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Although integrin subunit genes (ITGs) have been reported to be associated with some human cancer types, a systematic assessment of ITGs across human cancers is lacking. Hence, we performed comprehensive analyses to investigate mRNA expression, copy number variation (CNV), DNA methylation, mutation, and clinical landscapes of ITGs in more than 8000 cancer patients from The Cancer Genome Atlas (TCGA) dataset. Landscapes of ITGs were established across 20 human cancer types. We observed that ITGs are extensively dysregulated with heterogeneity in different system cancer types, part of which are driven by CNV, DNA hypomethylation or mutation. Furthermore, dysregulated prognosis-related ITGs were systematically identified in each cancer type, including ITGA11 in stomach adenocarcinoma (STAD). The models based on dysregulated ITGs with clinical relevance and TNM staging indexes are good indicators in STAD and head and neck squamous cell carcinoma. Finally, ITGA11 is overexpressed and associated with poor survival in STAD cases from the TCGA and additionally Gene Expression Omnibus cohorts. Functionally, ITGA11 knockdown inhibits malignant phenotypes in STAD cell lines AGS and MKN45, demonstrating the oncogenic role of ITGA11 in STAD. Together, this study highlights the important roles of ITGs in tumorigenesis as potential prognostic biomarkers, and provide an effective resource that identifies cancer-related genes of ITGs in human cancers.
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Introduction

Cancer risk is considered a leading cause of death and an important challenge to increase life expectancy in the global world, with 19.3 million new cases and 10 million cancer deaths in 2020 (1). In the last decade, Pan-cancer analysis was used in cancer studies to obtain a comprehensive and in-depth characterization of specific functions, genes or biological processes, etc. across human cancer types (2). For instance, recently Pan-cancer analysis characterized the dual functions of heat shock proteins, which aid the development of heat shock protein inhibitors in human cancers (3). We previously established a landscape of rRNA metabolism-related genes across human cancers and explored their roles in tumorigenesis (4). Besides, another Pan-cancer analysis explored the role of ATG5 in tumor metabolism and tumor immunity (5). Hence, Pan-cancer analysis demonstrates new and unique insights in cancer researches.

Integrins, a unique class of signaling molecules, implicated in cancer progression via other signaling molecules, mechanotransducers, and key components of the cell migration machinery, etc. The alterations of integrin expression patterns have been observed in malignant tumors (6). Integrin subunit genes (ITGs) contains a series of alpha (ITGA1, ITGA10, ITGA11, ITGA2, ITGA2B, ITGA3, ITGA4, ITGA5, ITGA6, ITGA7, ITGA8, ITGA9, ITGAD, ITGAE, ITGAL, ITGAM, ITGAV and ITGAX) and beta (ITGB1, ITGB1BP1, ITGB1BP2, ITGB2, ITGB3, ITGB3BP, ITGB4, ITGB5, ITGB6, ITGB7, ITGB8 and ITGBL1) genes. It was reported that some ITGs were associated with epigenetic alteration and played important roles in tumor progression or cancer therapy (7–11). Although several studies reported the roles of ITGs in single cancer type (12–14), a comprehensive characterization of ITGs across human cancers has not yet been explored.

In this scenario, Pan-cancer analysis of ITGs was performed based on The Cancer Genome Atlas (TCGA) across 20 cancer types. We constructed landscapes of expression, genomic and epigenetic alterations, as well as the clinical relevance of these genes in multiple cancer types using multi-omics data. Moreover, ITGA11 was chosen to validate its oncogenic role in stomach adenocarcinoma (STAD).



Materials and Methods


Data and Resources

TCGA Pan-cancer data, including gene expression, copy number variation (CNV), DNA methylation, mutation and clinical data, were downloaded from the Genomic Data Commons Data Portal, including gene expression. Primary tumor samples were used in this study. Overall survival (OS) data of the TCGA cohort was obtained from the integrated TCGA Pan-cancer clinical data resource (15). Abbreviation and patient number of each cancer type were shown in Table S1. GSE66229, GSE13911 and GSE26899 STAD datasets were downloaded from Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo, Table S2). Expression of ITGA11 in STAD cell lines was obtained from Cancer Cell Line Encyclopedia (CCLE, https://portals.broadinstitute.org/ccle).



Differential Expression Analysis

Gene Set Enrichment Analysis (GSEA) was used to identify the total ITGs that were significantly enriched between tumor and normal samples (16). Dysregulated ITGs were identified as previously described (4). The Jaccard index was used to evaluate the ratio of the dysregulated ITGs that are common to two cancer types. The Pheatmap package of R software 3.5.0 was used to analyze and visualize hierarchical cluster analyses.



CNV, DNA Methylation and Mutation Analyses

Three criteria were made to identify CNV-driven dysregulated ITGs for each cancer type: (1) more than 40% tumor samples with CNV > 0.1/< -0.1 and lower than 40% tumor samples with CNV < −0.1/> 0.1; (2) the mean values of CNV in tumor samples > |0.1| (3) Pearson correlation between expression and CNV > 0.3, false discovery rate (FDR) < 0.05 was considered significant (4). Besides, we made two criteria to discover DNA methylation/hypomethylation-driven dysregulation of ITGs: (1) difference methylation levels (β-value) of the genes between tumor and normal samples >|0.05| for each cancer type. FDR<0.05 were retained; (2) Pearson correlations between gene expression levels and methylation levels <−0.3 and FDR<0.05 (4). The R software 3.5.0 was used to analyze the Pearson correlations between gene expression and CNV/methylation levels. The Maftools package from R software 3.5.0 was used to analyze mutation across human cancers from the TCGA (17). Nonsynonymous mutations were included in this study, and silent variants were excluded.



Survival Analysis

OS analysis was performed as previously described (4, 18): the survival cases were divided into high and low expression groups for each ITGs, differences in P value were examined in the survival outcomes of the groups according to Kaplan–Meier survival analysis, and we select the value yielding the lowest log-rank p-values from the 10th to 90th percentiles of the samples. Hazard ratio (HR) > 1 and P<0.05 in the five-year were considered significantly associated with poor survival, while 0 < HR < 1 and P < 0.05 were regarded to be associated with favorable survival. Cox regression model analyses were conducted as previously described (18).



Cell Lines and Transfection

STAD cell lines AGS and MKN45 were acquired from Cell Bank of Chinese Academy of Medical Sciences (Shanghai, China) and were cultured in RPMI 1640 medium containing 10% fetal bovine serum and 1% penicillin-streptomycin. All these cell lines were incubated at 37°C in 5% CO2. The synthetic ITGA11 siRNA#1 (5’-GACGGCAUUUGGCAUUGAATT-3’), siRNA#2 (5’-GACCUUCUCUCAGUCGAGUAUTT-3’) and the negative control siCtrl (5’-UUCUCCGAACGUGUCACGUTT-3’) (GenePharma, Shanghai, China) were transiently transfected into STAD cells using Lipofectamine 2000 (Invitrogen, USA). After 48 hours, the transfected cell lines were collected for further experiments and the efficiency of transfection was determined by quantitative RT-PCR (qRT-PCR).



QRT-PCR

Total RNA was extracted using TRIzol reagent (TaKaRa, Japan). Complementary cDNA was generated using the Prime-Script RT reagent kit (CWBIO, China). UltraSYBR Mixture (CWBIO) was used to detect the relative mRNA expression. The levels of β-actin were used for the reference and normalized control.



Cell Proliferation Kit 8 and Colony Formation Assays

Cells (2000) were plated in 96-well plates and grown for 5 days, detected with Cell Counting Kit-8 (CCK8, APExBIO, USA) according to the manufacturer’s instruction. Cells (2000 for AGS, 1000 for MKN45) were placed in 6-well plates and cultured in media containing 10% FBS for 10 days, and were stained with 1.0% crystal violet in 20% methanol for 30 minutes.



Migration and Invasion Assays

Transwell assays (Corning, New York, USA) were performed to test the abilities of cell migration (1× 105/well) and invasion (2 × 105/well). STAD cells AGS and MKN45 were planted to the upper chamber of the 24-well insert (membrane pore size, 8 μm; Corning Life Science, USA) with or without Matrigel. The top side of the transwell chamber was filled with 10% FBS medium and the low side with 1% FBS medium. After incubation for 24 hours, cells that had migrated or invaded through the membrane were fixed with methanol for 10 minutes and stained with 0.1% crystal violet for 30 minutes.




Results


ITGs Were Dysregulated Across Human Cancers

To characterize the dysregulation of ITGs in human cancers, we firstly used GSEA to estimate the enrichment of total ITGs based on the TCGA dataset (16). GSEA demonstrates that total ITGs were positively enriched in CHOL, CRC, ESCA, GBM, HNSC, KIRC, LIHC, STAD and TCHA, whereas they showed negative enrichment in BLCA, BRCA, CESC, KICH, KIRP, LUAD, LUSC, PAAD, PCPG, PRAD and UCEC, suggesting that heterogenous expression ITGs across human cancers (Figure 1A). Next, a set of significantly dysregulated ITGs was identified in each cancer type (Figure 1B). Compared with other cancers, most of digestive system cancers exhibit more upregulated ITGs, such as CHOL, ESCA, LIHC and STAD (Figure 1C). Furthermore, we found that some ITGs such as ITGA3, ITGA6 ITGA11, ITGB4, ITGB6, etc. were frequently upregulated in human cancers, whereas ITGs including ITGA1, ITGA7, ITGA8, ITGA9 and ITGB3, etc. were usually downregulated (Figure 1D). To investigate the connectivity of dysregulated ITGs, we used Jaccard indexes to evaluate the overlap of these dysregulated genes in each cancer type (Figure 1E). For upregulated ITGs, we observed that CRC, CHOL, LIHC, ESCA, STAD, LUAD and LUSC were clustered together, suggesting the common features between digestive and respiratory system cancer types (Figure 1E left). For downregulated ITGs, CESC, UCEC and BRCA were clustered together, indicating gynecologic and breast cancer types with common features (Figure 1E right). Finally, co-expression analyses showed that ITGs were co-expressed across human cancers with different patterns (Figure 1F and Supplementary Figure 1). Our data indicate that ITGs are significantly dysregulated with heterogeneity in cancer types from different systems.




Figure 1 | Expression landscape of ITGs in human cancers. (A) Barplot depicting the GSEA performance for ITGs set in TCGA tumor and normal samples.(B) Heatmap showing the FC of ITGs across multiple cancers from the TCGA. (C) The number of significantly dysregulated ITGs for each cancer from the TCGA. (D) Barplot showing the distribution of dysregulated ITGs across multiple cancers from the TCGA. (E) Heatmap visualizing the matrix of Jaccard indices of the shared connections for the upregulated (left) and downregulated (right) ITGs of each cancer from the TCGA. Hierarchical clustering was performed in the matrix. (F) Heatmap showing the correlation levels among ITGs in each TCGA cancer type.





The Genomic and Epigenetic Alterations of ITGs in Human Cancers

CNV can regulate the expression of genes related to tumorigenesis and development, we therefore evaluated the effects of CNV on the expression of ITGs in human cancers (Figure 2A). Seven cancer types contain CNV-driven ITGs, and KICH showed the most CNV-driven genes across human cancers (N=5, Figure 2B). All CNV-driven genes in KICH were CNV loss-driven, being consistent with the result of KICH that showed the most downregulated ITGs in human cancers. Eight ITGs were CNV-driven in human cancers, and ITGB8 showed a CNV-driven upregulation in four cancer types (Figure 2C). DNA methylation dysregulation is one of the most important epigenetic abnormalities in human cancers. Hence, we also identified the effects of DNA methylation on the expression of ITGs (Figure 2D). Methylation/hypomethylation-driven ITGs dysregulation were observed in more than half of cancer types analyzed in this study (Figure 2E), and nine ITGs appear to be DNA methylation regulated (Figure 2F). Interestingly, most of these ITGs demonstrate DNA methylation-driven downregulation in human cancers.




Figure 2 | CNV and DNA methylation landscapes of ITGs in human cancers. (A) Heatmap showing the CNV types of ITGs across multiple cancers from the TCGA. (B) Barplot showing the number of CNV-driven dysregulated ITGs for each cancer from the TCGA. (C) Barplot showing the distribution of CNV-driven dysregulated ITGs across multiple cancers from the TCGA. (D–F) Similar to (A–C), but for DNA methylation types and Methylation/Hypomethylation-driven dysregulated ITGs.



Gene mutation is another important mechanism mediating carcinogenesis. Thus, we constructed the mutational landscape of ITGs in human cancers (Figures 3A, B). Figure 3A showed that CRC, ESCA, GBM, LIHC, LUAD, LUSC, STAD and UCEC had relatively higher mutational rates (more than 25%) across human cancers, whereas CHOL, KIRC, PAAD, PCPG, PRAD and THCA showed relatively lower mutation levels (less than 10%). C > T transition, a signature of base excision repair and DNA replication, was the most predominant mutation type in most cancer types. LUAD and LUSC compassed higher C > A transversions, which were supposed to be associated with tobacco carcinogens (19). Furthermore, most ITGs exhibit mutation rates less than 3% (Figure 3B). ITGs showed the highest mutation rates in UCEC compared with other cancer types. Note that some dysregulated genes showed relatively higher mutation rates. For instance, both ITGA8 and ITGAX were downregulated and showed more than 8% mutation rates in LUAD, whereas ITGAV and ITGB4 were upregulated and their mutation rates ranked top two in STAD. The other three ITGs, ITGA1, ITGA7 and ITGA8, were downregulated and showed more than 7% mutation rates in UCEC. We further analyzed the expression of these ITGs among normal, wild-type and mutant tumor tissues in these cancer types (Supplementary Figure 2). Interestingly, the expression levels of both ITGA8 and ITGAX were decreased successively in normal, wild-type and mutant LUAD samples, as well as ITGA1 and ITGA7 in UCEC (Supplementary Figures 2A, C). The expression of ITGB4 was increased successively in normal, wild-type and mutant LUAD samples (Supplementary Figure 2B). Our analyses revealed that part of the dysregulated ITGs are caused by genomic or epigenetic alteration in human cancers.




Figure 3 | Mutation landscape of ITGs in human cancers. (A) Small pie charts showing the proportion of the six transition and transversion categories for each cancer type. Cycle showing the mutation rates (at least one gene mutant in this sample) for each cancer type. (B) Heatmap showing mutation rate of each ITG in human cancers.





The Expression of ITGs Is Associated With Clinical Outcomes in Human Cancers

To investigate the correlation between ITGs’ expression and patients’ survival, total/10-year/5-year OSs were assessed in each cancer type (Figure 4A). Almost all ITGs were associated with at least one OS type. Furthermore, we identified some survival-related ITGs which were defined as dysregulated prognosis-related ITGs. We found that those upregulated and poor prognosis-related ITGs accounted for a large proportion. For instance, in GBM, HNSC, LIHC and STAD, etc., especially in HNSC or STAD, all dysregulated prognosis-related ITGs were upregulated and associated with poor OS (Figure 4B). ITGA11, ITGA3, ITGAV, ITGB4 and ITGB6, etc. were upregulated and associated with poor survival in multiple cancer types (Figure 4C). We further selected HNSC and STAD to develop Cox regression models based on the expression of dysregulated prognosis-related ITGs and TNM staging indexes, which were widely accepted as a powerful predictor for survival and treatment response in cancer therapies (Figures 4D, E). Our analyses showed that significant differences in prognosis was observed between the high and low risk groups in STAD or HNSC. Besides, the risk of tumor progression increased as the risk scores, and the ITGs’ expression gradually increased as the risk scores in STAD or HNSC. These data hint that the models according to the dysregulated prognosis-related ITGs and TNM staging indexes are good indicators in these two cancer types.




Figure 4 | Identification of dysregulated ITGs with clinical relevance. (A) Heatmap showing the survival types of ITGs across multiple cancers from the TCGA. (B) Barplot showing the number of dysregulated ITGs with clinical relevance for each cancer from the TCGA. (C) Barplot showing the distribution of dysregulated ITGs with clinical relevance across multiple cancers from the TCGA. (D) Risk score distribution with patient OS (top, the black dotted line split the cohort into the high-risk and the low-risk score group), TNM staging indexes (middle) and expression of dysregulated ITGs with clinical relevance (bottom) in STAD and HNSC. (E) Kaplan-Meier plots showing the OS and ROC plots showing the AUC of the risk score in STAD and HNSC. (F) Heatmap showing the correlation among TNM stage, gender, age and expression of ITGs in each cancer type.



To further clarify the clinical significance of ITGs across human cancers, we analyzed the associations between the expression of ITGs and several clinical indexes, such as TNM stage, gender and age (Figure 4F). Many ITGs were associated with at least one type of three indexes. For example, ITGA11 was the poor survival factor in THCA, which is overexpressed in advanced TNM stage, male and relative younger patients. The expressions of ITGAL and ITGAM downregulated in LUAD were relative in early TNM stage, female and relative younger patients. Collectively, these results suggest that ITGs are associated with patient’s prognosis in human cancers.



Functional Effects of ITGs in Human Cancers

STAD has a relatively higher proportion of upregulated ITGs (Figures 1A, 4A, B), as well as prognosis-related ITGs. Of these dysregulated ITGs, ITGA11 was also upregulated and associated with poor prognosis in multiple cancer types, such as BRCA, GBM, LUAD, LUSC, STAD and THCA (Figures 4A–C). The tumor-promoting effects of ITGA11 have been reported in BRCA and non-small cell lung cancer (20, 21). However, ITGA11 has not been reported in STAD yet. We therefore selected ITGA11 for further analyses in STAD. Notably, ITGA11 was upregulated in STAD based on TCGA and additional GEO cohort (Figure 5A). Importantly, ITGA11 overexpression was significantly correlated with poor OS in two STAD cohorts (Figure 5B). Importantly, the expression of ITGA11 remained an independent prognostic variable for OS in TCGA STAD cohort (Supplementary Figure 3A). Moreover, the expression of ITGA11 was relatively higher in advanced STAD cases from the TCGA (Supplementary Figure 3B). To further address whether ITGA11 was associated with STAD tumorigenesis and development, we performed knockdown experiments for ITGA11 in AGS and MKN45 cell lines, in which ITGA11 was relatively overexpressed based on the data of CCLE STAD cell lines (Figure 5C). CCK8 assay results showed that ITGA11 knockdown significantly inhibited cell proliferation and colony formation (Figures 5D–F). Transwell assays showed that silencing ITGA11 expression inhibited the migration and invasion of AGS and MKN45 cells (Figures 5G, H). Moreover, function enrichment analysis also revealed that the pathways in cancer, epithelial-mesenchymal transition and inflammatory response signatures were enriched in ITGA11 overexpressed STADs from the two datasets (Supplementary Figure 4). Expression of ITGA11 was negatively correlated with CDH1, whereas positively correlated with VIM or CDH2 in tumor samples of STAD from the TCGA and GSE66229 datasets (Supplementary Figure 5). These results suggest that ITGA11 could promote malignant phenotypes of STAD and is associated with cancer-related processes. Dysregulated prognosis-related ITGs could be an effective resource to functionally identify cancer-related genes.




Figure 5 | Identification and functional validation of ITGA11 in STAD. (A) Boxplot of ITGA11 expression in tumor and normal samples of STAD from the TCGA and GEO datasets. P values of boxplots are based on the Mann–Whitney test. (B) Kaplan–Meier plot showing 5-year OS and PFS with the expression of ITGA11 in STAD samples from the TCGA and GEO datasets. (C) Barplot showing the expression of ITGA11 in STAD cell lines. (D) Relative abundance of ITGA11 levels were detected in AGS and MKN45 by qRT-PCR after transfected siRNAs. Data are shown as means ± SEM. P values of barplots are based on the Mann–Whitney test. (E, F) The effects of ITGA11 on proliferation (E) and colony formation (F) in AGS and MKN45 cell lines. Data are shown as means ± SEM. P values of barplots are based on the Mann–Whitney test. (G, H) Cell migration (G) and invasion (H) were detected by transwell assays. Data are shown as means ± SEM. P values of barplots are based on the Mann–Whitney test. *P < 0.05.






Discussion

In this study, we performed a comprehensive analysis to explore the ITGs across 20 human cancers (Figure 6). We found that ITGs were usually dysregulated in human cancers. Especially different system cancer types showed different patterns. For instance, almost all the ITGs upregulated in digestive system cancer types, including CHOL, ESCA, LIHC and STAD. Interestingly, previous Pan-cancer analysis of the rRNA metabolism-related genes also exhibited similar results (4).




Figure 6 | Schema demonstrates Pan-cancer analyses of ITGs in human cancers.



How are these ITGs dysregulated across human cancers? The CNV or DNA methylation levels of some genes have been reported to regulate the expression of these genes in multiple cancer types, such as FBP1 in LIHC, GABPA in BLAC (22, 23). We analyzed CNV and DNA methylation status, and revealed that part of the dysregulated ITGs were driven by CNV or DNA methylation alteration. For example, ITGA4 was identified as a DNA methylation-driven ITG in CRC and PAAD. Previous research found that DNA methylation status of ITGA4 could be severed as a biomarker in CRC (11). Besides, our mutation analysis showed that most of ITGs exhibit a less than 3% mutation rate across human cancers, except UCEC. Additionally, some ITG dysregulation was associated with their mutation, like ITGA8, ITGAX and ITGB4 in LUAD, ITGA1 and ITGA7 in UCEC. Indeed, little was known about the genomic and epigenetic alterations of ITGs, suggesting that it is urgent desired for further exploration of ITGs.

What are the consequences of the ITGs dysregulation in human cancers? Survival analysis revealed that many ITGs were associated with OS. For instance, the downregulated ITGA9 was indicated favorable OS in BRCA, CESC, GBM, LIHC and UCEC. A previous study reported that silencing ITGA9 expression inhibits liver cancer growth and metastasis in vivo (24). ITGB4 was upregulated and predicted poor OS in HNSC, KIRC, LUAD, PAAD and THCA. Increased expression of ITGB4 in lung cancer was correlates with poorer prognosis (10). Moreover, COX regression models indicated that some dysregulated ITGs appears to be good prognostic factors in STAD and HNSC. These results suggest that the dysregulation of ITG could predict corresponding prognosis in human cancers.

Of these identified dysregulated prognosis-related ITGS, ITGA11 was identified as a potential oncogene in BRCA, GBM, LUAD, LUSC, STAD and THCA in this study, which has been confirmed in breast and lung cancer (20, 21). However, ITGA11 has not been reported in STAD. Besides, all these ITGs with clinical relevance we identified in STAD were upregulated in tumor tissues and predicted poor survival. Hence, we selected ITGA11 for functional validation in STAD. Our results validated that ITGA11 is upregulated and associated with poor survival in STAD from additionally GEO datasets, and can promote malignant phenotypes of STAD. Furthermore, function enrichment analysis revealed that ITGA11 was associated with KEGG pathways in cancer, as well as the epithelial-mesenchymal transition process, indicating the key role of ITGA11 overexpression in tumorigenesis and progression. Besides, ITGA11 upregulation was associated with the inflammatory response process in STAD, suggesting that ITGA11 may play an important role in inflammation-mediated carcinogenesis. Inflammatory gastrointestinal diseases are associated with cancer-related mortality worldwide. Gastrointestinal cancers can be initiated by inflammation (25). Actually, previous studies demonstrated that some members of integrin β were associated with microflora and inflammatory factors in the gastric microenvironment (26, 27). These results suggest that ITGs may play important roles in inflammation-mediated carcinogenesis.

In summary, this Pan-cancer analysis constructs the landscape of ITGs in 20 cancer types. Our comprehensive characterization of ITGs may provide a foundation to expand our knowledge and further understand the role of these ITGs in human tumorigenesis and progression in the future.
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