGGTTGCTGGGGTTGAAGAGAGGGATGAATA-DIG-3′, following the instructions of the ISH kit purchased from Boster (CA, USA). The slices of 4 pairs of OSCC and normal oral mucosa tissues were treated with conventional dewaxing, rehydration, and then 3% hydrogen peroxide at room temperature for 20 minutes. Then, the slices were digested with pepsin diluted with 3% citric acid at room temperature for 20 minutes to expose RNA fragments. Next, the slices were pre-hybridized for 4 hours and hybridized with FENDRR probe (1.5 ug/ml) overnight. Then the slices were blocked with blocking fluid, followed by incubation with biotinylated mouse anti-digoxigenin and avidin-biotin peroxidase. Finally, a DAB kit (Mxb Bio, China) and hematoxylin were used for visualization. The score used for statistical analyses were calculated as: 1.0*(%Weak positive) + 2.0*(%Positive) + 3.0*(%Strong positive), using Aperio ImageScope (Leica, Germany) (22).



RNA Isolation and Real-Time PCR

Total RNA was extracted from cells using Trizol reagent, which was subsequently reversely transcribed into cDNA using the PrimeScript RT Reagent Kit (Takara, Kyoto, Japan). Real-time quantitative PCR, conducted on a QuantStudio™ 6 Flex (Life Technologies, USA), was performed by using the SYBR® Premix Ex Taq™ II Kit (Takara Bio). The primers synthesized by Sangon Biotech (Shanghai, China) were as follows: FENDRR (forward 5’-GTGATGCAGTTGCTGGCAAA-3’ and reverse 5’-CAGTTGACTGCAAAGCACCC-3’) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward 5’-GGAGCGAGATCCCTCCAAAAT-3’ and reverse 5’-GGCTGTTGTCATACTTCTCATGG-3’). RNA expression levels, normalized to that of GAPDH, were calculated using the 2-△△ Ct method.



Western Blotting Analysis

The total protein of cells was extracted on ice using a mammalian protein extraction reagent (MPER) (Thermo Fisher Scientific) containing protease and phosphatase inhibitors (MilliporeSigma), whose concentration was then measured with a bicinchoninic acid protein assay kit. Next, loading buffer (5x) purchased from Beyotime (Shanghai, China) was added into the protein solutions and heated for 10 minutes at 95°C. 10 ug of protein samples were subjected into 10% SDS-PAGE (60 V, 30 minutes; 120 V, 65 minutes), and then transferred to polyvinylidene fluoride membrane (MilliporeSigma) in the electroblotting buffer (100 V, 53 minutes). Subsequently, at room temperature, the membranes were blocked with 5% nonfat milk in Tris-buffered saline for 1.5 hours and then inoculated with antibodies overnight at 4°C. Finally, the bound antibodies were detected using horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG.



Lentivirus Vectors and Short Interfering RNAs

FENDRR lentiviral vectors and negative control vectors were purchased from Hanbio (Shanghai, China). The siRNAs targeting FENDRR (si-FENDRR) and negative control siRNAs (si-NC) were purchased from RiboBio (Guangzhou, China). Before transfection, CAFs or NFs were seeded into 6-well plates and cultured to achieve cell confluency of about 50%. For lentiviral vectors transfection, CAFs were treated with vectors for 24 hours. The mixture in the plates was then replaced with fresh medium. For siRNAs transfection, NFs were treated with siRNAs and transfection reagents for 48 hours. The efficiency of transfection was confirmed by using Real-Time PCR after 48 hours. The target sequences of siRNAs were as follows: si-FENDRR1 (CCAGCCATGTGATTCCAAA), si-FENDRR2 (CCACAGAGCTTCATAGAAT).



Tube Formation Assay

The co-culture model of CAFs and HUVECs was established using Transwell membrane chambers (24-well plate, 0.4-μm pore size, 6.5-mm insert) acquired from Corning (NY, USA). The CAFs transfected with Lent-FENDRR or Lent-NC were seeded into the upper chambers at a density of 3x105 cells per well, cultured for 24 hours. Subsequently, the HUVECs were seeded into the lower chambers precoated with Matrigel (BD Biosciences, San Jose, CA, USA) at a density of 2.5x104 cells per well. Then, the upper and lower chambers were placed together to co-culture CAFs and HUVECs. After 8 hours of incubation, the images of the capillary-like structure were taken using a microscope (Carl Zeiss, Germany).



Tumor Xenografts in Nude Mice

The experiment was approved by the Review Board of the Ethics Committee of the Hospital of Stomatology at Wuhan University. A mixture of CAL27 (2 × 106) cells and CAFs (5 × 105) in 50 ul PBS with 50 ul Matrigel was inoculated subcutaneously into the flanks of the female BALB/c nude mice (18–20 g; Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing, China). After 23 days, the mice were euthanized, and the tumor tissues were excised and analyzed. The tumor volumes were calculated according to the formula (width2 × length)/2 (23).



Statistical Analysis

GraphPad Prism 7.0 was used for statistical analysis, and the statistical significance of the differences between groups was determined by Student’s t-test or Wilcoxon test. The results are expressed as means ± SD. When P <0.05, the results were considered to be statistically significant.




Results


CAFs and NFs Were Extracted From the Tissues of 7 OSCC Patients

Through the optical microscope, we observed that NFs are mostly slender spindle-shaped and relatively uniform in shape, while CAFs are diverse in shape, mainly short spindle-shaped and polygonal, which accords with the functional diversity of CAFs (Figure 1A). Besides, the results of cellular immunofluorescence and western blotting showed that the expression of α-SMA (smooth muscle alpha-actin), vimentin, and FAP (fibroblast activation protein), three markers of CAFs, in CAFs were significantly stronger than that in NFs, which indicated that the primary cells we extracted conformed to the characteristics of CAFs (Figures 1B, C).




Figure 1 | CAFs and NFs were extracted from the tissues of 7 OSCC patients. (A) The morphology of CAFs and NFs. (B) The results of western blotting of α-SMA, FAP, and vimentin in CAFs and NFs. (C) The results of cellular immunofluorescence experiments of α-SMA in CAFs and NFs.





FENDRR Is Low Expressed in OSCC Tissues and CAFs Derived From OSCC

Through PCA (Figure 2A), 12 groups of data from GSE9844 dataset were used for differential expression analysis (GSM248652, GSM248655, GSM248658, GSM248660, GSM248687, GSM248780, GSM248665, GSM248668, GSM248677, GSM248678, GSM248682, GSM248685). The results showed that FENDRR is low expressed in OSCC tissues (Figure 2B). To further explore the expression of FENDRR in OSCC, we extracted the RNA of HIOECs, SCC4, SCC9, SCC25, CAL27, HN4, and 7 pairs of CAFs and NFs isolated from 7 OSCC patients. Interestingly, FENDRR is low expressed in HN4 and SCC25 compared to that in HIOECs, but highly expressed in SCC4 and CAL27 (Figure 2C). However, FENDRR is stably low expressed in CAFs compared to that in NFs (Figure 2D). Furthermore, the results of ISH indicated that FENDRR is mainly expressed in the stroma, and the expression level of FENDRR in the normal oral mucosal stroma is significantly higher than that in OSCC stroma (Figures 2E, F). Taking the lower expression level of FENDRR in OSCC tissues into account, we speculated that FENDRR may have a more significant effect on fibroblasts.




Figure 2 | Gene expression analyses of FENDRR. (A) 12 groups of data from the GSE9844 dataset were selected through PCA. (B) Selected 12 groups were used for differential expression analysis of FENDRR in OSCC and negative control. (C) Real-time PCR was used to detect the expression of FENDRR in SCC4, SCC9, SCC25, CAL27, HN4, and HIOECs. (D) Real-time PCR was used to detect the expression of FENDRR in 7 pairs of CAFs and NFs derived from OSCC tissues. (E, F) The expression of FENDRR in 4 pairs of OSCC and mucosal tissues was detected using ISH. *P < 0.05, **P < 0.01, ****P < 0.0001.





FENDRR Inhibits the Proangiogenic Effect of CAFs

Our previous studies confirmed that CAFs can promote the angiogenesis of melanoma (9). To explore the effect of FENDRR on the proangiogenic ability of OSCC-derived CAFs, we used lentiviral vectors to overexpress FENDRR in CAFs derived from OSCC. Real-time PCR was used to confirm the transfection effect. The results showed that FENDRR was significantly overexpressed in CAFs transfected with lent-FENDRR (Figure 3A). Subsequently, the CAFs transfected with Lent-FENDRR or Lent-NC were utilized to perform the migration and tube formation experiments. As shown in Figures 3B–E, the migration and tube-forming ability of HUVECs co-cultured with CAFs transfected with FENDRR was significantly suppressed, indicating that FENDRR can inhibit the proangiogenic ability of OSCC-derived CAFs.




Figure 3 | FENDRR inhibits the proangiogenic effect of CAFs. (A) FENDRR was significantly overexpressed in CAFs transfected with lent-FENDRR. (B, C) The number of the capillary-like structure formed by HUVECs co-cultured with CAFs transfected with Lent-FENDRR was significantly reduced. (D, E) The migration assay showed that CAFs transfected with Lent-FENDRR could inhibit the migration ability of HUVECs. ***P < 0.001.





Survival Analysis and KEGG Analysis

Angiogenesis is an essential factor leading to the low survival rate of OSCC patients (3, 4). Considering that FENDRR can weaken the angiogenesis of OSCC, we next performed the survival analysis of FENDRR using the GEPIA database. The results exhibited that HNSCC patients with high expression of FENDRR have a better prognosis (Figure 4A), which can further indicate that FENDRR may influence the progress of OSCC mainly by regulating fibroblasts. To further explore the possible effects of FENDRR on CAFs, we used the HNSCC dataset GSE83314, which contains two pairs of OSCC-derived CAFs and NFs, for differential expression analysis, and the differentially expressed genes were subsequently utilized for KEGG analysis. The results showed that genes differentially expressed between CAFs and NFs of HNSCC patients are mainly enriched to the PI3K/AKT pathway (Figures 4B, C).




Figure 4 | Survival analysis and KEGG analysis. (A) Survival analysis showed that HNSCC patients with high expression of FENDRR have a better prognosis. (B, C) KEGG analysis showed that genes differentially expressed between CAFs and NFs derived from HNSCC patients are mainly enriched to the PI3K/AKT pathway.





FENDRR Inhibits the Activation of the PI3K/AKT Pathway

Our previous study had demonstrated that the activation of the PI3K/AKT can promote the angiogenesis of OSCC (24). Herein, we continue to explore the influence of FENDRR on the PI3K/AKT pathway in CAFs. On the one hand, we used siRNAs to reduce the expression of FENDRR in NFs. On the other hand, lent-FENDRR and its negative control were used to overexpress FENDRR in CAFs. As shown in Figure 5A, the si-FENDRR2 has a better silencing effect than si-FENDRR1, so we chose si-FENDRR2 for subsequent knockdown experiments. Our results showed that the downregulation of FENDRR can activate the PI3K/AKT pathway in NFs and enhance the expression of MMP9. Consistently, the overexpression of FENDRR had opposite effects in CAFs (Figure 5B).




Figure 5 | FENDRR inhibits the activation of the PI3K/AKT pathway. (A) The silencing effect of siRNAs. (B) Western blotting analyses of PI3K/AKT pathway-related genes showed that the knockdown of FENDRR activated the PI3K/AKT pathway in NFs, while the overexpression of FENDRR weakened the activation of the PI3K/AKT pathway in CAFs. (C, D) The number of the capillary-like structure formed by HUVECs co-cultured with SC79-treated CAFs transfected with Lent-FENDRR increased significantly. *P < 0.05, **P < 0.01.





FENDRR Inhibits the Proangiogenic Effect of CAFs Through the PI3K/AKT Pathway

To further explore whether FENDRR regulates the proangiogenic ability of CAFs through the PI3K/AKT pathway, we used SC79, a selective AKT activator (25), to activate the PI3K/AKT pathway in CAFs overexpressing FENDRR derived from OSCC, which then were used to perform the tube formation experiments. As shown in Figures 5C, D, the tube-forming ability of HUVECs co-cultured with SC79-treated CAFs transfected with FENDRR was significantly enhanced, indicating that FENDRR may inhibit the proangiogenic ability of OSCC-derived CAFs through the PI3K/AKT pathway.



CAFs Overexpressing FENDRR Inhibit OSCC Progression In Vivo

To investigate the impact of FENDRR in CAFs on the progression of OSCC, the nude mice were divided into Lent-NC and Lent-FENDRR groups. CAL27 cells were mixed with CAFs transfected with Lent-NC and Lent-FENDRR respectively, and subcutaneously injected into nude mice. On the 23rd day, the tumors were excised and analyzed. The volume and weight of tumors in the Lent-FENDRR group significantly decreased compared with those in the Lent-NC group (Figures 6A–D). In vivo results showed that the high expression of FENDRR in CAFs can inhibit the progression of OSCC.




Figure 6 | Overexpression of FENDRR in CAFs inhibits the progression of OSCC in vivo. (A) Images of nude mice from the Lent-NC and Lent-FENDRR groups. (B) Xenograft tumors excised from nude mice. (C) Volumes of the xenograft tumors excised from nude mice. (D) Weights of the xenograft tumors excised from nude mice.






Discussion

LncRNAs have been illustrated to play an important role in regulating the angiogenesis of various cancers (12–14). For example, Wang et al. reported that lncRNA HITT (HIF-1α inhibitor at translation level) can inhibit the angiogenesis of colon cancer by reducing the translation of HIF-1α in cancer cells (12). Besides, the proangiogenic effect of CAFs has also been confirmed by a large number of experiments (9, 10). However, there is currently no research involving the regulation of CAFs on the angiogenesis of OSCC mediated by lncRNAs. Therefore, in this research, we studied the role of FENDRR in the proangiogenic effect of CAFs derived from OSCC.

FENDRR is a long noncoding RNA located on chr3q13.31. Studies have shown that FENDRR is low expressed in a variety of tumor tissues and can inhibit tumor progression (26, 27). However, the role of FENDRR in the development of OSCC is still unknown. By analyzing high-throughput data, we found that FENDRR is low expressed in OSCC tissues compared with normal tissues. Furthermore, survival analysis showed that the low expression of FENDRR is related to the poor prognosis of HNSCC patients. Given that OSCC is the most common type of HNSCC (1), we speculated that FENDRR may also affect the progress of OSCC. Thus, we used Real-Time PCR to detect the expression of FENDRR in CAL27 and HIOECs, as well as 7 pairs of CAFs and NFs isolated from tissue samples of 7 OSCC patients. Interestingly, our results showed that FENDRR is low expressed in HN4 and SCC25 compared to that in HIOECs, but highly expressed in SCC4 and CAL27. However, FENDRR is stably low expressed in CAFs compared to that in NFs. Furthermore, the results of ISH indicated that FENDRR was mainly expressed in the stroma, and the expression level of FENDRR in the normal oral mucosal stroma was significantly higher than that in the OSCC stroma. Considering that the overall expression level of FENDRR in HNSCC tissues is decreased and patients with high FENDRR expression have a better prognosis, we speculated that FENDRR may influence the progress of OSCC mainly by regulating fibroblasts.

In our previous study, it had been shown that CAFs can facilitate melanoma angiogenesis, and the expression of the angiogenic factor MMP9 in CAFs is upregulated compared with that in NFs (9). Research by Li et al. confirmed that CAFs derived from OSCC can also promote the tube-forming ability of HUVECs (28). However, the role of lncRNAs in the proangiogenic effect of OSCC-derived CAFs is still unclear. In our study, the proangiogenic ability of CAFs overexpressing FENDRR was significantly reduced, and whether it was knockdown or overexpression of FENDRR, the expression level of MMP9 was opposite to that of FENDRR, which indicated that FENDRR may play an important role in the angiogenesis of OSCC regulated by CAFs.

MMP9 is an important angiogenic factor that has been proved to be regulated by multiple signaling pathways, such as PI3K/AKT pathway (29), ERK pathway (30), and JAK/STAT pathway (31). On the one hand, the activation of the PI3K/AKT pathway can enhance the mRNA and protein expression of MMP9 (29). On the other hand, our previous study demonstrated that the activation of the PI3K/AKT can promote the angiogenesis of OSCC (24). Herein, our results showed that the overexpression of FENDRR inhibited the PI3K/AKT signaling pathway in CAFs and decreased the expression level of MMP9. In addition, activation of the AKT pathway of CAFs overexpressing FENDRR can weaken the inhibitory effect of FENDRR on angiogenesis, which suggested that FENDRR may regulate the proangiogenic effect of CAFs derived from OSCC through the PI3K/AKT pathway.

At present, the specific mechanism by which FENDRR regulates the PI3K/AKT pathway is still unclear, and how CAFs overexpressing FENDRR affect the angiogenic ability of HUVECs still needs to be further explored.



Conclusions

In general, our research has initially verified that lncRNA FENDRR regulates the proangiogenic ability of CAFs derived from OSCC through the PI3K/AKT pathway, which provides a theoretical basis for subsequent research.
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Constituents of tobacco that can cause DNA adduct formation and oxidative stress are implicated in the development of head and neck squamous cell carcinoma (HNSCC). However, there are few studies on the mechanism(s) that underlie tobacco-associated HNSCC. Here, we used a model in which tumors were induced in rats using 4-nitroquinoline 1-oxide (4NQO), which mimicked tobacco-related HNSCC, and analyzed the expression profiles of microRNAs and mRNAs. Our results indicated that 57 miRNAs and 474 mRNA/EST transcripts exhibited differential expression profiles between tumor and normal tongue tissues. In tumor tissue, the expression levels of rno-miR-30 family members (rno-miR-30a, rno-miR-30a-3p, rno-miR-30b-5p, rno-miR-30c, rno-miR-30d, rno-miR-30e and rno-miR-30e-3p) were only 8% to 37% of those in the control group. The GO terms enrichment analysis of the differentially expressed miRNAs indicated that oxidation reduction was the most enriched process. Low expression of miR-30 family members in human HNSCC cell lines and tissues was validated by qPCR. The results revealed that the expression of miR-30b-5p and miR-30e-5p was significantly decreased in the TCGA HNSCC dataset and validation datasets, and this decrease in expression further distinguishes HNSCC associated with tobacco use from other subtypes of HNSCC. CCK8, colony formation, transwell migration and HNSCC xenograft tumor assays indicated that miR-30b-5p or miR-30e-5p inhibited proliferation, migration and invasion in vitro, and miR-30b-5p suppressed tumor growth in vivo. Moreover, we uncovered that KRAS might be the potential target gene of miR-30e-5p or miR-30b-5p. Thus, our data clearly showed that decreased expression of miR-30e-5p or miR-30b-5p may play a crucial role in cancer development, especially that of tobacco-induced HNSCC, and may be a novel candidate biomarker and target for this HNSCC subtype.




Keywords: head and neck squamous cell carcinoma, miR-30, 4-nitroquinoline 1-oxide, tobacco smoke, KRAS



Introduction

Head and neck squamous cell carcinoma (HNSCC) is one of the most common malignant tumors worldwide, accounting for approximately 3.8% of all malignant cancers (1, 2). The consumption of tobacco is an established major etiological factor in the development of HNSCC (3). In the Indian subcontinent, HNSCC is the single most common malignancy, and it is mainly caused by the use of chewing tobacco and related products (4). It was reported that smoking is responsible for most deaths from HNSCC in high-income countries (5). Over the past few decades, the HNSCC incidence rate has increased among both males and females in several countries in Eastern and Northern Europe and among females in Southern and Western Europe, which largely reflects the ongoing tobacco epidemic (6, 7). In many other more developed countries, as tobacco use has decreased, the HNSCC incidence rate has begun to decline in both males and females (7).

Over 60 chemicals found in tobacco products, such as dibenz[a,h]anthracene, benzo-(a)-pyrene, 4-aminobiphenyl, acetaldehyde, N-nitrosamines, catechol and benzene, have been shown to be carcinogenic (8, 9). Carcinogens can be metabolized by cytochrome P450 enzymes into water-soluble forms, generating DNA adducts (10). These adducts usually cause sequence variations in DNA. If not repaired correctly, these lesions lead to tumor formation (11). Despite treatment advances, the 5-year relative survival rate still has not improved significantly (12), which can be attributed primarily to diagnosis at an advanced stage characterized by invasion and metastasis to the lymph nodes and remote organs (13). Identification of predictive biomarkers for diagnosing HNSCC at earlier stages would be beneficial for patient survival. MicroRNAs (miRNAs) are a class of small noncoding RNAs that play an important role in regulating gene function through targeting mRNAs for translational repression or degradation (14). Deregulation of miRNA expression contributes to aberrant expression of mRNAs that mediate the complex malignant phenotypes of cancers. Changes in a number of miRNAs and genes that are required for the occurrence of HNSCC have already been identified, including increased expression of miR-21-5p and miR-31-5p and reduced expression of miR-375 and miR-100 family members. However, a large gap in our understanding of how the different miRNAs and mRNAs expressed during HNSCC development relate to exposure to tobacco remains.

4NQO is a synthetic, water-soluble carcinogen that can result in histological and molecular alterations very similar to those found in human tobacco-related oral carcinogenesis by promoting DNA adduct formation, A-G nucleotide substitution and intracellular oxidative stress (15, 16). The murine model of 4-nitroquinoline 1-oxide (4NQO)-induced oral carcinogenesis has been used extensively to identify how chronic tobacco abuse contributes to human HNSCC and how therapeutic treatments can alleviate or prevent these malignancies (16–18).

Determining the relationships among the expression levels of the various microRNAs and mRNAs could be useful for identifying diagnostic markers or therapeutic interventions. Most microRNAome and transcriptome data were derived from separate studies on oral cancer that did not address risk factors. In this study, we used the 4NQO-induced carcinogenesis model to mimic human tobacco abuse to identify the network of miRNAs and their predicted target mRNAs involved in HNSCC. Remarkably, we revealed downregulated expression rno-miR-30 family members which targeted several classical oncogenes, such as KRAS, centering on cell growth, proliferation and invasion, may be important in initiating the development of HNSCC, especially tobacco-related tumors.



Material and Methods


Tumor Induction

The animal model was established as previously described (19). Briefly, 40 male Sprague-Dawley (SD) rats, aged 6-7 weeks, were randomly divided into two groups. In the experimental group (n=20), the rats were fed daily with dissolved 4NQO (Sigma, USA) at a concentration of 0.02 g/L, whereas the control group (n=20) were fed distilled water only. At the end of the 36th week, all rats were sacrificed (Figure 1A). Tumors and normal tongue tissues were collected from the experimental and control groups, respectively; and separated into two parts: one was set aside for histopathological examination, and the other was instantly placed into liquid nitrogen and then stored at -80°C for RNA extraction.




Figure 1 | Both macroscopic and microscopic changes in SD rats’ tongue mucosa. (A) Experimental scheme of SD rats induced by 4NQO for 36 weeks. (B) Photograph of normal tongue (left) and exophytic neoplasm on tongue induced by 4NQO water for 36 weeks (right). (C) H&E staining showed the pathological changes of rat tongues base at different stages. (D) GO analysis of top 20 of functional enrichment based on mRNA microarray.





Total RNA Isolation and miRNA/mRNA Microarray

Total RNA was extracted from 7 tongue SCC tumors and 7 normal tissues using mirVana RNA Isolation Kit (Applied Bio-system p/n AM1556) following homogenization. 7 rats per group were pooled for miRNA microarray, and 5 normal tongue tissue and 6 tongue SCC tumors were carried in mRNA microarrays. RNA labeling, hybridization and scanning were performed by ShanghaiBio Corporation using a Rat miRNA microarray (Agilent, G4473A). The GeneSpring GX software (Agilent Technologies) was used to analyze the microarray data. Preparation of antisense RNA, hybridization, staining, and scanning of the Rat Genome U34 Array (Affymetrix Inc.) was performed according to the Affymetrix standard protocol. Data normalization and analysis were performed with Microarray Suite version 5.0. Differential miRNA/mRNA expression was determined as at least a 2-fold difference between the experimental and control groups.



miRNA/mRNA qRT-PCR for Validation

MiR-30c, miR-30d and miR-30e-3p were chosen as the candidate miRNAs for microarray data validation. U6 RNA was chosen as an internal control. The 20 μL reverse transcriptase reactions contained 1 μg of RNA and were completed using Mircute enhanced miRNA cDNA first strand synthesis Kit (TIANGEN, China). Real-time PCR was performed using Mircute enhanced miRNA fluorescence quantitative detection kit (TIANGEN, China). The genes of Ubadc1, Ldhb, and Cabc1 were selected to validate the microarray results by Quant one step qRT-PCR Kit (SYBR Green) (TIANGEN, China). β-actin was chosen as an internal control. The sequences of the PCR primers (synthesized by Sangon Biotech Co, China) were shown in Table S1.



Gene Ontology (GO) Analysis of rno-microRNA Target Genes

GO analysis was applied to analyze the main function of the differentially expressed microRNA targets according to the Gene Ontology database (http://www.geneontology.org/) (20). Fisher’s exact test and χ2 test were used to classify the GO categories, and the false discovery rate (FDR) was calculated to correct the p-value. GOs that had a p-value of <0.05 and a FDR of < 0.05 were chosen for further study.



MiRNA-Gene-Network

The miRNA-gene-network was built according to the interactions of miRNA and genes in the Sanger miRNA database. The adjacency matrix of miRNAs and genes, A=[ai,j], is made by the attribute relationships among the genes and miRNAs, and ai,j represents the relative weight of gene i and miRNA j. Degree indicates the contribution of one miRNA to the nearby genes or the contribution of one gene to the nearby miRNAs.



MiRNA-GO-Network

A miRNA-go-network was built according to the relationship between significant GOs and genes as well as the relationships among miRNAs and genes. The adjacency matrix of microRNA and genes, A=[ai,j], was made by the attribute relationships among GOs and miRNA, and ai,j represented the relative weight of GO i and miRNA j. Degree indicated the contribution of one miRNA to the nearby GOs or the contribution of one GO to the nearby miRNAs.



SD Rat Cell Culture

The SD rat SCC cell lines Rca-T (21) and Rca-B (22) were cultured in DMEM (Gibco, USA) supplemented with 10% FBS, 100 units/mL penicillin and 100 mg/mL streptomycin at 37°C in a humidified atmosphere of 5% CO2. The primary culture came from buccal mucosa of male Sprague-Dawley (SD) rats, aged 4-5 weeks. The tissue was cut to 0.2 cm×0.2 cm pieces, then they were incubated in 5 mL 0.8% dispase II (Roche, Switzerland) solution at 4°C overnight. Epithelium was isolated from basal lamina, and put into 3 mL 0.25% trypsin for 5 minutes. The suspension was centrifuged in low speed and supernatant was decanted. The deposition was resuspended and incubated with Defined Keratinocyte SFM (Gibco, USA) in a 6 cm dish.



Cell Culture

Human HNSCC cell lines HN4, HN6, HN30 and SCC9 were obtained from University of Maryland Baltimore School of Dentistry and ATCC, respectively. HN4, HN6, and HN30 cells were maintained in DMEM (Gibco, USA) supplemented with 10% FBS (Gibco, USA), 50 U/mL penicillin, and 50 μg/mL streptomycin. SCC9 cells were maintained in DMEM/F12 (proportion: DMEM with F12 was 1:1, Gibco, USA) supplemented with 10% FBS, 50 U/mL penicillin, and 50 μg/mL streptomycin. HEK-293 cells were incubated in DMEM supplemented with 10% FBS, 50 U/mL penicillin, and 50 μg/mL streptomycin. All the cells were incubated at 37°C in a humidified atmosphere with 5% CO2. Human normal oral mucosa came from the local normal mucosal tissue removed during the extraction of impacted teeth, and the mucosal tissue was in a healthy state without inflammation. The procedure for the culture of primary cells of human oral mucosa is basically the same as that of primary cells of oral mucosa of SD rats.



Patients and Clinical Specimens

Paired HNSCC and adjacent noncancerous tissues were obtained from 32 primary HNSCC patients at the Department of Oral Surgery, Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, P. R. China. The experiment has been approved by the Ethics Committee of Ninth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. These tissues were flash-frozen in liquid nitrogen immediately after resection and stored at -80°C. None of the patients had received neoadjuvant chemo- or radio-therapy before surgery.



Real Time PCR

Total RNA was isolated from Rca-B, Rca-T, HN4, HN6, HN30, SCC9, human oral mucosal epithelial cells using the TRIZOL Reagent (Invitrogen, USA). Total RNA was isolated from 32 paired HNSCC and adjacent noncancerous tissues using the TRIZOL Reagent (Invitrogen, USA). MiR-30 family was detected by qRT-PCR. The procedure was the same as above. The sequences of the PCR primers (synthesized by Sangon Biotech Co, China) were shown in Table S1.



Cell Transfection

SCC9 or HN4 cells at a density of 1×105 per well were seeded into a 6-well plate and incubated overnight respectively, then transfected with mature miR-30b-5p mimic, miR-30e-5p mimic, miR-30b-5p inhibitor, miR-30e-5p inhibitor or negative control (Riobo Bio, China) using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer’s instructions. Total cell RNA was extracted by addition of 1 mL TRIZOL reagent (Invitrogen, USA) to the cells in each well according to the manufacturer’s protocol and used for qRT-PCR to detect the expression of miR-30b-5p and miR-30e-5p. The procedure is the same as above.



Cell Proliferation Assay

The transfected SCC9 or HN4 cells were plated in 96-well plates at 1000 cells per well and incubated at 37°C. CCK8 assay was performed at 0, 1, 2, 3, 4, 5, 6 day, respectively. A 10 μL of CCK8 solution (DOJINDO, Japan) was added and incubated for 2 h at 37°C, then optical density (OD) was measured at 450 nm in a microplate spectrophotometer.



Colony Formation Assay

The transfected SCC9 or HN4 cells at 500 cells per well were seeded into 6-well plate and incubated at 37°C for 10 days, colonies were fixed and stained with 0.1% crystal violet for 1 h. Then the clones were counted and normalized to the control group under a microscope.



Transwell Migration Assay

The transwell migration was performed using 24-well transwell chambers (8 μm, Millipore, USA). After transfection, 2×104 SCC9 or HN4 cells were resuspended in serum-free medium and seeded into the upper chambers. We added 0.6 mL medium containing 20% FBS to the bottom chambers. Following a 30 h incubation, cells on the upper surface of the membrane were removed using cotton swabs, and the invaded cells were fixed with 4% paraformaldehyde for 15 min, stained with 0.1% crystal violet for 1 h, and imaged using microscope. The areas of crystal violet were calculated by Image J 1.53 c (National Institutes of Health, USA).



Wound Healing Assay

About 1.5×106 transfected SCC9 or HN4 cells were seeded into 6-well plate and incubated at 37°C and grew until 100% confluence. Sterilized one-milliliter pipette tip was used to generate wounding across the cell monolayer, and the debris was washed with PBS. Migration of cells into the wound was then observed under inverted microscope at 0 and 12 hours.



Luciferase Reporter Assays

Vectors encoding the wild-type or mutant 3’UTR of KRAS, cloned behind Renilla luciferase, were constructed by Genomeditech (China). HEK-293 cells were seeded 24-well plates, the miRNA mimics and vector were transfected with HG transgene reagent (Genomeditech, China) when the cell density up to 70%. The cells were lysed with cell lysing buffer and luciferase activity was detected using the Renilla-Glo® Luciferase Assay System (Promega, USA) following the manufacturer’s instructions. All measurements represent the mean of 3 replicates in each experimental condition.



Western Blot

HN4 cells were transfected with miRNAs described above and then lysed by RIPA lysis buffer (Roche, Switzerland). The concentration of protein was determined using a BCA Protein Assay (Thermo Scientific, USA). Total protein at 30 μg was subjected to SDS-PAGE on a 4-12% gradient Bis-Tris gel (Invitrogen, USA). Protein was transferred to a 0.22 μm PVDF membrane which blocked with 5% skim milk. Primary antibodies used for probing are listed below. Secondary antibodies labelled with HRP (Beyotime, China) were used for detection at a dilution of 1:1000 and detected using Chemiluminescent HRP Substrate (Merck Millipore, USA), and signals were captured and observed using an Amersham Imager 600 (GE, USA). Primary antibodies: KRAS (1:5000, rabbit, Proteintech, China), GAPDH (1:10000, mouse, Proteintech, China).



Nude Mouse Tumorigenicity Assay

The nude mouse tumorigenicity model was constructed with 5-week-old male BALB/c nude mice. The mice were purchased from the Shanghai Sippr-BK laboratory animal Co. Ltd. and were housed in pathogen-free cages (n = 3/cage) with a controlled light/dark cycle (12/12 h) at a temperature of 21°C. The animal use protocol was approved by the Institutional Animal Care Committee and all procedures conformed to Animal Studies Committee-approved protocols. A total of 1×106 HN4 cells in 100 μL serum-free DMEM were injected into bilateral hip. A week later, the nude mice developed tumors in their buttocks. The mice were divided into 6 groups according to the miRNA injected: NC agomir, miR-30b-5p agomir, miR-30e-5p agomir, NC antagomir, miR-30b-5p antagomir, miR-30e-5p antagomir (Riobo Bio, China) (Figure 6A). Then miR-30b-5p or miR-30e-5p agomir were injected around the tumor at a dose of 5 nmol/tumor, twice a week for 4 times. MiR-30b-5p or miR-30e-5p antagomir was injected around the tumor at a dose of 10 nmol/tumor, twice a week for 4 times. The body weight and tumor size were measured regularly during the experiment. The mice were sacrificed at 12th day and tumors were dissected, then the tumor fixed with formalin for further hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) analysis.



IHC

Excised tumor tissues were fixed in 4% paraformaldehyde, dehydrated, paraffin-embedded, and cut into 5 μm sections. The sections were analyzed using primary antibodies against KRAS (1:800, rabbit, Proteintech, China), Ki67 (1:2000, rabbit, Proteintech, China) and a biotin-conjugated goat anti-rabbit polyclonal antibody (1:50; ZSGB-BIO, China) as the secondary antibody. Images were obtained by light microscopy (Olympus, Japan) at 400× magnification.



Analysis of TCGA Data

The HNSCC miRNA expression profile from TCGA was download through GDC API, the expression matrix was tidied by TCGA biolinks (23, 24). The putative biological role of the targets genes was performed by clusterProfiler that described by Yu et al. (25).



Functional Enrichment Analysis

The target genes of selected miRNA were predicted with the ENCORI (The Encyclopedia of RNA Interactomes) method. Potential target genes of miR-30b-5p or miR-30e-5p were predicted by ENCORI (http://starbase.sysu.edu.cn/) (26). An intersection analysis of predicted target genes of miR-30b-5p or miR-30e-5p and differential genes in mRNA array was carried out using the Venn diagrams web tool (http://bioinformatics.psb.ugent.be/webtools/Venn/). Moreover, top 20 of functional enrichment analysis was conducted through the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 (https://david.ncifcrf.gov/). The data were further developed by using the cluster Profiler package in R (version 3.6.1).



Statistical Analysis

Data are expressed as mean ± SD, and analyzed using SPSS 19.0. The differences between groups were analyzed using one-way ANOVA or non-paired t-test. All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, Inc.), and p < 0.05 was considered as statistically significant.




Results


Macroscopic and Microscopic Appearance of Rat Tumors

After 36 weeks, 17 rats with tongue tumors survived, and 3 rats died of pneumonia or gastroenteritis in the 4NQO induced group. In the control group, all 20 rats survived, and none exhibited tongue tumor formation. Based on macroscopic appearance, the tumors, which were consistently found on the dorsum of the tongue base, presented an exophytic neoplasm, while the normal mucosa was ruddy and smooth (Figure 1B). Histopathologically, the tumors spread into the submucosa and underlying muscle layer, forming small nests of atypical keratinizing epithelial cells that surrounded centrally located keratin pearls. No histopathological changes in epithelial cells were observed in the control group (Figure 1C).



miRNA and mRNA Expression Profiles in SD Rats With HNSCC

The expression levels of miR-30 family members (miR-30a-5p, miR-30a-3p, miR-30b-5p, miR-30c-3p, miR-30d-3p, miR-30e-5p and miR-30e-3p) were depressed in tongue SCC tissues (Table S2). The expression of the miRNAs miR-30c-5p, miR-30d-5p, and miR-30e-3p was verified to be decreased in tongue SCC tissues, which was in agreement with the results of miRNA microarray analysis (Figure S1B). Among the 8799 genes/ESTs analyzed, 372 genes were found to be differentially expressed in tongue SCC tumors (Table S3). The genes Ubadc1 (UBA domain containing 1), Ldhb (lactate dehydrogenase B), and Cabc1 (chaperone, ABC1 activity of bc1 complex homolog) were chosen for validation, and the results were consistent with the results of mRNA microarray analysis (Figure S1A).

The miRNA-mRNA interaction networks and top 20 enriched pathways suggested that oxidation-reduction might play a vital role in tongue SCC in SD rats (Figure 1D and S1C). There were 38 miRNAs related to oxidation reduction, including all members of the miR-30 family (Table S4). In addition, ion transport and carbohydrate metabolism might have been related to the development of tongue SCC in SD rats (Figure 1D).



The Expression of miR-30 Family Members Was Downregulated in HNSCC

The expression levels of miR-30 family members were measured in the SD rat oral squamous cell carcinoma cell lines Rca-T and Rca-B and primary oral mucosal epithelial cells from normal SD rats. As shown in Figure 2A, the expression levels of all the miR-30 family members were decreased significantly in Rca-T and Rca-B cells compared with normal SD rat oral mucosal epithelial cells. Similarly, the expression of miR-30 family members was shown to be downregulated in human HNSCC cell lines (HN4, HN6, HN30 and SCC9) (Figure 2B). Furthermore, miR-30b-5p and miR-30e-5p expression was significantly downregulated in human HNSCC tissues (Figures 2C, D). We found that the expression of miR-30b-5p and miR-30e-5p was lower in samples from the smoking group compared to those from the control group (Figures 2E, F).




Figure 2 | The expression of miR-30 family was downregulated in HNSCC. (A) The relative expression level of miR-30 family in rat oral squamous cell lines. (B) The expression level of miR-30 family in HNSCC cell lines. (C) The expression tendency of miR-30b-5p and miR-30e-5p in HNSCC samples base on TCGA database. (D) The expression level of miR-30e-5p and miR-30b-5p in paired HNSCC tissues. (E, F) The relative expression level of miR-30b-5p or miR-30e-5p in oral tissues classified according to clinical data (age, gender, tumor site, smoking, alcohol, pathological grade). (*p<0.05, **p<0.01, ****p<0.0001).





The Proliferation and Migration of HNSCC Cells Were Decreased by miR-30b-5p or miR-30e-5p

First, the expression of miR-30b-5p and miR-30e-5p in SCC9 and HN4 cells was increased after mimic transfection and decreased following inhibitor transfection (Figures 3A, B, E, F). After transfection of miR-30b-5p or miR-30e-5p mimic, the proliferation of SCC9 and HN4 cells was decreased (Figures 3C, G), while the proliferation of SCC9 and HN4 cells transfected with miR-30b-5p or miR-30e-5p inhibitor was increased (Figures 3D, H). The results showed that the colony-forming ability of SCC9 and HN4 cells treated with miR-30e-5p mimic was significantly worse than that of nontreated cells. In contrast, the colony-forming ability of SCC9 and HN4 cells treated with miR-30e-5p inhibitor was significantly better than that of non-treated cells. However, the colony-forming ability of HN4 cells treated with miR-30b-5p or miR-30e-5p inhibitor was not significantly different from that of nontreated cells (Figures 3I–N). The results of the transwell migration and wound healing assays suggested that the migration of SCC9 and HN4 cells was decreased by miR-30b-5p or miR-30e-5p (Figure 4).




Figure 3 | The proliferation of SCC9 and HN4 cells was depressed by miR-30b-5p or miR-30e-5p. (A) The expression level of miR-30b-5p in SCC9 cells after transfection with miR-30b-5p mimic or inhibitor. (B) The expression level of miR-30e-5p in SCC9 cells after transfection with miR-30e-5p mimic or inhibitor. (C) The proliferation of SCC9 cells after transfection with miR-30b-5p or miR-30e-5p mimic. (D) The proliferation of SCC9 cells after transfection with miR-30b-5p or miR-30e-5p inhibitor. (E) The expression level of miR-30b-5p in HN4 cells after transfection with miR-30b-5p mimic or inhibitor. (F) The expression level of miR-30e-5p in HN4 cells after transfection with miR-30e-5p mimic or inhibitor. (G) The proliferation of HN4 cells after transfection with miR-30b-5p or miR-30e-5p mimic. (H) The proliferation of HN4 cells after transfection with miR-30b-5p or miR-30e-5p inhibitor. (I–K) The colony formation of SCC9 cells depressed by miR-30b-5p or miR-30e-5p. (L–N) The colony formation of HN4 cells depressed by miR-30b-5p or miR-30e-5p. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n.s., no significance).






Figure 4 | The migration of SCC9 and HN4 cells were depressed by miR-30b-5p or miR-30e-5p. (A, B) MiR-30b-5p or miR-30e-5p influenced SCC9 cell migration. (C, D) MiR-30b-5p or miR-30e-5p influenced HN4 cell migration. (E, F) MiR-30b-5p or miR-30e-5p influenced the rate of SCC9 cell wound closure. (G, H) MiR-30b-5p or miR-30e-5p influenced the rate of HN4 cell wound closure. (*p<0.05, **p<0.01, ***p<0.001, n.s., no significance).





The Possible Target Genes of miR-30b-5p and miR-30e-5p

A total of 791 genes were predicted to be targets of miR-30b-5p by more than four websites (PITA, RNA22, miRmap microT, miRanda, PicTar, TargetScan), and 822 genes were predicted to be targets of miR-30e-5p by more than four websites (Tables S5 and S6). Intersection of the differentially expressed genes identified by mRNA microarray analysis and the target genes of miR-30b-5p predicted by ENCORI led to the identification of 8 genes (Figure 5A). A total of 9 genes were identified by intersection of these data for miR-30e-5p (Figure 5B). Among these genes, the expression of CECAM, KRAS, LYN, MYO5A, RTN4R, SLC4A7 and STC1 was downregulated in the mRNA microarray analysis. The differential expression of these genes was validated by real-time PCR in SCC9 and HN4 cells. The expression of KRAS, MYO5A and SLC4A7 was downregulated in both SCC9 and HN4 cells after transfection with miR-30b-5p mimic. Furthermore, the expression of KRAS, MYO5A and SLC4A7 was downregulated by miR-30b-5p mimic (Figures 5C, D and Figures S2A, B). Base pairing of miR-30b-5p or miR-30e-5p with the 3’ UTR of target mRNAs (KRAS, MYO5A and SLC4A7) was predicted by TargetScan (Figures 5E, F). In TCGA HNSCC samples, miR-30b expression was negatively correlated with KARS, MYO5A and SLC4A7 expression. MiR-30e expression had a negative correlation with MYO5A expression but a weak correlation with KRAS and SLC4A7 expression (Figures S2C–H). The results of the luciferase assay and western blot analysis revealed that the expression of KRAS could be inhibited by miR-30b-5p or miR-30e-5p, which indicates that KRAS might be the target gene of miR-30b-5p or miR-30e-5p (Figures 5G, H).




Figure 5 | Possible target genes of miR-30b-5p or miR-30e-5p in HNSCC. (A) The intersection of differential genes in mRNA microarray (373) and predicted targeted genes of miR-30b-5p by ENCORI (791). There were 8 genes in the intersection, the red arrows representing up-regulated genes and the blue arrows representing down-regulated genes. (B) The intersection of differential genes in mRNA microarray (373) and predicted potential targeted genes of miR-30e-5p by ENCORI (822). There were 9 genes in the intersection, the red arrows representing up-regulated genes and the blue arrows representing down-regulated genes. (C) The relative expression level of possible target genes in transfected SCC9 with miR-30b-5p mimic or inhibitor. (D) The relative expression level of target genes in transfected SCC9 with miR-30e-5p mimic or inhibitor. (E, F) Base pairing of miR-30b-5p or miR-30e-5p with 3’ UTR of target mRNAs was predicted by TargetScan (http://www.targetscan.org/vert_72/). (G) Relative luciferase activity after cotransfection of 293T cells with miR-30b-5p or miR-30e-5p and vectors containing wilt-type KRAS 3’ -UTR or 3’-mutant KRAS UTR cloned behind a Renilla luciferase reportor gene. (H) The expression of KRAS protein after transfection with miR-30b-5p or miR-30e-5p mimic or inhibitor. (**p<0.01, ***p<0.001, ****p<0.0001, n.s., no significance).





Tumor Growth Might Be Suppressed by miR-30b-5p or miR-30e-5p

Subcutaneous tumors were suppressed by miR-30b-5p agomir but promoted by the miR-30e-5p antagomir. The miR-30b-5p antagomir or miR-30e-5p agomir had little influence on tumor growth. Furthermore, no significant weight loss was observed in mice after miRNA injection, indicating that the miRNA had no toxic effects on mice (Figures 6B–F). H&E staining of tumors revealed obvious tumor features: large and hyperchromatic nuclei and mitosis were visible, but there was no obvious difference in these features between the six groups (Figure 6G). The expression of KRAS and Ki67 in tumors treated with miRNA agomir was weaker than that in tumor treated with the NC, indicating that KRAS expression might be decreased by miR-30b-5p or miR-30e-5p (Figures 6H, I).




Figure 6 | The tumor growth might be suppressed by miR-30b-5p or miR-30e-5p. (A) Injection protocols of the miR-30b-5p or miR-30e-5p for subcutaneous tumorigenesis in nude mice. (B) Macro images of subcutaneous tumors. (C, E) The volume of subcutaneous tumors in nude mice. (D, F) The body weight of tumorigenesis nude mice. (G) Representative images of H&E staining of subcutaneous tumors injected with different miRNAs (400×). (H, I) The expression of KRAS or Ki67 in subcutaneous injected with different miRNAs (400×). (**p<0.01, ***p<0.001).






Discussion

The development of tobacco-induced head and neck carcinogenesis is a complicated process that is still not completely understood at the molecular level. In the present study, we used a rat model of 4NQO-induced carcinogenesis to identify miRNAs and their targets that are involved in regulating the onset of HNSCC caused by tobacco and to initially identify the key miRNAs contributing to gene regulation during this developmental period.

4NQO exerts potent intracellular oxidative stress effects, and its metabolic product binds to DNA predominantly at guanine residues, which appear to be similar to the damage imposed by the carcinogens present in tobacco (27). Furthermore, this model is similar to human oral carcinogenesis at both the histological and molecular levels (15, 16). In this study, no tumors were observed in the digestive tracts, lungs, or livers of the 4NQO-treated rats, which further confirmed that this rat model simulates aspects of human oral cavity carcinogenesis.

In this study, microarray analysis revealed a set of differentially expressed miRNAs and mRNAs between tumor and normal tissues. These results agree with those of previous studies. For example, miR-21 was found to be oncogenic in HNSCC (28); miR-100 expression is decreased in oral cancer (29); and CDK6 is highly expressed in HNSCC (30), while S100 calcium binding protein B (S100B) expression is downregulated during carcinogenesis (31). These results indicate that the regulatory mechanisms mediated by common miRNAs may play a fundamental role in carcinogenesis. However, more aberrantly expressed miRNAs and mRNAs were found in this study due to the different platforms and methods used as well as the different miRNA and mRNA probe sources. The functions of most of the miRNAs and mRNAs identified in this study were not clear. The functions of these miRNAs and mRNAs will be studied in the future.

Furthermore, the miRNA-gene interaction networks based on the differential miRNA and mRNA expression data revealed some critical members during carcinogenesis. Targets of the downregulated miRNAs (i.e., rno-miR-30a and rno-miR-133a) and targets of the upregulated miRNAs (i.e., rno-miR-21, rno-miR-31, and rno-miR-188) share several target proteins, which indicates that the regulation of these proteins may be complex in vivo. This could explain why the expression levels of several targets did not always correlate with the modulation of miRNA levels. In addition, the five key miRNAs belonging to the miR-30 family, namely, rno-miR-30a, rno-miR-30b-5p, rno-miR-30c, rno-miR-30d and rno-miR-30e, were mainly enriched in the oxidation-reduction process. This result is not surprising because 4NQO has been shown to have similar effects as tobacco use, which potently induces intracellular oxidative stress (16). Moreover, miR-30 family members (miR-30b-5p, miR-30e-5p, miR-30d-5p, and miR-30c-5p) were noted to have the highest ratio and enrichment in the miRNA-GO network, and microRNA-GO network analysis revealed that the miR-30 family likely has a critical role in tobacco-related HNSCC.

The miR-30 family includes miR-30a, miR-30b, miR-30c, miR-30d and miR-30e. They all contain the same “seed sequence” in their 5’ termini and are abundantly expressed in the heart under physiological conditions (32). The modulation of miR-30, as a “hub” for the miRNA oncogenesis signal network in solid tumors, has profound impacts on tumorigenesis (33). Volinia et al. studied miRNA profiles in 4419 human samples (3312 neoplastic, 1107 nonmalignant), corresponding to 50 normal tissues and 51 cancer tissues, including epidermal SCC tissues (34). They found that miR-30 expression was downregulated and that this miRNA was physically altered at the DNA copy number level in cancer tissues. MiR-30 family members were also identified as tumor suppressors in a subset of patients with head and neck squamous cell carcinoma (35). Braun et al. discovered that downregulation of miR-30 expression directs the mesenchymal-epithelial transition and invasive potential of anaplastic thyroid carcinomas (36). Downmodulation of miR-30 expression is also found in a variety of tumors. Low expression of miR-30 family members contributes to the development of non-small-cell lung cancer (37), colorectal cancer (38), bladder cancer (39), and so on. In addition, the expression levels of miR-30 members are lower in the lungs of rats exposed to cigarette smoke than those of rats not exposed to cigarette smoke, which indicates that a change in miR-30 family member expression is an early event following exposure to cigarette smoke (40). In this study, we found that miR-30e-5p and miR-30b-5p can inhibit the proliferation, adhesion and migration of HNSCC cells lines. We also observed that miR-30b-5p and miR-30e-5p displayed significantly decreased expression in TCGA HNSCC specimens and that miR-30b-5p and miR-30e-5p expression was associated with tobacco abuse, indicating that miR30-miR-30b-5p and miR-30e-5p may play an important role in HNSCC development caused by tobacco. Moreover, it has been reported that miR-30e-5p suppresses cell proliferation and migration in nasopharyngeal carcinoma (41) and bladder cancer (42). In human hepatocellular carcinoma tissues and cell lines, miR-30b-5p expression is significantly downregulated, and this miRNA mediates DNMT3A to repress proliferation (43). It can also regulate renal cell carcinoma cell proliferation and metastasis through downregulation of GNA13 expression (44). These data were consistent with our studies showing that lower expression of miR-30e-5p and miR-30b-5p inhibited cell proliferation and migration in tumor tissues.

However, miR-30 reported as a “dual” miRNA, with opposite functions in many tumors, including non–small cell lung cancer and pancreatic cancer. MiR-30 family members also act as oncogenic miRNAs in the tumorigenesis of some cancers, indicating that their biological functions are complex. For example, MiR-30e expression is significantly upregulated in plasma samples from the malignant salivary gland tumor group compared to those from the benign group (45). Wang et al. revealed that upregulation of miR-30a expression contributed to tumor formation by inhibiting the expression of forkhead box protein L2 (FOXL2) in human granulosa COV43 cells (46). Moreover, miR-30a was overexpressed in the urine of ovarian serous adenocarcinoma patients (47). Gaziel-Sovran A et al. discovered that ectopic expression of miR-30b/30d promoted the metastatic behavior of melanoma cells by directly targeting the GalNAc transferase GALNT7 (48). Recent studies reported that the “dual” role of miR-30e within the same tumor type highlighting opposite effects based on different molecular backgrounds and in particular to TP53 status (49). Tobacco-associated cancers are generally characterized by high mutation frequencies and definitely have different molecular genetic background from other oral cancers, while 4NQO as a DNA adduct-forming agent can sufficiently mimic the tobacco carcinogenic signature and act as a tobacco-mimetic promoting TP53 mutation. It might explain why miR-30e-5p significantly downregulated in HNSCC samples but seemed have no effect in xenograft tumor models, which may due to the different genetic background of cell lines. Moreover, miR-30e may have other mechanisms in different tumor types. To the best of our knowledge, the expression of miR-30 in squamous cell carcinoma of epithelial origin is decreased, while in malignant tumors of nonepithelial origin is increased. The target genes of miR-30 in these two kinds of tumors may be different.

To identify which mRNAs are targeted by miR-30b-5p and miR-30e-5p in HNSCC, we predicted the target genes with ENCORI (The Encyclopedia of RNA Interactomes). Candidate targets were further identified from data on upregulated mRNAs in 4NQO-induced tumor specimens. Among these predicted miR-30b-5p and miR-30e-5p targets, KRAS, MYO5A and SLC4A7 were also validated to be altered in different HNSCC cell lines, in which KRAS was further validated as the target genes. Remarkably, the KRAS gene is the most frequently mutated oncogene in human cancer. Mutant KRAS proteins are insensitive to GAP-induced GTP hydrolysis, which is linked to many aspects of tumor initiation and progression, including deregulation of key signal transduction pathways, altered metabolism, metastasis and drug resistance (50). KRAS mainly activates the PI3K/AKT/mTOR and BRAF/MEK/ERK pathways and activates inflammatory pathways such as the NFκB signaling pathway, which is required for tumor maintenance and malignant transformation (50). Furthermore, studies of KRAS-driven metabolism, including glycolysis, mitochondrial respiration, glutamine metabolism, and pyrimidine metabolism, have identified numerous potential lethal synthetic vulnerabilities that may be associated with a variety of tobacco-induced oncogenic stresses, such as DNA damage and oxidative stress (51). On the other hand, MYO5A and SLC4A7 were also reported to promote proliferation, invasion, metastasis and apoptosis resistance in many cancers (52, 53). Together, our data suggested that decreased miR-30b-5p and miR-30e-5p expression which may target the KRAS gene, are implicated in regulating the onset of HNSCC caused by tobacco and promoting the malignant phenotype.

In summary, our studies revealed that lower expression of miR-30 family members, which are part of miRNA-gene regulatory networks and miRNA-GO networks, is probably essential for the development of tobacco-related HNSCC. Targeting of KRAS by miR-30b-5p or miR-30e-5p inhibits cell growth, proliferation and migration in the context of HNSCC, which suggests the potential of miRNA-based therapeutics or the combination of simultaneous targeting of multiple mRNAs with tumor-targeted therapies or resistance mitigation strategies. Taken together, these findings support the role of miR-30b-5p and miR-30e-5p as potential biomarkers and therapeutic agents for tobacco-related HNSCC.
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Supplementary Figure 1 | Bioinformatic analysis of miRNA and mRNA microarray. (A) The relative expression level of Ubadc1, Ldhb, Cabc1 in SD rat tongue SCC. (B) The relative expression level of miR-30c-5p, miR-30d-5p, miR-30e-3p in SD rat tongue SCC. (C) MicroRNA-gene-network. Red box nodes represent microRNA, and grey cycle nodes represent mRNA. Edges describe the inhibitive effect of microRNA on mRNA. (D) MicroRNA-GO-network. Red box nodes represent microRNA, and grey cycle nodes represent GO. Edges describe the effect of microRNA on GO. (**p<0.01, ***p<0.001, ****p<0.0001).

Supplementary Figure 2 | Possible target genes of miR-30b-5p or miR-30e-5p in HNSCC. (A) The relative expression level of possible target genes in HN4 after transfection with miR-30b-5p mimic or inhibitor. (B) The relative expression level of target genes in HN4 after transfection with miR-30e-5p mimic or inhibitor. (C–E) Correlation between miR-30b-5p and predicted possible genes in HNSCC samples of TCGA. (F–H) Correlation between miR-30e-5p and predicted possible genes in HNSCC samples of TCGA. (**p<0.01, ***p<0.001).
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Parameters

Sex

Age

Pathological grade
Pathological stage
Tumor size

Node stage
LINC02195 expression

HR (95%Cl)

0.813 (0.594-1.113)
1.021 (1.007-7.035)
1,047 (0.866-1.266)
1.136 (0.964-1.338)
1,025 (0.901-1.164)
1.125 (0.972-1.308)
0.743 (0557-0.991)

Cox proportional hazards regression model.
HR hazerd raio, 95% CI 95% confidence interval,

P < 0.05.

P-value
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0.003*
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0.115
0.043*
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Training cohort Validation cohort P Value
(N = 350) (N = 149)
Age <65 227 (64.9%) 97 (65.1%) 0.958
>65 123 (35.1%) 52 (34.9%)
Gender  Male 250 (71.4%) 116 (77.9%) 0.137
Female 100 (28.6%) 33 (22.1%)
Grade G1-2 258 (73.7%) 101 (67.8%) 0.124
G3-4 78 (22.3%) 43 (28.9%)
NA 14 (4.0%) 5 (3.4%)
Stage Stage I-I 69 (19.7%) 36 (24.1%) 0.265
Stage lIl-IV 281 (80.3%) 113 (75.9%)
T T1-2 123 (35.1%) 53 (35.5%) 0.768
T3-4 222 (63.4%) 90 (60.4%)
NA 5 (1.4%) 6 (4.0%)
N NO 177 (50.6%) 63 (42.3%) 0.110
N1-3 161 (46.0%) 79 (53.0%)
NA 12 (3.4%) 7 (4.7%)
M MO 332 (94.9%) 142 (94.0%) 0.145
M1 5 (1.4%) 0 (0.0%)
NA 13 (3.7%) 7 (4.7%)

NA, not applicable; Ambiguous variables (NA) were excluded from Chi-square test.
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Category

Upregulated

Downregulated

LncRNA symbol

KRT16P6-203
KRT16P6-204
CTsB-227
KRT16P6-201
RP11-54H7.4
CDH1-205
MIR31HG-201
IF144-206
STAT2-207
LINC00152
CDH3-210
PDZK1IP1-204
LINC00511-201
IFI44-204
LINC00511-202
HAS3-204
MACF1-215
HLA-F-227
SULF2-202
TENM2-201
TNNT3-215
LINC01405-201
H19-212
TNS1-216
RPS24-213
TNNT3-213
CTD-2545M3.8
MYL1-204
C190rf47-209
AMOT-205
PCNT-207
METTL21EP-202
COQBA-205
PDLIM5-216
FHL3-203
RP11-760H22.2
PDE4DIP-233
LEPR-206
SORBS1-215
RP4-791M13.3

Ensembl ID

ENST00000583748
ENST00000584481
ENSTO00000533110
ENST00000417510
ENSTO00000618966
ENST00000562836
ENST00000304425
ENST00000472152
ENST00000556539
ENST00000331944
ENST00000569117
ENST00000491793
ENST00000453722
ENST00000467790
ENST00000457958
ENST00000568321
ENST00000473843
ENST00000485513
ENST00000433632
ENST00000517586
ENST00000639560
ENST00000331096
ENST00000446406
ENST00000480665
ENST00000485708
ENST00000492075
ENST00000595005
ENST00000496436
ENST00000584868
ENST00000462114
ENST00000483844
ENST00000605100
ENST00000478406
ENST00000511767
ENST00000477194
ENST00000520544
ENST00000533845
ENST00000462765
ENST00000474353
ENST00000466343

Locus

chr17:16722827-16725442
chr17:16721306-16722677
chr8:11705188-11707556
chr17:16721297-16725893
chr13:109921982-109926186
chr16:68797197-68867441
chr9:21455641-21559668
chr1:79115643-79129763
chr12:56735381-56743559
chr2:87754948-87821037
chr16:68730047-68730826
chr1:47649272-47651016
chr17:70380443-70588943
¢hr1:79115627-79121196
chr17:70399463-70588479
chr16:69140157-69140891
<hr1:39900157-39901679
chr6:29691717-29693076
chr20:46290178-46292298
chr5:167248073-167379660
chr11:1949052-1959713
chr12:111374406-111375265
chr11:2016446-2019057
chr2:218713195-218723356
chr10:79793602-79800428
chri1:1946148-1955885
<hr19:50990067-50990895
chr2:211156756-211168339
chr19:40826987-40828246
chrX:112066366-112083911
chr21:47768153-47773240
chr13:103532449-103548383
chr:227127995-227175244
chr4:95376418-95471137
chr1:38463017-38471278
chrB8:121064419-121068423
chr1:144946702-144994926
chr1:66991372-66075951
chr10:97101341-97321130
chr1:144833168-144835867

logzFC

4.6923889
4.494188
3.5230004
3.2691007
29241856
2672898
2.6320908
2.5667645
2.2608986
22235254
2219285
2.1330875
20909352
2.0872088
2.0860305
2.0850456
20165445
1.9916707
1.9859734
1.949576
—4.262896
—4.084115
—3.534739
~3.447791
—3.00478
—2.969187
—2.809795
—2.693001
—2.678462
—2.629756
—2.435337
—2.402461
—2.383483
—2.286661
—2.264287
—2.21687
—2.201192
—2.079886
—2.077141
—2.071663

p-value

6.564E-05
0.0001269
0.0047111
8.906E-05
3.041E-06
0.0167189
0.0006836
0.0011736
0.0001073
0.0010058
0.0021646
0.0106663
0.0022785
0.0008379
0.0007322
0.0488404
0.0016772
0.0056367
0.0005177
0.0008307
0.0025895
0.0013337
0.0131478
0.0013045
0.0048687
0.0151812
0.0268764
0.0012879
0.0019579
0.0001059
0.0086552
0.0015185
0.0264686
0.006016
0.0049033
0.0001699
0.0016894
0.0006774
0.0008195
0.0015749
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Category

Upregulated

Downregulated

Gene symbol

MMP1, S100A7, PI3, MMP10, KRT17, LAMC2, COL1A1, KRTDAP, SERPINE1, S100A7A, CDH3, KLK5, KRT6B, CXCL10, KRT16, KRT14, ISG15,
TYMP, MMP3, CXCL13, TNC, IFI30, MMP9, DEFB4A, TENM2, HAS3, MMP12, POSTN, IFI6, COL12A1, PLAU, GBP1, FSCN1, BNC1, ADAM12,
COL3A1, CXCL, PTHLH, LAMP3, KLK7, ADAMTS2, GBPS, KLK6, INHBA, TNS4, S100A12, SAMDY, MMP11, SERPINB4, OAS2, CTHRC1,
S100A2, BST2, THBS2, CLCA2, DDX60, OAS3, KRT5, CXCL1, CPA4, COLSA1, CTSC, COL1A2, GJB6, OASL, MFAP2, EPSTI, PYGL, TAP1,
NELL2, IFI44, PTK7, COL7A1, SLC2A1, CPXM1, WFDCS, LAMB3, NME1-NME2, SCO2, COL6A2, RAB31, MYO1B, ACP5, MMP7, UBE2LS,
RSAD2, RBP1, VMP1, IFIT3, PLEK2, GJA1, EPPK1, CASP14, FAT1, MX1, IGF2BP2, FAM83A, TGFBI, DNAH17, SPP1, CALMLS, UBD, TTYH3,
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IFIH1, SULF2, GPRIN1, BASP1, MARCKSL1, RTP4, CRABP2, ENTPD7, HIST1H2AL, WNT7B, ACTN1, THY1, HIF1A, C6orf141, CTSV,
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FHL1, TNXB, LDB3, PPP1R3C, TNNC2, ENOS, P16, PPARGC1A, FBXO40, CKMT2, AMOT, ANKRD2, NRAP, SLC2A4, SH3BGR, PLIN4,
SCARAS, HSPB6, AC131097.2, MYOZ1, PGAM2, MB, PPP1R3A, MYH7, MYH2, CKM, MLIP, SPTB, RPLS3L, EEF1A2, XIRP1, ATP1A2, ACTA1,
ASB2, AMPD1, SRL, PRKAA2, MYBPC1, KLHL40, COX6A2, CA3, MYLK4, HIF3A, LDHD, CLEC3B, LMOD2, GDF10, MYOT, PEBP4, TCAP,
PFKM, PADI2, MYOM1, GPT, MYH11, SYPL2, FXYD1, NFIX, CAND2, MYL2, SMTNL2, GAMT, SCN4A, SMYD1, COX7A1, LMOD1, TNNI2, FITM1,
MYPN, SMTNL1, TRIMS4, TMOD1, ANGPTL1, MYOZ2, AGBL1, CRYAB, TUBAS, SOD3, RRAGD, COQ8A, CMYAS, FABP3, MAOB, SORBS1,
MYLK3, MLXIPL, ACACB, TPM2, DUSP13, NDRG2, MYLPF, RYR1, CHCHD10, MYL1, GPD1, LRRC2, ANKRD23, ART3, KLHL41, OBSCN,
S100A1, PLN, NT6C1A, ADPRHL1, C100rf71, TTN, DUSP27, LRRC39, TMEMS38A, SYNM, ABCA8, CACNAI1S, AGL, SFRP1, RCAN2, CLICS,
SYNPO2, PHYH, HSPB7, MYBPC2, FNDCS, HRC, PLINS, PLACY, APOBEC2, MYOM2, CFD, NEB, ADSSL1, MYO18B, TCEA3, TNNT3, ACTN2,
CAPNS, GPIHBP1, TNNT1, TMEMS2, TRDN, PPP1R1A, MYL3, GOT1, STACS, PDK4, SLC36A2, ADH1B, TXLNB, JPH1, FLNC, TNNC1, RTN2,
FILIP1, SLN, GPC, SPEG, MYH6, TMOD4, HSPB2, LMODS3, TMEM182, SMPX, DMD, CLCN4, DUSP26, AC083902.2, DES, ZBTB16, KLHL31,
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CAMK2A, KLHL38, CAMK2B, JPH2, GMPR, UNC45B, LIMCH1, CALML6, MYOMS3, HSPBS, KY, TRIMSS, FHL3, ASB16, PDE4DIP, CACNG1,
PLPP7, GADD45G, ACHE, ZNF106, JSRP1, ALDH1A1, PDLIM3, MYADML2, ASBS5, AK1, BEST3, DYRK1B, PFKFB1, MYOZ3, ADH1C, NOS1,
CSRP3, CFL2, TRIM72, SCN4B, SHISA4, DDITAL, MYH14, PTGIS, MYLK2, CES1, ALPK3, TNNI1, TBX15, KLHL33, APOD, CAP2, PLA2G2A,
CACNGS, PLIN1, TSPAN7, PGM1, SEMASC, BIN1, MYH1, PRELP, RBM24, SH3BGRL2, CAV3, MFAP4, ANK1, STBD1, WNK2, PPP1R27, LPL,
ADIPOQ, NEXN, NMRK2, CAVIN4, DPT, IP6K3, MGP, PRUNE2, CASQ2, HBA2, HBB, PODN, HSPB3, CILP, MYOG, MYH8, HBA1, KRT4
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Variables

Univariate analysis

Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value
TCGA training cohort
Age 1.033 (1.015-1.051) <0.001 1.031 (1.012-1.051) 0.002
Gender 0.622 (0.423-0.914) 0.016 0.833 (0.548-1.266) 0.393
Grade 0.985 (0.731-1.328) 0.923 1.081 (0.797-1.467) 0.617
Stage 1.326 (1.050-1.674) 0.018 1.681 (1.237-2.283) <0.001
T 1.025 (0.843-1.247) 0.803 0.801 (0.635-1.009) 0.06
N 1.055 (0.851-1.306) 0.626 1.052 (0.830-1.334) 0.674
Risk score 6.945 (3.538-13.632) <0.001 6.387 (3.281-12.432) <0.001
TCGA validation cohort
Age 1.007 (0.980-1.034) 0.622 1.004 (0.975-1.035) 0.785
Gender 1.855 (0.823-4.181) 0.136 1.589 (0.684-3.690) 0.281
Grade 1.358 (0.877-2.090) 0.172 1.151 (0.725-1.826) 0.551
Stage 1.198 (0.850-1.690) 0.802 1.170 (0.684-2.002) 0.566
T 1.123 (0.811-1.555) 0.484 0.999 (0.628-1.591) 0.997
N 1.066 (0.774-1.470) 0.694 0.964 (0.647-1.436) 0.856
Risk score 3.217 (1.691-6.118) <0.001 2.812 (1.439-5.495) 0.002

HR, Hazard ratio. Bold value showed significance.
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Ensembl ID LncRNA  TF symbol Gene symbol
symbol

ENST00000304425 MIR3THG SMAD2  FBLIM1, ACTN1, MYO1B
E2F6 GPR68
E2F4 FABPS
NFKB1 DDX60, HELZ2, IFIH1
SMARCC1 HSPB3
SMAD4  MYO1B
SMARCA4  ITGA3, PYGL
EP300 GAMT
ENST00000331944 LINC001562 SMAD2 FBLIM1, ACTN1, MYO1B
E2F6 GPR68
E2F4 FABPS
NFKB1 DDX60, HELZ2, IFIH1
SMARCC1 HSPB3

STAT1 ACP5
ENST00000453722 LINCO0511 SMAD2 FBLIM1, ACTN1, MYO1B
ENST00000457958 E2F6 GPR6S

E2F4 FABPS

SMARCA4  ITGAS, PYGL

STAT1 ACP5

REST TNC

CEBPA S100A12

MYC SLC7AS
ENST00000446406 H19 ERG SORBS1

NFYB AMOT, SLC2A4, DEPTOR,

ADH1C, ACTN1

RARA TRIMSS, LIMCH1

E2F1 ACTN1

PPARGC1A ATP1A2

TAF1 2ZNF106

STAT1 MLXIPL
ENST00000595005 CTD- ERG SORBS1

2545M3.8 NFYB AMOT, SLC2A4, DEPTOR,
ADH1G, ACTN1
ZNF711 SLC25A4

AR XIRP1
ENST00000466343 RP4- ERG SORBS1
791M13.3  NFYB AMOT, SLC2A4, DEPTOR,
ADH1C, ACTN1
RARA TRIMSS, LIMCH1

SMAD2 CDH3, MYO1B, SLC7A5, ACTN1
CEBPA S100A12, PDZK1IP1
TCF7L2 UsP13

E2F4 PYGL
MED12 LIMCH1
ENST00000520544 RP11- ERG SORBS1
760H22.2 NFYB AMOT, SLC2A4, DEPTOR,
ADH1C, ACTN1
RARA TRIMSS, LIMCH1
E2F1 ACTN1

SMAD2 CDH3, MYO1B, SLC7A5, ACTN1
CEBPA  S100A12, PDZK1IP1
TCF7L2 UsP13

E2F4 PYGL
ESR2 ASB16
MYC PYGL
E2F6 ACTN1

TFAP2C CPA4
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Factors LINCO1929 expression
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GAPDH
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)
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Sequence (5'-3)

5-TGCCTTTGGTGTGGTCCTGTTIC -3
5 AAGATGOCCATACCAGACCTCCAG-3
5-GGOGAGCAGAGCTACTACC-3'
5-TGOGAGTACACGCTCATGG
5-GGTCTCCTCTGACTICAACA -3
5-GTGAGGGTCTCICTCTICCT3"
5'-COATTCATTCGTTATTGCTTAAGA 3"

5 TATGCTTGTTCTCGTCTCTGTGTC-3
5- CTCGCTTCGGCAGCACA -3'
5- AACGCTTCACGAATTTGCGT -3
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LncRNA

NEAT1

HOTAIR

HOTTIP

UCAT

MALATT

H19

NAG7

NKILA

LINC00467

KTN1-AS1

RC3H2

AC091729.7

Genome

11q13.1

1291313

7p15.2

19p13.12

11q13.1

11p15.5

3p25.3

20q13.31

1932.3

14g22.3

9882

Chromosome 7

ADAMTS9-AS2  3p14.1

Expression

- Upregulated in OSCC;

- Overexpressed in LSCC

- Overexpressed in OSCC and LSCC and
correlated tumor metastasis;

Increased level of HOTAIR and miR-21 in the
blood of patients with LSCC were associated with
T classification and lymph node metastasis

Overexpressed in TSCC samples and associated
with clinical stage, distant metastasis, and OS rate

- Overexpressed in TSCC samples;
Potentially prognostic indicator of ymph node
metastasis

Overexpressed in LSCG and OSCC samples,
especially in metastatic TSCC with cervical lymph
node metastasis

Overexpressed in patients with LSCC and
positively correlated with cervical ymph node
metastasis

- Downregulated in NPC samples and positively
correlated with cervical lymph node metastasis

Downregulated in TSCC tissues

Overexpressed in HNSCC and positively
correlated cell motiity and EMT process

Upregulated in HNSCC tissues

Overexpressed in OSCC tissues and the FISH
assay verified the cytoplasm location

- Upregulated and closely connected with the OS
of the sinonasal squamous cell carcinoma
(SNSCC) patients

- Significantly upregulated in TSCC tissues from
patients with lymph node metastasis and is
closely associated with poor prognosis

Biological function and mechanism

Promoted cell motiity of OSCC by sponging miR-365;
- Regulated CDK6 in LSCC, mediated by miR-107

Promoted tumor metastasis through EZH2 recruitment
and E-cadherin silencing in OSCC;
- Triggered metastasis in OSCC through modulation

of EMT;
- Promoted OSCC metastasis through

miR-326-MTA2 axis
- HOTTIP silencing repressed tumor cell growth and
resulted in a great rise of miR-124-3p and E-cadherin
expression and a distinct fall of HMGA2, -catenin,
and o-Mya protein levels
Promoted cell migration and invasion by targeting
miR-143-3p in OSCC;
Modulated TGF-p induced EMT and OSCC invasion
through JAG1/Notch;
Contributed to OSCC progression by regulating the
WNT/g-catenin signaling pathway
Potentiated metastasis of TSCC via miR-140-5p/PAK1
axis modulation;
Modulated TSCC metastasis partially through the
regulation of SPRR;
- Mediated the pro-metastatic role of STAT3 in HNSCC
via interaction with miR-30a;
Promoted OSCC metastasis by inducing EMT
Promoted TSCC metastasis through
B-catenin/GSK3p/EMT axis;
Facilitated TSCC invasion via sponging miR-let-7
- Promoted NPC invasion and metastasis via regulation
of ERalpha and JNK2/AP-1/MMP1 signaling pathways
Attenuated migration and invasion of TSCC via EMT
suppression
Raised USP48 expression through miR-299-5p
regulation
Promoted cell proliferation, migration, invasion through
miR-153-3p sponge in HNSCC;
- Aberrant expression of SNAI1 and ZEB2 mediated the
role of KTN1-AS1 due to miR-153-3p exhibition
Promoted OSCC proliferation, invasion, metastasis and
increased level of EZH2 and H3K27Me3 expression;
- Served as ceRNA sponging miR-101-3p and

targeted EZH2
- Served as a novel biomarker and latent curative target
in SNSCC, through SRSF2 combination

ADAMTSQ-AS2 knockdown led to the inhibition of cell
migration and invasion and reversed TGF-g1

induced EMT;

- Shared the miRNA response elements (MRES) of
miR-600 with EZH2
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