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Pancreatic cancer (PC) is a highly malignant tumor in the digestive system. Both long noncoding RNAs (lncRNAs) and autophagy play vital roles in the development and progress of PC. Here, we constructed a prognostic risk score system based on the expression profile of autophagy-associated lncRNAs for prognostic prediction in PC patients. Firstly, we extracted the expression profile of lncRNA and clinical information from The Cancer Genome Atlas (TCGA) and International Cancer Genome Consortium (ICGC) databases. The autophagy-associated genes were from The Human Autophagy Database. Through Cox regression and survival analysis, we screened out seven autophagy-associated lncRNAs and built the risk score system in which the patients with PC were distinguished into high- and low-risk groups in both training and validation datasets. PCA plot displayed distinct discrimination, and risk score system displayed independently predictive value for PC patient survival time by multivariate Cox regression. Then, we built a lncRNA and mRNA co-expression network via Cytoscape and Sankey diagram. Finally, we analyzed the function of lncRNAs in high- and low-risk groups by gene set enrichment analysis (GSEA). The results showed that autophagy and metabolism might make significant effects on PC patients of low-risk groups. Taken together, our study provides a new insight to understand the role of autophagy-associated lncRNAs and finds novel therapeutic and prognostic targets in PC.
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Introduction

Pancreatic cancer (PC) is a poorly prognostic malignant tumor. Its incidence and mortality rank second and fifth in digestive system tumors in the United States and China separately, of which the five-year survival rate is about 9% (1, 2). Current treatments cannot significantly improve the prognosis of PC patients; meanwhile, the development of pancreatic cancer treatment is relatively slow compared to other tumors, so surgery still represents the most effective treatment to cure resectable pancreatic cancer. Due to the lack of diagnosis at the early stage and the highly malignant characteristics of PC, PC patients frequently exhibit lymph node metastasis and local invasion when the diagnosis is made, leading to approximately 80% of patients losing surgical chances (3). Therefore, the exploration of more effective innovative targets for pancreatic cancer is urgent and necessary.

Autophagy is the homeostatic mechanism through a membrane-mediated process that delivers cytoplasmic organelles and proteins to lysosomes for degradation. There is growing evidence that the level of autophagy can be responded by intracellular and extracellular stresses, such as ER stress, oxidative stress, hypoxia, nutrient shortage, etc., thereby involving tumor progression (4). In pancreatic cancer, autophagy plays a significant tumorigenic role in keeping cancer cell survival and promoting metabolism (5). Hydroxychloroquine (HCQ), which can inhibit autophagy combined with Gemcitabine, is currently being tested in many clinical trials. Consequently, researching new biomarkers related to autophagy to improve early diagnosis and assess prognosis is a promising avenue for PC patients.

Long noncoding RNAs (lncRNAs) mostly have no protein-coding potential of which transcripts are longer than 200 nucleotides. lncRNA can affect different functions at an epigenetic, transcriptional, and post-transcriptional level, and play a vital role in regulating cancer cell behaviors and autophagy (6). There is a recent study indicated that downregulated lncRNA LINC00160 suppressed autophagy and drug resistance in hepatocellular carcinoma by regulating miR-132-targeted PIK3R3 (7). Zhang et al. elaborated lncRNA PVT1 induced cytoprotective autophagy and promoted growth via sponging to miR-20a-5p and regulating ULK1 both in vitro and in vivo in pancreatic ductal adenocarcinoma (8). Another study also demonstrated that silencing lncRNA LINC00160 facilitated autophagy and apoptosis of pancreatic cancer cells (9). Considering that several lncRNAs may influence cancer behaviors through mediating autophagy, it is crucial to explore autophagy-associated lncRNAs to predict the prognosis of PC patients.

In our current study, we analyze the relationship between autophagy-associated lncRNA profiles and clinical information in 178 PC patients from The Cancer Genome Atlas (TCGA) database. The survival analysis showed that seven lncRNAs (AC245041.2, LINC02257, AC006504.8, AC012306.2, AC125494.2, FLVCR1-DT, and AC005332.6) were prognostic biomarkers for patients with PC. Then, the seven lncRNAs were used to develop a risk score system after Cox regression analysis. Finally, we constructed a prognostic signature that can be applied to independently predict the prognostic of PC patients. These candidate autophagy-associated lncRNAs may become the potential prognostic prediction for PC.



Materials and Methods


Sample Datasets

The RNA-seq data and clinical information of PC patients were downloaded from the TCGA data portal (https://portal.gdc.cancer.gov/) and ICGC (https://icgc.org) databases, respectively. Then, we transformed the RNA sequence data to the lncRNAs and mRNA (protein coding) based on the annotated gene IDs in the Ensembl project. Because the data were extracted from the public database, there was no requirement for ethics committee approval.



Identification of Autophagy-Related lncRNAs

The autophagy gene list was obtained from The Human Autophagy Database (http://www.autophagy.lu/index.html), employing Pearson correlation analysis to screen the relationship between the lncRNAs and autophagy-related genes. An absolute value of correlation coefficient > 0.4 (|R|>0.4) and P < 0.05 were considered statistically significant. Based on the above standard, the autophagy-related lncRNAs were filtrated for subsequent analysis.



Survival Analysis

Kaplan–Meier (K-M) survival analyses of the autophagy-associated lncRNA were performed using the survival package in R. The patients were classified into high expression and low expression groups using optimal cut-off values determined by the survminer R package (Version:0.4.3). Log-rank P < 0.05 was considered statistical significant.



Construction of Co-Expression Network and Function Analysis

To better understand the relation between lncRNAs and mRNAs, the lncRNA-mRNA co-expression network was visualized by Cytoscape software (http://www.cytoscape.org/). To investigate the functions of these lncRNAs, the co-expression of mRNAs was analyzed by gene ontology (GO) terms enrichment including biological process, molecular function, and cellular component. A P value of < 0.05 was statistically significant.



Construction of the Risk Score System

Firstly, we used the univariate Cox regression analysis to confirm prognostic autophagy-associated lncRNAs. These lncRNAs were significantly associated (P < 0.001) with overall survival (OS). Then, multivariate Cox regression analysis was employed to screen ultimate autophagy-associated lncRNAs and predict the regression coefficients (β) of the model. Finally, a prognosis risk score system based on seven genes was established. Risk score = (β1 × expression level of AC006504.8) + (β2 × expression level of FLVCR1-DT) + (β3 × expression level of AC012306.2) + (β4 × expression level of AC125494.2) + (β5 × expression level of AC005332.6) + (β6 × expression level of AC245041.2) + (β7 ×expression level of LINC02257). Based on an optimal cutoff value, all PC patients were divided into low‐ and high‐risk groups. To estimate the predictive capacities of the risk score system by constructing Kaplan–Meier survival curves and receiver operating characteristic (ROC) curves.



Gene Set Enrichment Analysis (GSEA)

We use GSEA software (http://www.broadinstitute.org/gsea) to identify the underlying different functions between the high- and low-risk groups. The annotated gene sets c5.all.v7.1.symbols.gmt was chosen for the reference gene sets. Enriched gene sets were considered to be statistically significant by a nominal P value < 0.05 that was set as the cut-off criteria.



Cell Culture

The human pancreatic ductal epithelium cell line HPNE and PC cell line PANC-1 were purchased from the ATCC. The cells were cultured at 37°C in a humidified atmosphere containing 5% CO2 with high glucose DMEM supplemented with 10% fetal serum. The culture medium and supplements were purchased from HyClone (Northbrook, IL, USA).



RNA Extraction and qRT-PCR

Total RNA was extracted by Trizol reagent (Invitrogen, 15596018). RNAs were reverse transcribed utilizing PrimeScriptTM RT Master Mix (TaKaRa, RR036A). qRT-PCR was performed using the TB Green Fast qPCR Mix (TaKaRa, RR430S). The primer sequences were used as follows: AC245041.2: Forward 5′-TCCAGACAAGCAGGATGTGG-3′, Reverse 5′-AGAGGTTTATAGAGGGAGATGGGA-3′; LINC02257: Forward 5′-GAGACCTTTCACCGGGCTTT-3′, Reverse 5′-GCTTCTTGCTGTGTGTTTCCC-3′; AC006504.8: Forward 5′-GAACACAAGCCCGTTAGCA-3′, Reverse 5′-AGTGGGGTATGGGTAATAGGATAG-3′; AC012306.2: Forward 5′- TGCTCCCTTACCCTTATGGC-3′, Reverse 5′-GAGCATGGGGCCGTATTTTA-3′; AC125494.2: Forward 5′-ATCTCCAACCCTGACATTCGG-3′, Reverse 5′-CAGGGAAGAACAGAAGCCGAT-3′; FLVCR1-DT: Forward 5′-TAACGCCAGAAAGTGTTCCAGT-3′, Reverse 5′-CTGCTCCATCATAGCCCGTC-3′; AC005332.6: Forward 5′-CTCATGTGCTTCTTCTGGGCTT-3′, Reverse 5′-TGGCACTCTAATGTTTGCTGACT-3′; GAPDH: Forward 5′-GTATCGTGGAAGGACTCATGAC-3′, Reverse 5′- ACCACCTTCTTGATGTCATCAT-3′.




Results


Identification of Seven Prognostic Autophagy-Associated lncRNAs in PC Patients

We extracted a total of 14,142 lncRNAs expression data of tumors from PC tissues in the TCGA database. Two hundred thirty-two autophagy-associated genes were selected from The Human Autophagy Database. We then utilized Pearson correlation analysis to screen the co-expression relationship between the lncRNAs and autophagy-associated genes with the criteria of |R| > 0.4 and P < 0.05. Conclusively, 1,234 autophagy-associated lncRNAs were screened. To identify autophagy-associated lncRNAs related to prognosis, we selected the above filtered autophagy-associated lncRNAs by univariate Cox regression analysis and found that 29 lncRNAs were significantly related to the PC patients’ overall survival(OS) (Table 1). Then, we performed multivariate Cox regression analysis to screen the optimal prognostic lncRNAs. Finally, a total of seven lncRNAs were identified (Table 2). Among these lncRNAs, AC245041.2 and LINC02257 were risk factors (HR > 1), and AC006504.8, AC012306.2, AC125494.2, FLVCR1-DT, and AC005332.6 were protective factors (HR < 1).


Table 1 | Univariate cox regression analysis of prognostic autophagy-associated lncRNAs.




Table 2 | Multivariate cox regression analysis of prognostic autophagy- associated gene.





Survival Analysis of Autophagy-Associated lncRNAs

Kaplan–Meier survival analyses and log‐rank tests for each autophagy-associated lncRNA were performed to evaluate the prognostic characteristics of patients with PC. K-M survival curves of the seven autophagy-associated lncRNAs are shown that the high expression of AC005332.6, AC006504.8, AC012306.2, AC125494.2, and FLVCR1-DT were positively correlated with the longer overall survival of patients with PC (p < 0.01), indicating protective impacts of these lncRNAs in PC development (Figure 1A). Furthermore, the high expression of AC245041.2 and LINC02257 was correlated with a short survival time (p < 0.01), which meant that these lncRNAs could play a carcinogenic role in PC (Figure 1B).




Figure 1 | Survival analysis for autophagy-associated lncRNAs. Kaplan–Meier survival curves for autophagy-associated lncRNAs that were positively (A) or negatively (B) related to OS in PC patients.





Construction and Validation of the Risk Score Evaluation System of the Autophagy-Associated lncRNAs

Based on seven lncRNAs that were significantly correlated with overall survival, the autophagy-associated lncRNA signature was constructed to predict the outcome of PC patients. The final risk score formula was as follows: Risk score = (-0.3765 × expression level of AC006504.8) + (-0.5525 × expression level of FLVCR1-DT) + (-0.4120 × expression level of AC012306.2) + (-0.5192 × expression level of AC125494.2) + (-0.1040 × expression level of AC005332.6) + (0.2476 × expression level of AC245041.2) + (0.2490 ×expression level of LINC02257). With the above formula, the risk scores of more than 0.1199 were classified into the high-risk group (88 patients); meanwhile, those with less than the cutoff point belonged to the low-risk group (89 patients). The principal components analysis (PCA) showed that the high-risk and low-risk groups were divided into two obvious distribution patterns, which implied that autophagy made distinctly different effects in two groups (Figure 2A). Based on K‐M survival analyses, the patients with low-risk scores had longer survival time than those with high-risk scores; OS had statistical significance between the two subgroups (Figure 2B). We used scatter diagrams to show the risk scores, survival status, and survival time of each PC patient (Figure 2D). The results demonstrated that the PC patient’s survival time and rate gradually deteriorated with increasing risk scores. Moreover, lncRNAs’ expression profiles were shown by a heatmap plot (Figure 2F). We extracted the PACA-CA cohort from the ICGC database to further validated the prognostic stability of the risk evaluation system. Then, we utilized the same formula and cutoff value above to classify the PC patients into low-risk and high-risk groups according to the TCGA dataset. Similarly, the patients from the high-risk group (66 patients) had a lower survival time than the low-risk group (76 patients) (Figure 2C). Moreover, the scatter diagrams and a heatmap plot of lncRNAs expression profiles were also shown (Figures 2E, G).




Figure 2 | Construction and validation of a prognostic risk score system for PC. (A) Principal component analysis (PCA) based on the high- and low-risk group indicated two significantly distinct patterns. (B, C) Kaplan–Meier survival curves showed that PC patients with high-risk scores suffered shorter survival time than those with low-risk scores in the training and validation dataset. (D, E) Risk score level between high-risk and low-risk groups. A scatter plot showed the distribution of the survival status and survival time in high- and low-risk groups. (F, G) Heatmap of the screened autophagy-associated lncRNAs expression profiles with different risk groups in the training and validation dataset.





The Autophagy-Related lncRNA Signature Was an Independent Prognostic Factor

Subsequently, univariate and multivariate Cox regression analyses were conducted to screen potential biomarkers correlated with OS and total clinical information (Figures 3A, B). The results showed that only the prognostic value of the risk score was statistically significant. Finally, the receiver operating characteristic (ROC) curve analysis and the AUC value were utilized to assess the prediction accuracy of the above results. The AUC value of risk score based on expression profiles of autophagy-associated lncRNAs was equal to 0.719, which was much higher than age curve (AUC = 0.534), gender curve (AUC= 0.597), grade curve (AUC= 0.607), stage curve (AUC=0.450), T stage curve (AUC=0.504), and N stage curve (AUC= 0.518) (Figure 3C), suggesting that the risk score was superior to traditional clinical indicators. Thus, the risk score evaluation system derived from the expression levels of the seven lncRNAs was the unique independent prognostic indicator of survival time for PC patients.




Figure 3 | Effects of the risk score and clinical information on the prognosis of PC patients. (A) To identify the relationship between the risk score or clinical information with OS by univariate Cox analyses. (B) To identify the relationship between the risk score or clinical information with OS by multivariate Cox analyses. (C) ROC curves analysis of OS for the prognosis risk score and the classical clinical parameters.





Construction of lncRNA–mRNA Network and Enrichment Analysis of GO and KEGG

Based on the abovementioned analysis, to better understand the potential effect of lncRNAs on mRNAs in PC, we built the lncRNA-mRNA network and used Cytoscape and Sankey diagram to visualize the network. We constructed the lncRNA-mRNA co-expression network using the screened seven autophagy-associated lncRNAs with Pearson correlation analysis (|R| > 0.4 and P < 0.05). A total of 61 lncRNA-mRNA pairs were filtrated and the correlation between lncRNAs, mRNAs, and risk score groups by the Sankey diagram (Figures 4A, B). Furthermore, GO enrichment analysis was performed to clarify the biological processes, cellular components, and molecular function of mRNAs, which were identified from the lncRNA-mRNA co-expression network. As shown in bubble plot revealing top 10 GO terms, We found that the foremost biological processes were “autophagy”, “process utilizing autophagic mechanism”, and “macroautophagy”; the top three cellular components were “autophagosome”, “vacuolar membrane”, and “phagophore assembly site”; the top three molecular functions were “ubiquitin protein ligase binding”, “ubiquitin-like protein ligase binding”, and “protein serine/threonine kinase activity” (Figure 4C). KRGG enrichment analysis was shown that autophagy, shigellosis, PI3K-Akt signaling pathway, and FoxO signaling pathway were the top four significantly enriched pathways (Figure 4D).




Figure 4 | Construction of lncRNA–mRNA co-expression network and GO and KEGG enrichment analysis. (A) The lncRNA–mRNA network between seven autophagy-associated lncRNAs and relevant mRNAs. Red triangles indicate autophagy-associated lncRNAs. Blue circles indicate mRNAs. The line represents a co-expression relationship between the lncRNA and the mRNA. (B) A Sankey diagram showed the co-occurrences of lncRNAs, mRNAs, and characters according to the risk score. (C) GO analysis of biological processes, cell components, and molecular functions based on the co-expressed mRNAs. (D) KEGG analysis showed the significantly enriched pathways based on the co-expressed mRNAs.





Gene Set Enrichment Analysis (GSEA)

We carried out the GSEA of the PC samples based on the TCGA to identify the biological pathways associated with the high-risk group and low-risk group. We did not discover a significantly enriched pathway in the high-risk group; moreover, the low-risk group was most significantly enriched for “neuroactive ligand receptor interaction”, “tryptophan metabolism”, “lysine degradation”, “glycosphingolipid biosynthesis ganglio series”, “regulation of autophagy”, “inositol phosphate metabolism”, “glycerophospholipid metabolism”, “fatty acid metabolism”, etc (Figure 5). In summary, the GSEA analysis results elaborated that the low-risk score group was closely correlated with autophagy and metabolism. These KEGG data may provide valuable targets to treat for PC.




Figure 5 | GSEA between high- and low-risk groups based on the identified risk score system. GSEA result indicated that the autophagy-related and metabolic pathways were significantly enriched in the low-risk group.





Expression of Seven Autophagy-Associated lncRNAs in HPNE and PANC-1 Cells

As is evident from Figures 1A, B, AC005332.6, AC006504.8, AC012306.2, AC125494.2, and FLVCR1-DT may protective factors; moreover, AC245041.2 and LINC02257 were carcinogenic factors in PC. Therefore, we analyzed the expression of these lncRNAs in the PC cell line PANC-1 and normal human pancreatic ductal epithelium cell line HPNE. Our results indicated that AC245041.2 and LINC02257 were high-expressed in PANC-1. The expression of FLVCR1-DT and AC006504.8 was not statistically different between PANC-1 and HPNE, while the low expression of AC005332.6, AC012306.2, and AC125494.2 were in PANC-1 (Figure 6).




Figure 6 | Expression of 7 lncRNAs in HPNE and PANC-1 cells. The qRT-PCR result showed that AC245041.2 and LINC02257 were high-expressed in PANC-1. AC005332.6, AC012306.2, AC125494.2 were low-expressed in PANC-1. The expression of FLVCR1-DT and AC006504.8 was not statistically different between PANC-1 and HPNE. *P < 0.05, **P < 0.01, NS, no statistically significant.






Discussion

PC is a highly malignant digestive cancer with the lowest five-year survival rate in various types of cancer and is predicted to be the second leading cause of cancer-related death in the U.S. by 2030 (10). Most patients with PC cannot be diagnosed early; meanwhile, carbohydrate antigen (CA19–9) as a conventional diagnostic biomarker is not applied to specifically and sensitively diagnose the PC patients (11, 12). Only a small part of PC patients can be treated by traditional surgery, and a large number of patients suffer from tumor recurrence and progression. Consequently, the identification of PC regulatory factors has become the focus of recent clinical and basic research. To detect PC early and provide new therapeutic options are of great importance. Currently, LncRNAs have been found to play vital roles in PC and are indispensable for carcinogenetic function, especially autophagy (13, 14). An increasing amount of evidence has shown that autophagy‐associated lncRNAs make great effects on the occurrence, development, and prognosis of cancer (15).

To better understand the roles of lncRNAs involved with autophagy in the occurrence of PC. Firstly, we analyzed the expression profiles of lncRNAs in PC patients from the TCGA database. We used Pearson analysis to identify the co-expression relationship between lncRNAs and autophagy-related genes in The Human Autophagy Database. Seven autophagy-associated lncRNAs significantly correlated with survival were selected to build the risk score system via the multivariate Cox regression analysis. The high- and low-risk patients can be distinguished according to the median risk score, and PCA analysis displayed a significantly distinct distribution between these two groups. Notably, low-risk patients had a better prognosis than patients in the high-risk group. To assess the potency of the risk score model, we utilized the data from the ICGC database as a validation dataset and got the same result. The AUC value that was calculated from the ROC curves indicated that the risk score had considerable prognostic accuracy for PC patients. Furthermore, the risk score was considered as an independent prognostic factor by univariate and multivariate Cox regression analysis.

lncRNAs play an important role in affecting mRNA expression through regulating histone modifications, DNA methylation, and acting as miRNA sponges or precursors of miRNAs, involving the process of transcriptional regulation, post-transcriptional regulation, and epigenetic regulation (16). To elucidate the probable roles of the seven autophagy-associated lncRNAs in PC, the lncRNA-mRNA co-expression network was constructed. The GO and KEGG enrichment analysis was subsequently performed on these mRNAs related to screened lncRNAs, and the results showed that the top enriched GO and KEGG terms were significantly correlated with autophagy. Subsequently, as shown in the GSEA result, we observed that the low-risk group enriched many pathways about lipid, amino acid metabolism, and autophagy, suggesting that metabolism and autophagy were greatly associated with the PC patients of the low-risk score. The above results have shown that the specific autophagy mechanisms were closely related to PC progression.

Besides, there are some limitations that exist in our study. We built the co-expression network between the lncRNAs and mRNA, but how the lncRNAs make specific effects on mRNA was unknown. Furthermore, the autophagy‐associated lncRNAs were only detected in PANC-1 and HPNE. The specific molecular mechanisms have not been verified in the experiments. Furthermore, in the existing studies, there are only a few bioinformatic analyses about some lncRNAs in our risk score system. Chen J et al. found that AC245041.2 was a risk factor in clear cell renal cell carcinoma (ccRCC) and high expression of AC245041.2 was associated with a poor outcome for patients with ccRCC (17). LINC02257 was found to correlate with the prognosis of patients with colorectal cancer and was a risk factor (18). Besides, AC006504.8 was a risk factor in cholangiocarcinoma (19). Concerning the filtered lncRNAs, we need exploratory experiments to prove the functions deeply.

In conclusion, we successfully established the risk score system based on the seven autophagy‐associated lncRNAs; meanwhile, it was an independent prognostic factor in PC patients. This approach enhances the prediction accuracy for target lncRNAs, and these autophagy‐associated lncRNAs might be of great significance for the prediction of prognosis and therapeutic markers for PC patients.
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Pancreatic cancer consists one of tumors with the highest degree of malignancy and the worst prognosis. To date, immunotherapy has become an effective means to improve the prognosis of patients with pancreatic cancer. Long non-coding RNAs (lncRNAs) have also been associated with the immune response. However, the role of immune-related lncRNAs in the immune response of pancreatic cancer remains unclear. In this study, we identified immune-related lncRNA pairs through a new combinatorial algorithm, and then clustered and deeply analyzed the immune characteristics and functional differences between subtypes. Subsequently, the prognostic model of 3 candidate lncRNA pairs was determined by multivariate COX analysis. The results showed significant prognostic differences between the C1 and C2 subtypes, which may be due to the differential infiltration of CTL and NK cells and the activation of tumor-related pathways. The prognostic model of the 3 lncRNA pairs (AC244035.1_vs._AC063926.1, AC066612.1_vs._AC090124.1, and AC244035.1_vs._LINC01885) was established, which exhibits stable and effective prognostic prediction performance. These 3 lncRNA pairs may regulate the anti-tumor effect of immune cells through ion channel pathways. In conclusion, our research demonstrated the panoramic differences in immune characteristics between subtypes and stable prognostic models, and identified new potential targets for immunotherapy.

Keywords: pancreatic cancer, immunotherapy, NMF, prognosis, lncRNA pairs


INTRODUCTION

As one of the most malignant tumors, pancreatic adenocarcinoma (PAAD) is the seventh leading cause of cancer-related deaths, which is responsible more than 430,000 deaths each year worldwide (Bray et al., 2018; Ferlay et al., 2019; Khalaf et al., 2020). Although surgical treatment, radiotherapy, chemotherapy and targeted therapy for PAAD have made significant progress in the past decades, due to the rapid progress of the condition and the limitations of treatment methods, the 5-year survival rate of PAAD patients still does not exceed 5% (David et al., 2009; Von Hoff et al., 2013; Miller et al., 2019). Most PAAD patients still need to rely on chemotherapy and palliative care. However, chemotherapies such as FOLFIRINOX can increase the patients’ median survival time only by 2–4 months and have obvious side effects (Vaccaro et al., 2011). Therefore, there is an urgent need to further explore the mechanism of occurrence and development of pancreatic cancer, as well as to find novel therapeutic targets to improve the prognosis of PAAD patients.

In recent years, immunotherapy has made tremendous breakthroughs and seems to have become a new hot topic in cancer treatment (Mellman et al., 2011; Chen et al., 2017). Immune checkpoint inhibitors (ICIs) have been used in a variety of cancers including pancreatic cancer (Long et al., 2017; Wu et al., 2019). ICIs can restore the anti-tumor response of the immune system and prevent tumors from evading immune surveillance through immune checkpoint signaling pathways (Kythreotou et al., 2018; Yi et al., 2018). However, immunotherapy improves only some PAAD patients’ condition (Glatzer et al., 2020). Therefore, exploring the immune characteristics of pancreatic cancer and finding new immunotherapy targets are of great significance for improved immunotherapy effects for patients.

Long non-coding RNAs (lncRNAs) are RNAs with a length longer than 200 nucleotides, which are generally considered not translated directly into proteins. Instead, as indicated by a large number of studies in recent years, lncRNAs regulate translation efficiency by binding to mRNAs and exert their biological functions in this manner (Mercer et al., 2009; Castellanos-Rubio and Ghosh, 2019). Evidence shows that lncRNAs are potential immune regulators, deeply involved in cellular immune and inflammatory processes (Geng and Tan, 2016; Chen J. et al., 2019). For example, as a pseudogene of Rps15a-ps4, lncRNA Lethe can block NF-κB-DNA binding, thereby promoting the anti-inflammatory effect of dexamethasone (Rapicavoli et al., 2013). However, the mechanism of how immune-related lncRNAs affect the prognosis of PAAD patients is still not fully understood.

In this study, we identified immune-related lncRNA pairs by combining the lncRNA expression profile data of PAAD patients with the immune gene library, and clustered two molecular subtypes based on this pairing. We then comprehensively analyzed the differences in prognosis, immune characteristics, gene mutations and potential functions between subtypes. Finally, univariate and multivariate cox analyses were performed to construct a prognostic model based on 3 selected lncRNA pairs. After a variety of verifications, the model was proven to have stable and independent prognostic prediction performance.



MATERIALS AND METHODS


Data Source and Preprocessing

The most up-to-date expression profile data and clinical follow-up information of PAAD patients were downloaded from the TCGA database1 on March 17, 2021. Subsequently, we processed the RNA-Seq data of TCGA-PAAD according to the following steps: (1) Remove samples without clinical follow-up information; (2) Remove samples without survival time; (3) Exclude samples without survival status; (4) Convert ensemble to gene symbol; (5) Take genes with multiple Gene Symbols as the median value of their expression. The TCGA-PAAD cohort after data preprocessing contained a total of 176 samples. The expression profile data and follow-up information of the ICGA-PACA-CA cohort (167 samples in total) were downloaded from the ICGC database2.



Identification and Pairing of IRGs and lncRNAs

The immune-related gene (IRG) set was downloaded from the ImmPort database3, which contains the comprehensive location information and functional attributes of immune-related genes.

The expression profile of TCGA-PAAD was divided into mRNAs and lncRNAs based on the latest version expression profile annotation file downloaded from the GENCODE website4. We calculated the co-expression Pearson correlation coefficient and p-value among each IRG and lncRNA. According to the threshold of Cor > 0.8 and P < 0.01, a total of 1,289 lncRNA-IRG pairs were identified, including 466 lncRNAs and 228 IRGs (Supplementary File 1). Next, 466 immune-related lncRNAs were paired in a cycle. In order to eliminate the huge difference among the expression of lncRNAs, we processed the data as follows: we defined C as the expression of the lncRNA pair (lncRNA A and lncRNA B). If the expression level of lncRNA A was higher than lncRNA B, then C was defined as 1; otherwise, C was defined as 0. Based on this technique, we constructed a matrix containing values of 0 and 1. Next, lncRNA pairs with C = 1 accounting for 30∼70% of all lncRNA pairs were retained (Hong et al., 2020).



Identification of Immune-Related Molecular Classes Based on NMF

For the lncRNA pairs obtained by the above processing method, we used the coxph function in R to perform univariate cox analysis, and thus obtained 217 lncRNA pairs related to the prognosis of PAAD (P < 0.001). Subsequently, the non-negative matrix factorization (NMF) algorithm was used to cluster the PAAD samples. The method was set as the standard called “brunet” that performs 100 iterations. The number of clusters k was set from 2 to 10, the average contour width of the shared member matrix was determined by the R package NMF, and the minimum member of each sub-category was set to 10.



Immune Characteristics and Tumor Mutation Burden (TMB) Analysis

The characteristics of the 22 immune cells in each sample between subtypes were determined based on the R package CIBERSORT (Chen et al., 2018). The mutation dataset of the TCGA-PAAD cohort was downloaded from the TCGA database and processed by Mutect2 software to analyze the tumor mutation burden (TMB) of each sample.



Construction of Prognostic Risk Model Based on Immune-Related lncRNA Pairs

We used the Fisher’s exact test to calculate the differences between the subtypes of each lncRNA pair, and then obtained the adjusted FDR values by the BH method. With FDR <0.0001 as the threshold, we identified a total of 390 differential lncRNA pairs (Supplementary File 2). Subsequently, we divided the 176 samples of the TCGA-PAAD queue into a training set and a validation set. In order to ensure the stability of subsequent modeling, all samples were randomly grouped at 1:1 for 100 times with replacement. We chose the best grouping based on the criteria of no significant difference in age distribution, gender, follow-up time, and the proportion of deaths between the two groups. A total of 88 samples were included the training set and 88 samples in the validation set. As shown in Table 1, there was no significant difference between the groups (P > 0.05).


TABLE 1. Differences in clinical characteristics between training set and validation set.

[image: Table 1]The multivariate Cox proportional hazard regression model was carried out for the different lncRNA pairs between subtypes using the R survival package, coxph function based on training set. The significance level of P < 0.05 was set as the threshold for filtering. Finally, we performed a multivariate COX analysis on the significantly different lncRNAs to obtain the risk coefficients of lncRNA pairs.



Functional Enrichment Analysis

Gene Ontology (GO) is a structured method of gene product annotation, which consists of three parts: biological process (BP), cell component (CC), and molecular function (MF). The Kyoto Encyclopedia of Genes and Genomes (KEGG) is an open gene set pathway enrichment database. In this study, GO and KEGG were performed to further understand the functional differences between subtypes using the R package WebGestaltR (v0.4.2) (Wang et al., 2017). The GO terms and KEGG pathways with P < 0.05 were considered to be significantly different. All analytical processes are described in Figure 1.
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FIGURE 1. Flowchart of the study.




RESULTS


Molecular Typing of PAAD Based on Immune-Related lncRNA Pairs

The immune-related lncRNA pairs were identified through the cyclic pairing of immune lncRNAs. Subsequently, we performed univariate COX analysis of these lncRNA pairs using the coxph function in R. A total of 217 prognostic-related (P < 0.001) lncRNA pairs for PAAD were obtained (Supplementary File 3). Next, we clustered PAAD samples by non-negative matrix clustering algorithm (NMF) based on the prognostic-related lncRNA pairs (Supplementary Figure 1). According to the indicators, such as cophenetic, dispersion and silhouette, we determined the optimal number of clusters as 2 (Figures 2A,B). Accordingly, we divided the samples of the TCGA-PAAD cohort into C1 and C2 subtypes. The further survival analysis between subtypes showed that there were significant differences between them either in terms of overall survival time or progression-free survival (PFS) time. The prognosis of the C1 subtype was much worse than that of the C2 subtype (Figures 2C,D).


[image: image]

FIGURE 2. NMF algorithm clustering and prognostic differences between subtypes. (A) Consensus map of NMF clustering. (B) The cophenetic, RSS and dispersion distributions with rank = 2–10; combining these indicators results in the optimal number of clusters of 2. (C) OS time prognostic survival curve of the PAAD molecular subtype. (D) PFS time prognostic survival curve of the PAAD molecular subtype.




Differences of TMB and Common Gene Mutations Between Immune Subtypes

The gene mutation dataset of TCGA-PAAD was downloaded to understand the differences in TMB and gene mutations between subtypes. Results showed that the TMB of the C1 subtype was slightly higher than that of the C2 subtype, although no significant statistical difference was detected (Figure 3A). Meanwhile, we also assessed the differences in the number of mutant genes between the samples (Figure 3B). There was no difference in the number of mutant genes between the C1 and C2 subtypes. In addition, we showed the mutation characteristics of the top 10 genes with the most frequent mutations in each subtype (Figure 3C). Consistently with previous reports, most of the mutations detected in the two subtypes were missense mutations (Zhang et al., 2020). Specifically, only the mutation rate of TP53 in the C1 subtype was significantly higher than that of the C2 subtype (P = 0.036).


[image: image]

FIGURE 3. Tumor mutation burden and gene mutation characteristics among molecular subtypes. (A) Differences in the distribution of TMB between subtypes. (B) The distribution difference of the number of gene mutations between subtypes. (C) Mutation characteristics of top 10 genes in two subtype samples. The rank sum test is used to determine the p-value.




Differences in Immune Characteristics and Pathway Characteristics Between Subtypes

In order to explore the immune characteristics of the C1 and C2 subtypes, we evaluated the immune cell score of each sample with CIBERSORT (Figure 4A). The immune cell scores obtained were different both within and between groups. After statistical testing, we established that the T cell CD8 and Mast cell resting scores in C1 subtype were significantly lower, while the NK cell resting and macrophage M2 cell scores were significantly higher than those in C2 subtypes (Figure 4B). Meanwhile, activated NK cells had a higher score in the C2 subtype, although the difference was not statistically significant. The above results suggest that the poor prognosis of the C1 subtype may be partly due to the inactivation of CTLs and NK cells in the C1 subtype, which causes the immune escape of the tumor. The score of non-polarized M0 macrophages in the C1 subtype was significantly higher than that in C2, which leads to the assumption that the activation of macrophages in C1 subtype was inhibited. Paradoxically, there was no significant difference between M1 and M2, which finding requires further exploration.
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FIGURE 4. Differences in immune cell characteristics between subtypes and GSEA. (A) Ratio of 22 immune cell components of the 2 subtype samples. (B) Differences in scores of 22 immune cells in samples between subtypes. (C) Intersection of C1 and C2 with the previous pan-cancer immune molecular subtypes. (D) The KEGG pathways enriched in C1 subtypes are mainly tumor-related pathways. (E) The KEGG pathways enriched in the C2 subtype are mainly metabolic related pathways, *indicates less than 0.05; **indicates less than 0.01.




Comparison Between TCGA Molecular Subtypes and Existing Immune Subtypes

Thorsson et al. (2018) conducted an extensive tumor immunophenotyping test using more than 10,000 samples of 33 cancers in TCGA. A total of 6 subtypes were identified: wound healing (C1), IFN-gamma dominant (C2), inflammatory (C3), lymphocyte depleted (C4), immunologically quiet (C5), and TGF-beta dominant (C6). Among them, C1 and C2 subtypes correspond to poor prognosis, while C3, C4, and C6 have tumor suppressor effects (Thorsson et al., 2018). By comparing Thorsson and colleague’s immune subtypes with those established in our study, results showed that our C1 subtype mostly corresponded to Thorsson’s C1 and C2 subtypes, while our C2 subtype had a higher ratio of Thorsson’s C3, C4, and C6 (Figure 4C). This also illustrates the stability of the subtypes identified herein.



Gene Set Enrichment Analysis (GSEA) Among Subtypes

The process of GSEA was performed to explore the significantly enriched pathways in each subtype. P < 0.05 and FDR < 0.25 were set as thresholds to select the enrichment pathways. The results showed that multiple tumor-related pathways, including P53 signaling pathway, DNA replication, Cell cycle, and Base excision repair were enriched in the C1 subtype, while the metabolism-related pathways such as Fatty acid metabolism, Primary bile acid biosynthesis, Renin angiotensin system and Tyrosine metabolism were enriched in C2 (Figures 4D,E). This implies that the poor prognosis of C1 may be due to the further activation of tumor-related pathways and the inhibition of normal metabolism.



Differences in Intrinsic Immune Escape Characteristics Between Subtypes

The intrinsic immune escape of tumors suggests that tumor cells directly mediate their own immune escape, which leads to tumor progression. The study of Schreiber et al. (2011) proved that tumor immunogenicity and the expression of immune checkpoint molecules were two aspects of intrinsic immune escape. Herein, to explore the differences in the intrinsic immune escape characteristics between the subtypes, we compared the potential factors that affect tumor immunogenicity, including mutation load, homologous recombination deficient (HRD), neoantigen load and chromosomal instability levels, as well as other factors (Figure 5). The results showed that most of the factors affecting tumor immunogenicity did not differ between the subtypes, while the SCNV gene proportion in the C1 subtype was significantly higher than that in C2.


[image: image]

FIGURE 5. Differences in factors related to innate immune escape between subtypes. (A–H) Differences among subtypes in Mutation load, HRD, SNV neoantigens, Indel neoantigens, SCNV gene proportion, Ntal score, LSTm score and LOH score. Among them, only the SCNV gene proportion shows significant difference between subtypes.




Prognostic Risk Model Based on Immune-Related lncRNA Pairs

In order to further explore the key differential lncRNA pairs affecting the prognosis between subtypes and their prognostic prediction ability for PAAD patients, we performed univariate COX proportional hazard regression on differentially expressed lncRNA pairs in the training set, where P < 0.05 was considered as a significant difference. A total of three prognostic-related differential lncRNA pairs were identified: AC244035.1_vs._AC063926.1, AC066612.1_vs._AC090124.1, and AC244035.1_vs._LINC01885. Subsequently, multivariate COX analysis was performed for these 3 prognostic-related lncRNA pairs to obtain the risk coefficient of each lncRNA pair. Based on these coefficients, the RiskScore formula was acquired as follows:

[image: image]

All of these 3 lncRNA pairs were established as protective factors of PAAD.

The RiskScore of each sample in the training set was calculated, and the Z-score was normalized. Samples with a RiskScore > 0 were classified as high-risk groups, otherwise they were categorized as low-risk groups. Among them, 40 samples were associated with high-risk groups, and 48 samples were classified as low-risk groups. The survival analysis showed that, as expected, the prognosis for the high-risk group was significantly worse than that for the low-risk group (P = 0.01, Figure 6A). We further performed receiver operating curve analysis using the R software package timeROC. The prognostic prediction power (AUC) of this prognostic model was 0.63 (1 year), 0.72 (2 years), and 0.77 (3 years), respectively (Figure 6B). Therefore, our model showed a relatively good long-term survival prediction performance.
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FIGURE 6. Evaluation and validation of prognostic models. (A) KM survival curve distribution of the high-risk group and the low-risk group in the training set. (B) ROC curve of the prognostic model in the training set. (C) KM survival curve distribution of the high-risk group and the low-risk group in the validation set. (D) ROC curve of the prognostic model in the validation set. (E) KM survival curve distribution of the high-risk group and the low-risk group in all samples of the TCGA-PAAD cohort. (F) ROC curve of the prognostic model of all samples. (G) Correlations among RiskScore, survival time and survival status of the TCGA-PAAD cohort; RiskScore is arranged from low to high. (H) KM survival curve distribution of the high-risk group and the low-risk group in the ICGC-PACA-CA cohort. (I) ROC curve of the prognostic model in the ICGC-PACA-CA cohort.




Validation of Robustness of the Risk Model in the Internal and External Validation Sets

With the aim to verify the robustness of the model, we calculated the RiskScore of each sample in the validation set and all TCGA-PAAD samples with the same model and coefficients as in the training set. In the validation set, the prognosis for the high-risk group proved much worse than that for the low-risk group (p = 0.023, Figure 6C). The results of ROC analysis also showed that the AUC of this prognostic model were 0.66 (1 year), 0.69 (2 years), and 0.73 (3 years), respectively (Figure 6D). In the TCGA-PAAD cohort, consistently with our expectations, the prognosis of different risk groups showed extremely significant difference (P = 0.00029, Figure 6E). Its 1–, 2–, and 3-year AUC values were established as 0.65, 0.7, and 0.74, respectively (Figure 6F).

In addition, we plotted the distribution of RiskScore and the survival status of all samples (Figure 6G). The results showed that the RiskScore was significantly correlated with the patient survival status. It could be seen that, as the RiskScore increased, the number of alive patients and the survival time significantly reduced. The above results imply that the prognostic model based on the identified 3 lncRNA pairs has a high and stable predictive power for the long-term survival rate of PAAD patients. Furthermore, we adopted the ICGC-PACA-CA cohort to verify the effectiveness of the model. The results showed that the prognosis of the high-risk group was significantly worse than that of the low-risk group (p = 0.0024, Figure 6H). The 1–, 2–, and 3-year AUC of the prediction model were 0.66, 0.68, and 0.7 (Figure 6I), respectively, showing the cross-platform effectiveness of the model.



Differences in the RiskScores of Various Clinical Characteristics

Furthermore, we compared the differences in risk scores of clinical features, including TNM stage, grade, molecular subtype, etc. Results indicated that different clusters and M stages have significant differences in their risk scores (P < 0.05). The risk score of C1 was much higher than that of C2, which corresponds to the poorer prognosis of C1 (Figure 7A). Meanwhile, a trend was observed that the risk score increases with the advancement of T stage and N stage, although the difference was not statistically significant (Figures 7B,C). Unexpectedly, however, the risk score of MX stage was lower than that of M1 and M0 (Figure 7D). This means that the invasion ability of samples with high RiskScore was decreased. Moreover, we compared the differences in risk scores for age, gender, and treatment, and none of them were statistically significant (Supplementary Figure 2).
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FIGURE 7. Correlations among risk score, clinical characteristics and functional enrichment analysis. (A) Differences in risk scores between subtypes. (B) Differences in RiskScores for T stage. (C) Differences in RiskScores for N stage. (D) Differences in RiskScores for M stage. (E) Top 10 BP enrichment terms of lncRNA-related mRNAs. (F) Top 10 CC enrichment terms of lncRNA-related mRNAs. (G) Top 10 MF enrichment terms of lncRNA-related mRNAs. GO terms were mainly enriched in related pathways of ion channels. (H) Top 10 KEGG pathways of lncRNA-related mRNAs.




Identification and Functional Analysis Genes Related to the 3 lncRNA Pairs

Considering the fact that lncRNAs usually binds with mRNA and proteins to perform biological functions, we calculated the Spearman correlation coefficient and their significance between the 3 prognostic-related lncRNA pairs and mRNA. After filtering with a threshold of Corr > 0.4 and P < 0.05, a total of 553 genes were identified. Subsequently, GO and KEGG analyses were performed to explore the potential functions of these genes. For biological functions (BP), 216 items were identified with significant differences (FDR < 0.05), which are mainly related to ion transport and the regulation of transmembrane signals (Figure 7E); for molecular functions (MF), there were 62 items with significant differences (FDR < 0.05), mainly concentrated on the cation channel complex and transmembrane transport complex (Figure 7F); for cell components (CC), 93 entries showed significant differences (FDR < 0.05), and these functions were mainly associated with ion and protein transport channels (Figure 7G). For KEGG, pathways such as Maturity onset diabetes of the young, Type II diabetes mellitus, Insulin secretion, Morphine addiction, GABAergic synapse, and Circadian entrainment were enriched (Figure 7H).



Univariate and Multivariate Analysis of RiskScore

Aiming to verify the stability and independence of the RiskScore determined in clinical applications, we performed a univariate COX regression analysis on the TCGA-PAAD samples. The results showed that T Stage, N Stage, and RiskScore were negatively correlated with patient prognosis (HR > 1, P < 0.05), while radiation therapy and chemotherapy were positively correlated with patient prognosis (HR < 1, P < 0.05, Figure 8A). Among them, the RiskScore had the highest Hazard Ratio (HR = 2.14), which also proved that it was highly effective in predicting the prognosis of patients. Meanwhile, the results of multivariate analysis showed that the HR of RiskScore we determined was 2.02 (P = 0.011), which still had a strong power in predicting the prognosis of PAAD patients (Figure 8B). The above results prove that our prognostic model based on the selected 3 lncRNA pairs has strong independent predictive power.
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FIGURE 8. COX analysis of RiskScores, clinical characteristics and nomogram. (A) Univariate analysis results of clinical features and RiskScore. (B) Multivariate analysis results of clinical features and RiskScore. (C) Nomogram based on clinical characteristics and RiskScore. (D) Nomogram survival rate correction chart. (E) Decision curve analysis (DCA) diagrams of N stage, radiation therapy, chemotherapy, RiskScore, and nomogram.




Construction of Nomogram of Clinical Characteristics and DCA Curve

A nomogram is a figure that visually and effectively displays the results of a risk model. It uses the length of the straight line to indicate the degree of influence of different variables and the different values of these variables on the outcome. We constructed the nomogram based on the clinical features with significant statistical significance in the multivariate COX regression analysis. The results of the nomogram showed that the RiskScore had the greatest impact on the prognostic outcome of patients and was relatively stable (Figure 8C), indicating that the risk model based on our lncRNA pairs can stably predict the prognosis of patients. Furthermore, we verified the performance of nomogram data for predicting patient prognosis. We observed that the nomogram-predicted OS data fit the observed OS well with respect to 1–, 2–, and 3-year survival rates, which proves that this method presents excellent performance (Figure 8D).

Moreover, decision curve analysis (DCA) was performed to evaluate the net benefits of different characteristics for patients (Figure 8E). Subsequent results showed that decisions based on nomogram data have the highest net benefits. Meanwhile, the decision based on the RiskScore had a good impact on the patients’ net benefits, and its net income was higher than the N stage in most cases.



DISCUSSION

It has been established that PAAD can mediate a unique immune microenvironment and cause immune escape through a variety of mechanisms, such as through tumor “hijacking” immune checkpoints to suppress the immune system’s anti-tumor response (Collisson et al., 2019; Liu et al., 2020). ICIs effectively prevent this process (Ribas and Wolchok, 2018). Notwithstanding, there are still patients who do not respond to ICIs, and even present negative outcomes (Macherla et al., 2018). However, lncRNAs, which are closely related to immunity, seem to be seldom subject to research in this field. Therefore, exploring the mechanism of immune-related lncRNA in PAAD patients may bring unexpected gains.

In this study, we used the lncRNA expression profile of the TCGA-PAAD cohort to identify immune-related lncRNAs combined with the immune dataset. In terms of the accuracy of the cancer diagnosis model, the combination of two biomarkers is better than a single gene, therefore we screened immune-related lncRNA pairs through iteration and pairing, and constructed a new expression matrix based on the relative differences in the expression levels within the combination to eliminate huge differences in expression (Hong et al., 2020; Lv et al., 2020). Based on the expression matrix of the immune-related lncRNA pairs, we determined 2 molecular subtypes using the NMF algorithm. It was found that C1 and C2 had significant differences in overall survival and PFS. Subsequently, the molecular level differences between subtypes were further explored. The TMB proved to have no significant difference between the groups, and the mutation rate of TP53 in the CI subtype was significantly higher than that in the C2 subtype. TP53 is a thoroughly studied tumor suppressor gene, whose translation product P53 can activate target genes to resist cell stress and mediate cell growth arrest and apoptosis (Levy et al., 1993; Kanda et al., 2013; Ormanns et al., 2014). Elevated TP53 mutations may cause the loss of P53 protein function and lead to further uncontrollable tumor proliferation, which may be partly the reason for the poor prognosis of C1.

It was further established by the analysis of the immune characteristics between subtypes that the infiltration of CTLs in the C1 subtype was reduced, while the proportion of resting NK cells increased, suggesting that activated NK cells were reduced and the anti-tumor effect of non-specific immunity was suppressed. Zhang et al. (2017) reported that the immunosuppressive state of a tumor microenvironment can cause NK cell dysfunction, which corresponds to poor prognostic outcomes. Previous evidence has indicated that M1 phase macrophages have anti-tumor effects, whereas M2 phase macrophages have tumor-promoting effects (Chen Y. et al., 2019; Vitale et al., 2019). Interestingly, our results showed that there were more non-polarized M0-phase macrophages in C1 subtypes than in C2 subtypes. Meanwhile, there was no significant difference in M1 and M2 phase macrophages between subtypes. Based on this finding, it can be inferred that the C1 subtype may inhibit the polarization of M0 macrophages through a certain mechanism to exert an effect, which speculation requires more rigorous experiments to validate. In addition, GSEA results suggest that some tumor-related pathways, such as P53 signaling pathway, DNA replication, cell cycle, and base excision repair, are enriched in the C1 subtype, while fatty acid metabolism, primary bile acid biosynthesis, renin, angiotensin, methionine and tyrosine metabolism are enriched in the C2 subtype, indicating that the poor prognosis of C1 subtype is related to the activation of tumor-related pathways and the inhibition of normal metabolism.

Subsequently, based on univariate and multivariate COX analysis, we constructed a prognostic model of the selected 3 immune-related lncRNA pairs (AC244035.1_vs._AC063926.1, AC066612.1_vs._AC090124.1, and AC244035.1_vs._LINC01885). After rigorous verification, the model proved to have a stable and independent prognostic prediction performance, and its long-term prognosis AUC reached 0.77. The RiskScore was found to be significantly related to molecular subtype and M stage. The functional enrichment analysis of mRNAs related to these 3 lncRNA pairs revealed that they are mainly involved in ion transport pathways. There is evidence that K+ channels (Kv1.3 channels) accumulate specifically in the immune synapse between CTL and tumor cells to regulate the cell killing effect of CTL and NK cells (Panyi et al., 2004; Hu et al., 2013). Blocking this channel can enhance the tumor killing effect. The Ca2+-activated K+ channels play a key role in the development and metastasis of tumors (Khaitan et al., 2009; Hanahan and Weinberg, 2011; Schwab et al., 2012). We have reason to believe that the proposed three immune-related lncRNA pairs may regulate the anti-tumor effect of immune cells and the process of tumor invasion through ion channel-related pathways, therefore may become new targets for tumor treatment.



CONCLUSION

In this study, we identified new PAAD molecular subtypes with significant prognostic differences based on immune-related lncRNA pairs. The detected prognostic differences between subtypes may be due to the differential infiltration of CTL and NK cells, and the activation of tumor-related pathways. In addition, the prognostic model based on the 3 identified immune-related lncRNA pair signatures was proved to have an effective and stable prognostic predictive effect on PAAD. The proposed 3 lncRNA pairs may participate in the anti-tumor effect of immune cells and tumor migration through ion channel pathways, and are expected to become new tumor treatment targets.
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Nasopharyngeal carcinoma is a malignant tumor that is highly prevalent in southern China and the Southeast Asian belt. Recent studies have shown that the T cells play important regulatory roles in tumorigenesis and progression. We test TIL cell of recurrent nasopharyngeal carcinoma and primary nasopharyngeal carcinoma cell. We found that T cell change in recurrent nasopharyngeal carcinoma and primary nasopharyngeal carcinoma cell. Based on GEO database, we selected differently expressed circRNAs in nasopharyngeal carcinoma tissues. qRTPCR show that some circRNAs also highly expressed in TIL cells. In conclusion, immune microenvironment changed in recurrent nasopharyngeal carcinoma. There is involvement of circular RNAs in this progress, with should be researched further.
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INTRODUCTION

Nasopharyngeal carcinoma is a malignant tumor that is highly prevalent in southern China and Southeast Asian (Hanahan and Weinberg, 2011; Chen et al., 2019; Jiang et al., 2020). The preferred treatment for nasopharyngeal carcinoma is radiation therapy. However clinical studies have found that recurrence has become the main cause of treatment failure in nasopharyngeal carcinoma (Liu et al., 2021; Wu et al., 2021). Recent studies have shown that the process of nasopharyngeal carcinogenesis and progression is influenced by the immune microenvironment. In which T cells, as the main component of specific immunity, especially cellular immunity, play an important role in the development of tumor (Xia et al., 2021). Among the T cells, Treg, CD4 + T, CD8 + T, and other major T cell taxa play important regulatory roles in tumorigenesis and progression.

Circular RNA (circRNA) is a hot spot for cancer research in recent years. circRNA is now found to be widely involved in tumorigenesis and development (Wang et al., 2017; Zhong et al., 2018; Chen, 2020). circRNA’s modes of action include three modes of action, including ceRNA, binding to RBP proteins, and encoding small peptides. In the development of nasopharyngeal carcinoma, numerous circRNAs have been reported to be involved in a series of biological processes related to invasion and metastasis, proliferation, and resistance to radiotherapy (Zheng et al., 2016; Jin et al., 2020; Tessier et al., 2020). However, the circRNAs involved in the regulation of immune microenvironment of recurrent nasopharyngeal carcinoma, especially T-cell regulation, have not been reported yet.

In this study, we will investigate the changes in the distribution of T cells in recurrent nasopharyngeal carcinoma compared with primary nasopharyngeal carcinoma and the changes in the composition of different types of T cells. We will further investigate the expression of circRNAs in recurrent nasopharyngeal carcinoma T cells and the network of their roles in T cells. This study will be the first to reveal the alteration of T cells in nasopharyngeal carcinoma tissues and will explore the potential effect of circRNA on T cells. This study will provide new research ideas to reveal the alteration of immune microenvironment during nasopharyngeal cancer recurrence.



MATERIALS AND METHODS


Patients and Sample

Seven nasopharyngeal carcinoma samples were obtained from patients. All samples were collected with the consent of patients and the experiments were approved by the ethics committee of Xiangya Hospital, Central South University. All fresh tissues were immersed in RNALater (Ambion, Austin, TX, United States). The tissue samples were stored in a −80°C laboratory freezer.



Flow Cytometry to Detect T Cell

The following monoclonal antibodies and regents were purchased from BD Biosciences and added to 100 μl of cells. The panel of antibodies in were anti-CD25, anti-CD3, anti-CD4, anti-CD8, and anti-CD127. The phenotype of T reg cells were detected using anti-CD25 anti-CD127. Isotype controls with irrelevant specificities were included as negative controls. All of these cell suspensions were incubated for 20 min at room temperature. After incubating, the cells were washed and re-suspended in 200 μl of PBS. The cells were then analyzed with FACSCanto flow cytometer (BD LSRFortessaTM X-20).



RNA Extraction and Quantitative Real-Time PCR Analyses (qRT-PCR)

Tissue RNA isolation and amplification were performed as our laboratory described previously (He et al., 2016; Mo et al., 2019a). Cell RNA was extracted using TRIzol reagent (Invitrogen, Carlbad, CA, United States). For qRT-PCR, RNA was reverse transcribed to cDNA by using a PrimeScript RT reagent Kit (Takara, Dalian, China). qRT-PCR was performed using a SYBR_Premix ExTaqII kit (Takara, Dalian, China) in the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States) to determine the relative expression levels of target genes. The sequences of qRT-PCR primers: circ hsa_circ_0006935 forward primer 5′-CCCTGAGTTGGTGCTGAAAAC-3′ and reverse primer 5′-AACCACGAAAGCCACCTCTG-3′; hsa_circ_0001730 forward primer 5′-CCCAATATCATCCGCCTGGA-3′ and reverse primer 5′-GCAAATTCCCTCACAGCCTCA-3′; hsa_circ_0000831 for ward primer 5′-CCTCTGGTACTTGGGGAACT-3′ and rev erse primer 5′-TCCAAAATCCCACTGTTACCAA-3′; hsa_ci rc_0031584 forward primer 5′-TGGTTACAGCTGAGAAGC CC-3′ and reverse primer 5′-TTTGTATTTCCCTCATTTCT GTGC-3′; hsa_circ_0005019 forward primer 5′-GTACAC CACCCATGAGGACG-3′ and reverse primer 5′-ACAGAT GTGTCAGAACCCTCAC-3′: GAPDH: forward primer 5’-TCACCAACTGGGACGACATG-3′ and reverse primer 5′-GTCACCGGAGTCCATCACGAT-3′; GAPDH was used as reference and normalization control.



Public Database Profiles Download and Analysis

Nasopharyngeal carcinoma circular RNA expression data sets and the corresponding clinical data were downloaded from publicly available GEO databases. This database included 4 patients with NPC and 4 non-NPC nasopharyngeal epithelial tissues from GSE134797 (Yang et al., 2020). To find functional circRNAs in nasopharyngeal carcinoma, after downloading Nasopharyngeal carcinoma circRNA expression data from GEO database: GSE134797 (Illumina HiSeq 4000). We used Significant Analysis of Microarray (SAM) software to analyze the expression of circRNAs between the non-tumor NPE biopsies and nasopharyngeal carcinoma tissue samples in the dataset. The cut off value for differentially expressed lncRNA was set at ≥2-fold change and the false discovery ratio (FDR) was <0.05 (Mo et al., 2019a). To analyze tumor infiltration in nasopharyngeal carcinoma, after downloading Nasopharyngeal carcinoma mRNA expression data from GEO database: GSE118719 (Illumina HiSeq 4000). There are seven NPC biopsy specimens and four normal nasopharyngeal mucosal specimens in this dataset. We used Immunedeconv software to analyze the expression of circRNAs between the non-tumor NPE biopsies and nasopharyngeal carcinoma tissue samples in the dataset (Sturm et al., 2019).



RESULTS


Characteristics of Nasopharyngeal Carcinoma Tissue Samples

We selected a total of seven nasopharyngeal carcinoma tissues, including six patients with recurrent nasopharyngeal carcinoma, whose PET/CT and MRI are shown in Figures 1A,B. From PET/CT and MRI, it can be found that tumor had a recurrence after the treatment. Figure 1C shows the imaging data of #N17 patients’ illness and the whole process of treatment. The specimen and clinical data of the initial patient are shown in Figure 1D, which shows that the patient had an occupying lesion in the nasopharyngeal area. In addition, we collected surgical tissues from patients who developed osteonecrosis after radiotherapy. The PET/CT results and relevant clinical information of the patients before and after treatment can be seen in the figure. Sanky figure show treatment procedure and clinical characteristics of selected nasopharyngeal carcinoma patients (Figure 1D).
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FIGURE 1. Clinical characteristics of NPC patients. (A) PET-CT image of recurrent and primary NPC patients; (B) MRI images of recurrent NPC patients; (C) Process of treatment for recurrent nasopharyngeal carcinoma patient. (D) Clinical characters and treatment history sanky map of selected NPC patients.




Screening of T Cells in Nasopharyngeal Carcinoma Tissues

By flow sorting of nasopharyngeal carcinoma tissues, we screened to obtain the percentage of T cells in TIL in several nasopharyngeal carcinoma tissues. The results by using flow cytometry showed that the percentage of T cells in TIL was significantly lower in the recurrent nasopharyngeal carcinoma group compared to the initial nasopharyngeal carcinoma group by comparing the percentage of T cells in the initial nasopharyngeal carcinoma (Figure 2).
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FIGURE 2. TIL cells in NPC tissue. (A) Flow cytometry of CD3 + T cell in recurrent NPC tissue; (B) Flow cytometry of CD3 + T cell in primary NPC tissue. (C) Statistical chart of CD3 + T cell proportion.




T-Cell Distribution in Nasopharyngeal Carcinoma Tissues

To further investigate the distribution of T cells in recurrent nasopharyngeal carcinoma tissues, we further performed flow analysis of T cell subsets in the tissues. Detection of cell surface CD molecules using flow cytometry revealed that CD4 and CD8 were used to classify the CD3-positive cell population, and the proportion of T cells accounted for by CD4 and CD8-positive cells could be obtained, respectively, and it could be found that the ratio of CD4/CD8 accounted for by CD4/CD8 was greater than 1, and some of them could even be twice as high as CD8. This is consistent with the lower value of CD4/CD8 reported in some tumor literature implying a better prognosis. Then this result, the local tumor microenvironment of recurrent nasopharyngeal carcinoma after radiotherapy is altered in the case of certain chemokines and cytokines that contribute to the accumulation of CD4 expression positive cells toward the tumor (Figure 3A).
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FIGURE 3. Conception of CD4+ and CD8+ cells in NPC tissue. (A) Flow cytometry of CD4 + T cell and CD8 + T cell in recurrent NPC tissue; (B) Flow cytometry of CD4 + T cell and CD8 + T cell in primary NPC tissue. (C) Flow cytometry of CD4 + T cell and CD8 + T cell in residual NPC tissue.


By comparing the proportion of T cells in TILs in primary nasopharyngeal carcinoma and recurrent nasopharyngeal carcinoma, it was observed that the proportion of T cells in the recurrent nasopharyngeal carcinoma group was generally lower than that in N21, a primary nasopharyngeal carcinoma, which is consistent with the view that radiotherapy may reduce the proportion of T cells, and it has also been reported in the literature that a higher proportion of TILs in primary tumors predicts a better prognosis. However, due to the small number of patients enrolled in primary nasopharyngeal carcinoma, data are not available at this time (Figure 3B).

The ratio of CD4 and CD8 positive cells to T cells can be obtained by using CD4 and CD8 on the CD3 positive cell population circle gate. This result indicated that the local tumor microenvironment of recurrent nasopharyngeal carcinoma after radiotherapy is altered in the presence of certain chemokines and cytokines, which contribute to the accumulation of CD4 expression-positive cells toward the tumor.

It can be found in Figure 4 that the percentage of T reg cells in T cells is generally lower in patients who have undergone radiotherapy than in primary nasopharyngeal carcinoma, which is contrary to what has been reported in some of the literature and needs to be investigated more thoroughly.
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FIGURE 4. Conception of regulation T cells in NPC tissue. (A) Flow cytometry of CD25+/CD127+ T cell in recurrent NPC tissue; (B) Flow cytometry of CD25+ /CD127+ T cell in primary NPC tissue. (C) Flow cytometry of CD25+ /CD127+ T cell in recurrent NPC tissue with Osteonecrosis.




Involvement of Circular RNAs in Immune Microenvironment

As a hot topic in recent years, the expression of circRNA in T cells of nasopharyngeal carcinoma has not been reported yet. We obtained nasopharyngeal carcinoma circRNA sequencing data (GSE134797). Five differently expressed circRNAs with high expression in nasopharyngeal carcinoma tissues were obtained by differential analysis of RNAseq data (Figure 5A). CircRNA expression based tSNE map also showed that there are difference between nasopharyngeal carcinoma tissue and non-NPC nasopharyngeal epithelial tissues (Figure 5B).
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FIGURE 5. Involvement of circRNAs in NPC immune microenvironment. (A) Heatmap of differently expressed circRNAs in NPC and NPE; (B) t-SNE map of 4 NPE tissues and 4 NPC tissues based on circRNA expression; (C) immunocyte infiltration of 7 NPC tussues and 4 NPE tissues; (D) RNA expression of 5 differently expressed circRNA in NPC tissues and CD3+ cells.


Further gene immune infiltration analysis of differently expressed gene molecules, we constructed an immune infiltration cell model in both NPC and normal NPE. The results suggested that compared with primary non-NPC nasopharyngeal epithelial tissues, there is much difference in nasopharyngeal carcinoma, especially immune cell and their function (Figure 5C).

We then isolated CD4 positive and CD4 negative cells in surgically obtained samples of recurrent nasopharyngeal carcinoma. After extracting RNA from these CD4-positive and negative cells and reverse transcribing to obtain cDNA, qRTPCR was used to test the expression of selected five circRNAs in CD4-positive and negative cells obtained by screening. Results showed that these five circRNA molecules were all highly expressed in T cells (Ct value < 26) and NPC tissues (Figure 5C).



DISCUSSION

Nasopharyngeal carcinoma is a malignant tumor of nasopharyngeal epithelial origin, and the treatment of primary nasopharyngeal carcinoma is mainly based on radiation therapy (Wang et al., 2019; Peng et al., 2021). Although most nasopharyngeal carcinomas are initially sensitive to radiation therapy, more and more clinical applications have found that most nasopharyngeal carcinomas will develop radiation therapy resistance and recurrence. The mechanism of radiation resistance and recurrence has become a major cause of treatment failure in nasopharyngeal carcinoma. However, the mechanisms involved are still very unclear (Suarez et al., 2010; Zhang et al., 2020). Immunity is an important influencing factor in the development of nasopharyngeal carcinoma. In recent years, the concept of tumor immune microenvironment has also led to a more in-depth study of immune alterations in tumors. Tumor infiltrating cell TIL is a very popular research area in recent years, as a special cell type of T cells, there is an interaction between TIL and tumor cells.

As the main component of cellular immunity, T cells play an important function in tumor immunity. With the intensive study of immunity, T cells have been found to exist in numerous subpopulations (Li et al., 2021). As the main cell type that regulates cellular immunity, Treg plays an important function in immunity. Regulatory T cells (Treg) are a subset of T cells with significant immunosuppressive effects, characterized by a cellular phenotype expressing Foxp3, CD25, and CD4. People have found that Treg plays an important function in the development and progression of diseases such as tumors (Chen et al., 2020). It can suppress the immune response of other cells and is the primary controller of self-tolerance. Often, its absence or abnormal function leads to the development of several autoimmune-related diseases, including tumors. After immune cells, such as T cells, B cells, and NK cells, generate immune responses to recognize and remove harmful substances and thus protect the body from attack, Treg cells suppress these immune cells, including by secreting cytokines, to regulate the body’s immune homeostasis and prevent autoimmune diseases (Mo et al., 2019b; Selck and Dominguez-Villar, 2021). Our study shows that the composition of tumor T cells changes significantly during the recurrence of nasopharyngeal carcinoma, both in the number of CD4+ cells and in the CD4+/CD8+ ratio. This also suggests that T-cell subsets are significantly altered during nasopharyngeal carcinoma recurrence. As the main target cells for tumor immunotherapy, the altered composition and number of T cells suggest that the immunotherapy regimen for recurrent nasopharyngeal carcinoma may be different from that for primary nasopharyngeal carcinoma.

Circular RNA molecules play an important function in immunity. As a hot topic of non-coding RNA research in recent years, circRNAs have been found to play important functions in numerous life activities (Anczukow et al., 2015; He et al., 2016; Wang et al., 2021). The current modes of action of circRNAs include ceRNA regulation, encoding small peptides, and binding proteins to exert functions (Li et al., 2018; Wang et al., 2019; Chi et al., 2020). Although the latter two modes of action are currently uncommon, a growing number of studies suggest that circRNAs function in a variety of ways. Several studies have been reported on the function of circRNAs in T cells. Reports showing EBV coding circRNA have function in nasopharyngeal carcinoma by regulating PDL1, pathway to function. But the function of circRNA in immune cells is still very unclear. In addition circRNA has great advantages and potential as a molecular marker of tumor due to its stability brought by its special structure. Whether circRNA can be used as a marker for predicting the effect of immunotherapy is still unclear. It is a direction that deserves further exploration.

As a well-defined factor associated with nasopharyngeal carcinogenesis, EBV infection causing uncontrolled inflammation and nasopharyngeal carcinogenesis are significantly correlated. EBVs, their encoded proteins and microRNAs, and even encoded circRNAs have been shown to be important contributors to the development and progression of nasopharyngeal carcinoma. However, the involvement of circRNAs in the immune microenvironment is still very unclear. Our study, on the other hand, found that has-circ-0006935 and other circRNAs are not only highly expressed in nasopharyngeal carcinoma tissues, but also in immune cells of recurrent nasopharyngeal carcinoma tissues, even compared to CD3- cells, some circRNAs’ expression was higher in CD3+ cells. These results suggest that circRNA plays an important function in the tumor microenvironment caused by tumor recurrence, and further studies are needed to explore.

In recent years, surgery has gradually become one of the main modalities for the treatment of recurrent nasopharyngeal carcinoma (Liu et al., 2019, 2020). In turn, surgery can also have an impact on the immune status of the patient as well as the tumor microenvironment (Jiang et al., 2020; Tseng et al., 2020). Therefore the effect of surgery as a variable on the immune microenvironment of nasopharyngeal carcinoma and whether circRNA plays an important function in this process. This is a question that deserves to be explored in depth.

In conclusion, we found that the ratio of T cells in the tumor microenvironment may be altered in recurrent nasopharyngeal carcinoma compared to primary nasopharyngeal carcinoma. Alterations in Treg and CD4+/CD8+ ratios may also be found. circRNA is highly expressed in tumor-associated T cells and may play an important function.
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Background: Pyroptosis, a kind of programmed cell death characterized by the rupture of cell membranes and the release of inflammatory substances, plays an important role in the occurrence and development of cancer. However, few studies focus on the pyroptosis-associated long non-coding RNAs (lncRNAs) in breast cancer (BC). The prognostic value of pyroptosis-associated lncRNAs and their relationship with tumor microenvironment (TME) in BC remain unclear. The purpose of this study was to explore the prognostic role of pyroptosis-associated lncRNAs and their relationship with TME in BC.

Methods: The transcriptome data and clinical data of female BC patients were downloaded from The Cancer Genome Atlas (TCGA) database. A total of 937 patients were randomly assigned to either training set or validation set. A pyroptosis-associated lncRNA signature was constructed in the training set and verified in the validation set. Functional analysis and immune microenvironment analysis related to pyroptosis-associated lncRNAs were performed. A nomogram based on the risk score and clinical characteristics was established.

Results: A 9-pyroptosis-associated lncRNA signature was constructed to separate BC patients into two risk groups. High-risk patients had poorer prognosis than low-risk patients. The risk score was proven to be an independent prognostic factor by multivariate Cox regression analysis. Function analysis and immune microenvironment analysis showed that low-risk BC tended to be an immunologically “hot” tumor. A nomogram was constructed with risk score and clinical characteristics. Receiver operating characteristic curve (ROC) analysis demonstrated credible predictive power of the nomogram. The area under time-dependent ROC curve (AUC) reached 0.880 at 1 year, 0.804 at 3 years, and 0.769 at 5 years in the training set, and 0.799 at 1 year, 0.794 at 3 years, and 0.728 at 5 years in the validation set.

Conclusion: We identified a novel pyroptosis-associated lncRNA signature that was an independent prognostic indicator for BC patients. Pyroptosis-associated lncRNAs had potential relationship with the immune microenvironment and might be therapeutic targets for BC patients.

Keywords: breast cancer, pyroptosis, lncRNAs, prognosis, tumor infiltrating lymphocytes, immune checkpoints


INTRODUCTION

Breast cancer (BC) is the most common malignant tumor in the world (Sung et al., 2021), and it is a tumor with quite strong heterogeneity (Faria et al., 2021). According to PAM50, BC was classified into five subtypes (i.e., luminal A, luminal B, Her2-enriched, normal-like, and basal-like) (Pu et al., 2020). Even so, patients with the same molecular types and clinical characteristics have different prognosis and different responses to chemotherapy or immunotherapy (Tekpli et al., 2019), suggesting that there are still subtle factors influencing its prognosis and response to treatment.

Pyroptosis is an inflammatory form of programmed cell death mediated by gasdermins (GSDMs; Xia et al., 2019). Inflammasomes activate caspase-1/4/5/11 to cleave GSDMs, and the cleaved GSDMs are transported to the cell membrane to form cellular pores leading to cell swelling and death (Fang et al., 2020). Pyroptosis plays an important role in killing cancer cells. The mechanism of some chemotherapy drugs to kill cancer cells is partly dependent on pyroptosis. It has been proven that etoposide (Wang Y. et al., 2017), paclitaxel, and cisplatin (Zhang et al., 2019) can induce pyroptosis in cancer cells with high expression of gasdermin E (GSDME). In the process of pyroptosis in cancer cells, chemokines and tumor-associated antigens (TAAs) are released to stimulate an antitumor immune response and inhibit the progression of cancer (Garg and Agostinis, 2017). On the other hand, part of the mechanism by which immune cells kill cancer cells depends on inducing pyroptosis. It has been reported that natural killer (NK) cells and cytotoxic T lymphocytes could kill cancer cells by releasing granzyme A (GZMA) to cleave GSDMB (Zhou et al., 2020) and granzyme B (GZMB) to directly cleave GSDME to activate pyroptosis in cancer cells (Zhang et al., 2020). It is suggested that there is a close relationship between pyroptosis and antitumor immunity. Immune checkpoint blockade (ICB) therapy is an effective therapeutic strategy that relies on antitumor immunity in various cancers. However, its efficacy in BC is limited (Nanda et al., 2016; Adams et al., 2019). It has been proven that the tumor-infiltrating lymphocytes (TILs) in the BC are often poor, which makes most BC known as “cold” tumor (Thorsson et al., 2018; Tekpli et al., 2019). How to increase the TILs of the tumor microenvironment (TME) and transform it into “hot” tumor is of great significance for improving the efficacy of ICB therapy in BC. Because there is a close relationship between pyroptosis and antitumor immunity, exploring the role of pyroptosis in BC and pyroptosis-related molecules will help us investigate strategies to transform “cold” BC into “hot” BC.

Long non-coding RNAs (lncRNAs) are RNAs that do not participate in protein coding but are involved in important regulatory processes, such as genomic imprinting, chromatin modification, transcriptional activation, transcriptional interference, and intranuclear transport, which are involved in the development and metastasis of BC (Liang et al., 2020). At the same time, lncRNAs can also play an important role in mediating pyroptosis. For example, it has been reported that LncRNA MEG3 could increase the expression of NLRP3 and enhance pyroptosis of endothelial cells (Zhang et al., 2018). Wang et al. (2021) revealed that lncRNA XIST promoted pyroptosis through the XIST/miR-150-5p/c-Fos axis, and Wan et al. (2020) discovered that lncRNA-H19 significantly promoted NLRP3/6 inflammasome imbalance and induced pyroptosis of microgliocyte. Furthermore, Tan et al. (2021) found that LncRNA HOTTIP could inhibit pyroptosis of ovarian cancer cells by targeting the miR-148a-3p/AKT2 axis. However, there are limited studies focusing on pyroptosis-associated lncRNAs in BC. The prognostic value of pyroptosis-associated lncRNAs and their relationship with TME in BC remain unclear.

Therefore, this study aims to identify the lncRNAs related to pyroptosis in BC and clarify the role of pyroptosis-associated lncRNAs in the TME and prognosis of BC, which not only provides important insights into the molecular and signaling pathways of pyroptosis in BC but also has important significance in transforming immunologically “cold” BC into “hot” tumor.



MATERIALS AND METHODS


Data Acquisition and Identification of Pyroptosis-Associated lncRNAs

The transcriptome data and clinical data of 1,035 female BC patients were downloaded from The Cancer Genome Atlas (TCGA) database1. The ensembl human genome browser GRCh38.p13 was used to distinguish the protein-coding genes and lncRNAs. Patients with incomplete clinical data were excluded from this study, and the details of these excluded patients are shown in Figure 1. The data of this study were publicly available from TCGA database, and this study was in accordance with TCGA’s publication guidelines. Pyroptosis-associated genes were downloaded from the Molecular Signatures Database version 7.42. The correlation between pyroptosis-associated lncRNAs and pyroptosis-associated genes was evaluated by Pearson correlation analysis, and the pyroptosis-associated lncRNAs were identified according to the standard that the absolute value of Pearson correlation coefficient was more than 0.3 (| R| > 0.3) and the p-value was less than 0.05 (p < 0.05).
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FIGURE 1. Study design and flowchart of this study.




Construction of a Prognostic Pyroptosis-Associated lncRNA Signature

A total of 937 female BC patients were randomly assigned to either training set or validation set. The prognostic lncRNAs were identified based on univariate Cox regression analysis in the training set. The overlapping lncRNAs of prognostic lncRNAs and pyroptosis-associated lncRNAs were identified as the candidate lncRNAs for the pyroptosis-associated lncRNA signature. Then, the pyroptosis-associated lncRNA signature was constructed based on multivariate Cox regression analysis and lowest Akaike information criterion (AIC) value (Vrieze, 2012). Finally, the risk score of each patient was calculated based on this prognostic signature. The formula of risk score was as follows: Risk Score = esum (normalized expression level of each pyroptosis-associated lncRNA × corresponding regression coefficient). Patients in the training set were separated into the high-risk group and low-risk group based on the median value of the risk score. The overall survival (OS) between the high-risk and low-risk groups was compared by Kaplan–Meier analysis.



Validation of the Pyroptosis-Associated lncRNA Signature

The risk score of patients in the validation set was calculated according to the same formula as the training set, and patients in the validation set were separated into the high-risk group and low-risk group based on the same cutoff value as the training set. Then, Kaplan–Meier analysis was performed to compare the OS between the high-risk and low-risk groups in the validation set.



Single Sample Gene Set Enrichment Analysis

The transcriptome data and clinical data of the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) database and GSE20685 were downloaded. The single sample gene set enrichment analysis (ssGSEA) was conducted to explore the activation level of pyroptosis pathway in BC expression profile of the METABRIC and GSE20685 database using the R package “GSVA.” Patients in the METABRIC or GSE20685 database were separated into the pyroptosis-upregulated group and pyroptosis-downregulated group based on the median value of the pyroptosis pathway score. Then, Kaplan–Meier analysis was performed to compare the prognosis between the pyroptosis-upregulated group and pyroptosis-downregulated group in the METABRIC or GSE20685 database.



The mRNA-lncRNA Coexpression Network

The Cytoscape software version 3.7.2 was used to construct the mRNA–lncRNA coexpression network between the candidate lncRNAs and their corresponding pyroptosis-associated genes. Subsequently, the Sankey diagram was constructed to demonstrate the relationship between pyroptosis-associated lncRNAs and their corresponding genes.



Gene Set and Function Enrichment Analysis

The differentially expressed genes between the high-risk group and low-risk group were screened with the | log2FC| ≥ 1 and the false discovery rate (FDR) <0.05 using the “edgeR” R package. The GSEA3 was performed to investigate the differences between the patients in high-risk group and low-risk group. The Gene Ontology (GO) analysis was performed to explore the biological processes related to the pyroptosis-associated lncRNAs, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed to identify the signaling pathways associated with the pyroptosis-associated lncRNAs.



Analysis of Tumor-Infiltrating Immune Cells

The CIBERSORT algorithm (Newman et al., 2015) was used to calculate the proportion of each kind of tumor-infiltrating immune cells in BC samples. The results obtained by the CIBERSORT algorithm were filtered based on p-value <0.05. Then, the differences in each type of immune cell between the high-risk and low-risk groups were compared to assess the differences in the tumor immune microenvironment between two groups.



Statistical Analysis

SPSS (Version 23.0) and R software (Version 3.5.3) were used to conduct statistical analyses in this study. The differences in each type of immune cell and the expression of immune checkpoint molecules between the high-risk and low-risk groups were compared by Wilcox test. Chi-square test was performed to compare the differences in clinical features. Univariate and multivariate Cox regression analyses were conducted to identify prognostic indicators of OS. The “rms” package of the R software was used to construct a nomogram including clinical features and risk score. The predictive accuracy of the nomogram was evaluated by time-dependent receiver operating characteristic curve (ROC) curve analysis. Statistical significance was defined as p-value <0.05, and all p-values were two-tailed.



RESULTS


Clinical Features of Patients in Training Set and Validation Set

A total of 937 female BC patients were randomly assigned to either training set (n = 618) or validation set (n = 319) in nearly 2:1 ratio. The clinical features of all patients are shown in detail in Table 1. There were no statistically significant differences in clinical features between patients in the training set and validation set.


TABLE 1. Patients’ clinical features of training set and validation set.

[image: Table 1]


Construction of a Prognostic Pyroptosis-Associated lncRNA Signature

First, 230 prognostic lncRNAs were identified based on univariate Cox regression analysis in the training set, and 824 lncRNAs were identified as pyroptosis-associated lncRNAs according to the coexpression relationship between lncRNAs and pyroptosis-associated genes. As shown in Figure 2A, 28 lncRNAs were overlapping lncRNAs of pyroptosis-associated lncRNAs and prognostic lncRNAs. These lncRNAs were significantly associated not only with prognosis of BC patients, but also with pyroptosis (Figures 2B,C). Finally, nine optimal lncRNAs (OIP5-AS1, Z68871.1, LINC01301, AC103858.2, AC005034.5, LINC01871, AL606834.2, TNFRSF14-AS1, and TBC1D8-AS1) were identified for the pyroptosis-associated lncRNA signature based on the lowest AIC. The risk score based on the signature was calculated according to the following formula:
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FIGURE 2. Construction of a prognostic pyroptosis-associated lncRNA signature. (A) Identify the overlap of lncRNAs between prognostic lncRNAs and pyroptosis-associated lncRNAs through the Venn diagram. (B) Results of the univariate Cox regression analysis of prognostic pyroptosis-associated lncRNAs in OS of BC patients. (C) LncRNA–mRNA coexpression network of pyroptosis-associated lncRNAs and corresponding genes.


risk score= e (0.016 × expression level of OIP5–AS1 + 0.090 × expression level of Z68871.1 + 0.239 × expression level of LINC01301 – 0.300 × expression level of AC103858.2 + 0.054 × expression level of AC005034. 5 – 0.057 × expression level of LINC01871 – 0.084 × expression level of AL606834.2 – 0.123 × expression level of TNFRSF14–AS1 – 0.323 × expression level of TBC1D8–AS1).

Each patient in the training set obtained a risk score based on the formula described above. Then, patients were separated into the high-risk group (n = 309) and low-risk group (n = 309) based on the median value of risk score (Figure 3A). The risk score was significantly related to T staging and immunohistochemical (IHC) subtype of patients with BC (Table 2). As shown in Figure 3C, BC patients with high risk score in the training set tended to die earlier. The result of the Kaplan–Meier analysis suggested that BC patients in the high-risk group had shorter OS (Figure 3E). We also analyzed disease-specific survival (DSS) and disease-free survival (DFS) of patients in these two groups, the results showed that BC patients in the high-risk group had shorter DSS and DFS than patients in low-risk group (Figures 4A,C). The 5-year DFS rate of the low-risk group was higher than that of high-risk group (91.5 vs. 83.8%). The 5-year DSS rate of the low-risk group was also higher (95.2 vs. 84.1%).
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FIGURE 3. The relationship between pyroptosis-associated lncRNA signature and prognosis in the training set and validation set. The distribution of the risk scores in the training set (A) and validation set (B). The distributions of survival status, OS, and risk score in the training set (C) and validation set (D). (E) Kaplan–Meier curves show the difference in OS between the high-risk and low-risk groups in the training set. (F) Kaplan–Meier curves show the difference in OS between the high-risk and low-risk groups in the validation set.



TABLE 2. The association between risk score and patients’ clinical features in the training set.
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FIGURE 4. Low-risk patients had better prognosis, and pyroptosis-upregulated group had better prognosis. (A). Kaplan–Meier curves of DSS between the high-risk and low-risk groups in the training set. (B) Kaplan–Meier curves of DSS between the high-risk and low-risk groups in the validation set. (C) Kaplan–Meier curves of DFS between the high-risk and low-risk groups in the training set. (D) Kaplan–Meier curves of DFS between the high-risk and low-risk groups in the validation set. (E) Kaplan–Meier curves of OS between the pyroptosis-upregulated and pyroptosis-downregulated groups in the METABRIC database. (F) Kaplan–Meier curves of DSS between the pyroptosis-upregulated and pyroptosis-downregulated groups in the METABRIC database. (G) Kaplan–Meier curves of DFS between the pyroptosis-upregulated and pyroptosis-downregulated groups in the GSE20685 database.




Validation of the Pyroptosis-Associated lncRNA Signature

To verify the accuracy of the pyroptosis-associated lncRNA signature, each patient in the validation set obtained a risk score according to the same formula as the training set. Then, these patients were separated into the low-risk group (n = 174) and high-risk group (n = 145) according to the same cutoff value as the training set (Figure 3B). Consistent with the training set, BC patients with high risk score tended to die earlier in the validation set (Figure 3D). The result of the Kaplan–Meier analysis showed that BC patients in the high-risk group had poorer prognosis (Figures 3F,4B,D).



The Activation Level of Pyroptosis Pathway Is Associated With Prognosis of BC Patients

To further confirm the relationship between pyroptosis and prognosis of BC patients, the ssGSEA was conducted to evaluate the activation level of pyroptosis pathway in BC patients of the METABRIC and GSE20685 database. Each patient in the METABRIC and GSE20685 database obtained a pyroptosis pathway score based on ssGSEA. Patients in the METABRIC or GSE20685 database were separated into the pyroptosis-upregulated group and pyroptosis-downregulated group based on the median value of pyroptosis pathway score. Then, the OS and DSS were analyzed in the METABRIC database, and the DFS was analyzed in the GSE20685 database. The result of the Kaplan–Meier analysis showed that BC patients in the pyroptosis-upregulated group had longer OS, DSS, and DFS (Figures 4E–G).



Independent Prognostic Value of the Pyroptosis-Associated lncRNA Signature

Univariate Cox regression analysis and multivariate Cox regression analysis were conducted to investigate the independent prognostic value of the pyroptosis-associated lncRNA signature for BC patients. As shown in Figures 5A,B, the risk score was a prognostic indicator for OS in both the training set and validation set (training set: hazard ratio (HR) = 2.379, 95% confidence interval (CI) = 1.423–3.975, p < 0.001; validation set: HR = 7.578, 95% CI = 3.249–17.676, p < 0.001). After including other confounders in the multivariate Cox regression analysis, the risk score was still an independent prognostic indicator for OS (training set: HR = 2.288, 95% CI = 1.367–3.831, p = 0.002; validation set: HR = 6.383, 95% CI = 2.764–14.737, p < 0.001; Figures 5C,D).
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FIGURE 5. Pyroptosis-associated lncRNA signature is an independent prognostic factor. Univariate Cox regression analysis and multivariate Cox regression analysis of OS are performed in the training set (A,C) and the validation set (B,D). (E). LncRNA–mRNA coexpression relationship between the pyroptosis-associated lncRNAs and corresponding genes shown by Sankey diagram.




The Relationship of lncRNA–mRNA Coexpression

The pyroptosis-associated lncRNA signature contained nine lncRNAs. In order to clearly demonstrate the prognostic value of these lncRNAs and their relationship with pyroptosis-associated genes, a Sankey diagram was constructed. As shown in Figure 5E, lncRNA AC005034.5 was coexpressed with four pyroptosis-related genes (BAX, CASP3, CHMP2B, and CHMP3), lncRNA LINC01871 had coexpressive relationship with five pyroptosis-related genes (CASP1, CASP4, GZMB, IL18, and IRF1), and lncRNA OIP5-AS1 had coexpressive relationship with five pyroptosis-related genes (BAX, CASP3, CHMP2B, CHMP3, and IRF2). Among the nine pyroptosis-associated lncRNAs, five lncRNAs were protective factors (AC103858.2, AL606834.2, LINC01871, TBC1D8-AS1, and TNFRSF14-AS1), and four lncRNAs were risk factors (AC005034.5, LINC01301, OIP5-AS1, and Z68871.1).



Gene Set and Function Enrichment Analysis

Gene set and function enrichment analysis (GSEA) was conducted to investigate the signal pathways related to the pyroptosis-associated lncRNA signature. The results of the GSEA demonstrated that antipyroptosis pathways, antioxidant pathways, and cell growth pathways, such as transforming growth factor-β (TGF-β) signaling pathways, terpenoid backbone biosynthesis (González-Burgos and Gómez-Serranillos, 2012), pyruvate metabolism, cell cycle, and ERBB signaling pathway, were enriched in the high-risk group (Figure 6A). On the other hand, the pathways promoting pyroptosis were downregulated in the high-risk group, such as tumor necrosis factors (TNFs) bind their physiological receptor, TNF receptor superfamily TNFSF members mediating non-canonical NF-kB pathway (Wang Y. et al., 2020), and pyroptosis pathway (Figure 6B). Interestingly, the antitumor immune signaling pathways were significantly enriched in the low-risk group, including NK cell-mediated cytotoxicity pathway, chemokine receptors bind chemokine pathway, and antigen processing and presentation pathway (Figure 6B). To further investigate the biological processes associated with the pyroptosis-associated lncRNAs, GO enrichment analysis and KEGG pathway analysis were performed. The result of the GO enrichment analysis suggested that the differentially expressed genes between the low-risk and high-risk groups were mainly enriched in immune-associated biological processes, such as humoral immune response, lymphocyte-mediated immunity, and adaptive immune response (Figure 7A). The result of the KEGG pathway analysis suggested that the differentially expressed genes between the low-risk and high-risk groups were mainly enriched in immune-associated pathways, such as NK cell-mediated cytotoxicity pathway, cytokine–cytokine receptor interaction pathway, and primary immunodeficiency pathway (Figure 7B).
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FIGURE 6. Gene set and function enrichment analysis of differentially expressed genes between the high-risk group and low-risk group. (A) TGF-β signaling pathway, terpenoid backbone biosynthesis, pyruvate metabolism, cell cycle, and ERBB signaling pathway are enriched in the high-risk group. (B) TNFs bind their physiological receptors, TNF receptor superfamily TNFSF members mediating non-canonical NF-kB pathway, pyroptosis pathway, chemokine receptors bind chemokines pathway, antigen processing and presentation pathway, and NK cell-mediated cytotoxicity pathway are enriched in the low-risk group.
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FIGURE 7. Results of GO enrichment analysis and KEGG pathway analyses. (A) GO enrichment analysis suggests that the differentially expressed genes between the low-risk and high-risk groups are mainly enriched in immune-associated biological processes. (B) KEGG pathway analysis suggests that the differentially expressed genes between the low-risk and high-risk groups were mainly enriched in immune-associated pathways.




Tumor Immune Microenvironment of BC

To investigate the relationship between pyroptosis-associated lncRNAs and tumor immune microenvironment (TME), the CIBERSORT algorithm was used to calculate the proportion of each kind of tumor-infiltrating immune cells in BC patients. The result showed that the proportions of different tumor-infiltrating immune cells between the low-risk and high-risk groups had a significant difference (Figure 8A). As shown in Figure 8B, the proportions of tumor-infiltrating B cell, CD8 + T cell, plasma cell, and activated NK cell were significantly lower in high-risk patients. However, the proportion of tumor-infiltrating M2 macrophages and mast cells was significantly higher in high-risk patients. Then, the difference in immune checkpoint molecules between the two groups was compared. As shown in Figures 8C–H, the expression levels of PD1, PDL1, CTLA4, LAG3, BTLA, and TIGIT were much higher in the low-risk group. The difference in expression level of cytokines between the high-risk and low-risk groups was also compared. The results showed that the expression levels of interleukin-2 (IL-2), IL-6, IL-18, TNF, interferon-γ (IFN-γ), GZMA, and GZMB were significantly higher in the low-risk group (Figures 9B,C,E–I), while there was no significant difference in the expression level of IL-1β and IL-10 (Figures 9A,D).
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FIGURE 8. Tumor-infiltrating immune cells of BC patients. (A) The proportions of different tumor-infiltrating immune cells in the low-risk and high-risk groups. (B) Violin plot showed the different proportions of tumor-infiltrating cells between the high-risk group and low-risk group. The expression levels of PD1 (C), PDL1 (D), CTLA4 (E), LAG3 (F), BTLA (G), and TIGIT (H) in the high-risk group and low-risk group.
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FIGURE 9. The expression levels of cytokines. The expression levels of IL-1β (A), IL-2 (B), IL-6 (C), IL-10 (D), IL-18 (E), TNF (F), IFN-γ (G), GZMA (H), and GZMB (I) between the low-risk and high-risk groups.




The Pyroptosis-Associated lncRNA Signature in BC Patients Receiving Different Treatments

Then, we explored the prognostic value of the pyroptosis-associated lncRNA signature in BC patients receiving different treatment regimens. Among BC patients receiving chemotherapy, the patients in high-risk group based on pyroptosis-associated lncRNA signature had significantly poorer prognosis (Figure 10A). Among BC patients receiving endocrinotherapy, the patients in the high-risk group had poorer prognosis too (Figure 10C). The prognostic value of pyroptosis-associated lncRNA signature in patients undergoing anti-HER2 therapy was also analyzed, but there was no significant difference in prognosis of low-risk and high-risk patients (Figure 10E). To further investigate the value of pyroptosis-associated lncRNA signature in patients undergoing different chemotherapy regimens, the prognosis of patients treated with anthracycline, cyclophosphamide, or paclitaxel was analyzed, respectively. The results showed that patients in the high-risk group had poorer outcomes among patients treated with anthracycline, cyclophosphamide, or paclitaxel (Figures 10B,D,F).
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FIGURE 10. Prognostic value of the pyroptosis-associated lncRNA signature in patients receiving different treatments. (A) Kaplan–Meier curves for the OS of patients receiving chemotherapy between the high-risk and low-risk groups. Kaplan–Meier curves for the OS of patients receiving anthracycline (B), cyclophosphamide (D), and paclitaxel (F) between the high-risk and low-risk groups. (C) Kaplan–Meier curves for the OS of patients receiving endocrinotherapy between the high-risk and low-risk groups. (E) Kaplan–Meier curves for the OS of patients receiving anti-HER2 therapy between the high-risk and low-risk groups.




Construction and Validation of a Nomogram Based on the Pyroptosis-Associated lncRNA Signature

To provide a stable and accurate prediction model for BC patients, clinical features and risk score were included to construct a nomogram (Figure 11A). The predictive accuracy of the nomogram was evaluated by time-dependent ROC curve analysis; the result showed that area under the curve (AUC) of the nomogram in the training set was 0.880, 0.804, and 0.796 to predict 1-, 3-, and 5-year survival rates, respectively. In the validation set, it was 0.799, 0.794, and 0.728, respectively (Figures 11B,C). Then, the predictive values of the nomogram and traditional prognostic indicators, such as age, AJCC stage, and IHC subtype, were compared by ROC curve analysis. As shown in Figures 11D,E, the AUC of the nomogram was significantly higher than that of traditional prognostic indicators both in the training set and the validation set (Table 3).
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FIGURE 11. Prediction model based on pyroptosis-associated lncRNA signature for OS of BC patients. (A) Nomogram prediction model for OS of BC patients. Time-dependent ROC curves predict 1-year, 3-year, and 5-year OS in the training set (B) and validation set (C). Predictive value of the nomogram and traditional prognostic indicators are compared by ROC curve analysis in the training set (D) and validation set (E).



TABLE 3. The AUC of nomogram, age, AJCC stage, and IHC subtype for prediction of OS in the training set and validation set.

[image: Table 3]


DISCUSSION

Pyroptosis is a new type of programmed cell death characterized by the rupture of cell membranes and the release of inflammatory substances (Fang et al., 2020). In the development of cancer, the expression level of GSDMs in cancer cells is usually lower than that in normal tissues due to the high methylation of the promoters of pyroptosis-related genes, resulting in the growth and metastasis of tumors (Kim et al., 2008; Croes et al., 2017). Chemotherapy drugs and tamoxifen can inhibit the progression of tumors by inducing pyroptosis of tumor cells (Hu et al., 2020; Hwang and Chung, 2020). It has been proven that the expression level of GSDMs was closely related to the prognosis of BC (de Beeck et al., 2012). However, only a few lncRNAs related to pyroptosis have been reported at present, and a comprehensive analysis is needed.

In this study, nine optimal lncRNAs were identified for the pyroptosis-associated lncRNA signature. The genes coexpressed with these nine pyroptosis-associated lncRNAs were BAX, CASP1/3/4, CHMP2B/3, IRF1/2, GZMB, and IL-18. Among them, BAX is an important promoter of apoptosis and can also participate in pyroptosis. For example, navitoclax (a Bcl-2 inhibitor) can induce pyroptosis through the BAK/Bax-caspase3-GSDME signaling pathway (Hu et al., 2020). IRF2 is a transcription factor that directly regulates the expression levels of caspase-1 and caspase-4. When IRF2 is deficient, IRF1 can maintain the stable expression of caspase-4 with the presence of IFN-γ (Benaoudia et al., 2019). The nine-pyroptosis-associated lncRNA signature was proven to be an independent prognostic factor of BC patients. Then, a prediction model based on the pyroptosis-associated lncRNA signature was established. The AUC of the model for predicting OS could reach 0.880 in the training set and 0.799 in the validation set.

In order to further explore the relationship between pyroptosis and BC, functional enrichment analysis showed antipyroptosis, tumor metabolism, and cell cycle-related signaling pathways were enriched in the high-risk group, while the pyroptosis, antigen presentation, and NK cell-mediated cytotoxicity-related pathways were significantly activated in the low-risk group. TGF-β signaling is an important pathway in cancers and has both tumor-promoting and tumor inhibiting functions. It has been reported that TGF-β can suppress pyroptosis (Tamura et al., 2021). In this study, enrichment of TGF-β signaling pathway and TGF-β family members were observed in the high-risk group.

Moreover, more CD8 + T cells, activated NK cells, and activated CD4 + T memory cells were infiltrated in the TME of the low-risk group, suggesting a correlation between pyroptosis and TILs. In addition, patients in the low-risk group had a higher expression level of cytokines in the tumor tissues, such as IL-2, IL-6, and IL-18, which was consistent with more infiltrating immune cells in the low-risk group. The expression of TNF, IFN-γ, GZMA, and GZMB was higher in the low-risk group, suggesting a stronger cytotoxicity to tumor cells. At the same time, immunosuppressor molecules such as PD1, PDL1, CTLA4, LAG3, BTLA, and TIGIT in the low-risk group were significantly higher than those in the high-risk group. The increased infiltration of TILs and upregulated expression of immune checkpoint molecules suggested that patients in the low-risk group tended to be immunologically “hot” tumor, which was more likely to benefit from ICB therapy (Zhang and Chen, 2016).

Local inflammation caused by pyroptosis can lead to the formation of local immune escape (Kaplanov et al., 2019) and may be related to carcinogenesis (Wu et al., 2018). However, current studies have shown that the expression of GSDMs is positively correlated with the prognosis of cancer patients, and the efficacy of chemotherapy drugs and cytotoxic lymphocyte is partly dependent on pyroptosis (Wang Y. et al., 2017; Zhou et al., 2020). Pyroptosis is different from apoptosis. Theoretically, the former causes the death of cancer cells accompanied by the release of cytoplasmic contents, resulting in the exposure of TAAs, thus recruiting immune cells, such as NK cells, and CD8 + T lymphocytes to inhibit the growth of tumor. The conclusion drawn in this study is consistent with the theory and previous studies.

In this study, our pyroptosis-associated lncRNA signature could accurately predict the prognosis and tumor immune microenvironment of breast cancer patients. Low-risk patients not only had a better prognosis but also tended to be immunologically “hot” tumor, which was more likely to benefit from immune checkpoint inhibitors. Therefore, our signature could not only help clinicians accurately predict patients’ outcomes but also identify patients who were more suitable for immune checkpoint inhibitors. At the same time, we also found that high-risk patients had a poor prognosis and tended to be immunologically “cold” tumors, which was difficult to benefit from immune checkpoint inhibitors. How do we improve the prognosis of patients in the high-risk group? In mice models, bioorthogonal system to gasdermin (a technique that is able to control the release of active gasdermin in mice and selectively enter mouse tumor cells) could increase CD4+ and CD8+ cells in the TME of BC, while the percentage of CD4+ Foxp3+ regulatory T cells decreased, which showed a strong antitumor effect. At the same time, it could play a synergistic role with checkpoint blockade (Wang Q. et al., 2020), suggesting that pyroptosis could improve the effect of immunotherapy. Thus, we propose a combined regimen of immune checkpoint inhibitors and pyroptosis inducers for high-risk patients because pyroptosis inducers had the potential to recruit immune cells by inducing pyroptosis of cancer cells, and the immunologically “cold” tumor could turn into “hot” tumor, then the immune checkpoint inhibitor could be effective for high-risk patients.

However, our study had some limitations. This research data came from the TCGA public database, and basic experiments in vivo or in vitro will be conducted to confirm the efficacy of combined regimen of immune checkpoint inhibitors and pyroptosis inducers in the future. In addition, clinical trials are urgently needed to confirm whether inducing pyroptosis could improve the efficacy of immunotherapy in human BC patients.

In conclusion, we are the first to identify the pyroptosis-related lncRNAs associated with the prognosis of BC and establish a prognostic prediction model. At the same time, this study found that the pyroptosis risk score was related to TILs and the expression of immune checkpoint molecules. Thus, inducing pyroptosis may be a potential therapy to improve the efficacy of immunotherapy in BC.
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The tumor microenvironment (TME), which includes immune cells, fibroblasts, and other components, is the site of tumor cell growth and metastasis and significantly impacts tumor development. Among them, N6-methyladenosine RNA modifications (m6A RNA modifications) are the most abundant internal modifications in coding and non-coding RNAs, which can significantly influence the cancer process and have potential as biomarkers and potential therapeutic targets for tumor therapy. This manuscript reviews the role of m6A RNA modifications in TME and their application in tumor therapy. To some extent, an in-depth understanding of the relationship between TME and m6A RNA modifications will provide new approaches and ideas for future cancer therapy.
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INTRODUCTION

In recent years, cancer is still one of the most important diseases affecting human life and health. As cancer research has progressed, we found that the tumor microenvironment (TME) also profoundly influences the course of tumor development in addition to the tumor cell (Hinshaw and Shevde, 2019). TME is a dynamic, complex system of multiple components, including immune cells, fibroblasts, and lymphocytes, that play a crucial role in cancer development and progression, and its interaction with tumor cells is a critical factor in the success of tumor cell-tolerant immune escape (Ocana et al., 2019). Meanwhile, we have known that hundreds of chemical modifications occur in TME, which play different roles in TME at different stages of cancer development. In addition, N6-methyladenosine RNA modifications (m6A RNA modifications) are the most abundant modification in TME, and the existing studies have shown that m6A RNA modifications occurring in TME are a vital factor mediating tumor progression and influencing tumor treatment outcome (Chen X. Y. et al., 2019; Cheng H. S. et al., 2019; Wang J. et al., 2020). Therefore, enhanced knowledge and understanding of TME may lead to new ideas and approaches for treating cancer patients.

Starting with Crick’s central principle 60 years ago, plenty of previous studies have focused on coding RNA, which make up about 2% of the human genome sequence but are vital to humans (Crick, 1970; Poller et al., 2018). However, non-coding RNA, which accounts for 98% of the human genome, has been ignored as “junk sequences” (Fabbri et al., 2019). Furthermore, with technology development, such as high-throughput sequencing technology, non-coding RNA has entered people’s field of vision with a new role. As the research goes further, we classified non-coding into microRNA, lncRNA, circRNA, and so on (Matsui and Corey, 2017; Momen-Heravi and Bala, 2018). Non-coding RNA lacks the potential to encode proteins or peptides but has a high degree of transcriptional activity, which plays an essential role in gene regulation, structure and performs biological functions at the RNA level (Wong et al., 2018). Recent studies have shown that aberrant expression of non-coding RNA is ubiquitous in different types of cancers, revealing that it may play an essential role in human cancers.

As the most abundant modification in TME, m6A RNA modification is one of the critical factors affecting the biological function of RNA (Ma et al., 2019; Yang G. et al., 2020). In general, m6A RNA modification requires the involvement of three factors: m6A methylase (writer), m6A demethylase (eraser), and m6A binding protein (reader) (Shi et al., 2019). It usually influences cancer progression by regulating biological functions associated with cancer, including proliferation, metastasis, stem cell differentiation, and stabilization (Roskoski, 2019). Currently, m6A RNA modifications are also increasingly used to detect and diagnose cancer (Niu et al., 2019).

This review mainly outlines the links between coding/non-coding RNA and m6A RNA modification in the TME. Meanwhile, we describe the implications of the interactions between the three for the biological functions that influence the cancer process and discuss their possible future role in clinical applications.



TUMOR MICROENVIRONMENT

Tumor microenvironment consists mainly of an immune microenvironment dominated by immune cells and a non-immune microenvironment dominated by fibroblasts, formed by the combined action of malignant tumor cells and non-transformed cells (Balkwill et al., 2012; Chen and Hambardzumyan, 2018; Costa et al., 2018; Baghban et al., 2020). To date, most of our research has focused on the immune microenvironment, and the results have shown that alterations in TME profoundly influence tumorigenesis and progression, not only by causing tumor heterogeneity but also by influencing patient resistance (Pottier et al., 2015; Wang J. J. et al., 2018). For example, in breast cancer, one of the mechanisms of action of TME is the removal or alteration of tumor components, thereby impeding anti-tumor immunity (Jung et al., 2016). In liver cancer, we predict tumor progression based on the dynamics of TME. At the same time, the stromal cells in TME can influence the invasion and migration of tumor cells (Yang et al., 2011). Thus, TME can be used as a therapeutic target for cancer and as a signal to detect cancer progression (Jarosz-Biej et al., 2019).

At the same time, TME, as a metabolic site for the growth of numerous cells, is rich in metabolites such as succinic acid, D-2HG, and fumaric acid, which are essential for the normal development of the cells and the organism. These metabolites can act as cofactors or antagonists of epigenetic modification enzymes, affecting numerous epigenetic processes such as m6A RNA modification (Zhao Y. et al., 2020). METTL3 and METTL14 are important components of the m6A modifying enzyme complex, and they can form a stable dimer involved in the methylation process, which is dynamically regulated by substrates and metabolites. S-adenosylmethionine (SAM/AdoMet) acts as a universal intracellular methyl donor. However, because METTL14 does not have a SAM binding site, only METTL3 is active, but METTL14 makes an important contribution in binding substrates, where SAM is produced by a carbon metabolic pathway consisting of the folate and methionine cycles (Sledz and Jinek, 2016; Wang et al., 2016). Similarly, metabolites within TME can influence the demethylation of m6A RNA represented by FTO and ALKBH5, such as 2-oxoglutarate, a key metabolite of the citric acid cycle. If this product is mutated, the demethylation of FTO and ALKBH5 is drastically reduced or even completely lost. In addition, 2-oxoglutarate can also undergo a series of biological reactions to convert to fumaric acid, and due to their structural similarity, these metabolites can often bind to competing products of 2-oxoglutarate become m6A demethylase inhibitors (Feng et al., 2014; Zhang et al., 2019; Figure 1).
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FIGURE 1. Composition of tumor microenvironment (TME). TME has a complex composition, consisting of immune cells, fibroblasts, and other components which play an important role in the development of cancer.




M6A RNA MODIFICATION

To date, hundreds of chemical modifications have been reported, among which m6A RNA modification is the most prevalent in coding and non-coding RNA (Ding et al., 2018; Wang et al., 2019a). m6A RNA modification is a dynamic and reversible process (Wang Q. et al., 2020), it requires the involvement of an m6A modifies enzyme complexes (Lin et al., 2016). In recent years, m6A RNA modification has made great progress in regulating RNA transcription (Wang J. et al., 2020), splicing (Ma et al., 2019), translation (Liu et al., 2018c), and stability (Panneerdoss et al., 2018). Below we summarize the relationship between m6A RNA modification and the above biological processes (Figure 2).
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FIGURE 2. The mechanism of m6A RNA modification. m6A RNA modification is a dynamic and complex process with the participation of m6A methylase (writer), m6A demethylase (eraser), and m6A binding protein (reader). It participates in RNA splicing, RNA stability and other processes.




M6A RNA MODIFICATION AND RNA SPLICING

The DNA template strand contains introns, and RNA splicing removes introns and joins exons to form a continuous RNA molecule. mRNA splicing produces mRNAs that encode information required for growth and development (Zhao et al., 2014). FTO, a component of the m6A modifying enzyme complex, is responsible for the regulation of exon splicing in the 3′ and 5′ exon regions. Zhao et al. showed that the expression level of FTO was negatively correlated with the level of m6A RNA modification during adipogenesis and that the two could interact to influence the development and treatment process of cancer patients.



M6A RNA MODIFICATION AND RNA TRANSCRIPTION

RNA transcription is the process of RNA polymerase catalyzing RNA synthesis from a template strand of DNA and four nucleotides, i.e., the transfer of biological information from DNA to RNA, guided by the principle of complementary base pairing (Zhao W. et al., 2020). The m6A RNA modification takes part in and affects the transcriptional process of RNA. KIAA1429 is one of the important components of the m6A modifying enzyme complex and participated in the composition of the m6A writer. Lan et al. showed that in the absence of interference by KIAA1429, the interaction between HuR and GATA3 pre-mRNA put them in dynamic equilibrium in hepatocellular carcinoma again. In contrast, the addition of KIAA1429 affected the progression of tumor development by preferentially inducing m6A methylation on the 3′ UTR of GATA3 pre-mRNA in hepatocellular carcinoma cells, followed by the isolation of HuR and degradation of GATA3 pre-mRNA, and finally, the down-regulation of GATA3 expression (Lan T. et al., 2019).



M6A RNA MODIFICATION AND RNA TRANSLATION

Proteins are the leading performers of biological functions, and RNA translation belongs to the second part of protein biosynthesis, the first part being RNA transcription. According to the central law, RNA translation is deciphering the base sequences of mature messenger RNA molecules to produce specific amino acids. METTL3, which selectively enhances or inhibits mRNA translation, is one of the significant components of m6A methyltransferase (Choe et al., 2018). Meanwhile, insulin-like growth factor 2 mRNA-binding proteins (IGF2BPs) are important components of the m6A-modifying enzyme complex and act as “readers.” Huang et al. (2018) showed that IGF2BP protein recognizes m6A RNA modifications and enhances mRNA stability and translation.



M6A RNA MODIFICATION AND RNA STABILITY

The m6A RNA modification has the function of regulating the stability of RNA, which refers to the ability of RNA to maintain its original structure or resist degradation when external conditions or other factors change (Yang L. et al., 2020). The YTH domain family, which includes YTH domain family proteins 1-3 (YTHDF1-3) and YTH domain-containing proteins 1-2 (YTHDC1-2), i.e., the DF family and DC family, is one of the ‘reader” components of the m6A modifying enzyme complex and plays an important function in RNA stability. For example, YTHDF2, as one of the readers of m6A modification, can promote mRNA degradation by recruiting the CCR4-NOT deadenylase complex, thereby reducing the stability of the targeted transcript (Wang et al., 2014; Du et al., 2016). Moreover, Huang et al. (2018) showed that binding of m6A-modified RNA to corresponding binding proteins also could affect RNA stability.



M6A RNA MODIFICATIONS CAN REGULATE BIOLOGICAL FUNCTIONS

m6A RNA modification’s ability to affect cancer is proven in various cancers, and it is likely to be a marker for the molecular diagnosis of tumors. Meanwhile, deepening the understanding of the effects of m6A RNA modification on cancer may provide new targets and ideas for researching and developing clinical molecular targeted therapies (Dai et al., 2018; He et al., 2019; Lan Q. et al., 2019; Zhou et al., 2020). In the following, taking gastric cancer as an example, METTL3 can promote the development and progression of gastric cancer by mediating m6A RNA modification of HDGF mRNA (Wang Q. et al., 2020). In contrast, in hepatocellular carcinoma, Chen and Wong (2020) showed that m6A RNA modification regulates the expression of different downstream targets by regulating mRNA stability and translation efficiency (Figure 3).
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FIGURE 3. Regulation of biological function of m6A RNA modification. m6A modifications are the most abundant modifications within RNA and can profoundly influence the process of cancer development by regulating biological functions such as drug resistance, immune metabolism, and autophagy through a variety of pathways. (A) m6A RNA modification affect tumor drug resistance. (B) m6A RNA modification affect immunity. (C) m6A RNA modification affect metabolism. (D) m6A RNA modification affect autophagy.




M6A RNA MODIFICATION AFFECT TUMOR DRUG RESISTANCE

We usually use several approaches in cancer treatment, among which targeted therapies have received more and more attention because of their more significant effectiveness (Li B. et al., 2020). Although targeted therapies are advancing rapidly, they still face tumor resistance that severely affects the efficacy of cancer treatment (Lin et al., 2020). m6A RNA modifications are the most common RNA modifications that can affect RNA splicing, degradation, and translation by regulating cell proliferation, metabolism, metastasis, and ultimately tumor drug resistance (Huang et al., 2018). For example, Liu et al. showed that RNA m6A modification specifically regulates sorafenib resistance in hepatocellular carcinoma through FOXO3-mediated autophagy. The mechanism is that METTL3 depletion under hypoxic conditions promotes sorafenib resistance and angiogenic genes in HCC cells cultured in vitro and subsequently activates the autophagic pathway (Liu et al., 2020b). METTL3 is significantly downregulated in human sorafenib-resistant hepatocellular carcinoma, whereas METTL3 depletion markedly enhances FOXO3 mRNA stability and eliminates METTL3 mediated sensitivity to sorafenib m6A dependence, which could restore resistance to HCC if FOXO3 overexpression was present.

Furthermore, Jin et al. showed that m6A RNA methylation promotes YAP translation and increases YAP activity, thereby inducing drug resistance and metastasis in NSCLC. The mechanism is that m6A methylation causes YTHDF1/3 and eIF3b to join the translation initiation complex, thereby promoting the translation of YAP mRNA. Also, m6A RNA methylation improves YAP mRNA stability through the MALAT1-miR-1914-3p-YAP axis (Jin et al., 2019).



M6A RNA MODIFICATION AFFECT IMMUNITY

The immune system is vital to the body and helps us to defend ourselves against many harmful microorganisms. Recent studies have shown that m6A RNA modification affects the immune system and the function of immune cells to a certain extent, the more obvious of which is that deletion of METTL3 will lead to impaired maturation of these cells in response to lipopolysaccharides and decreased expression of CD40 and CD80, thus inducing a decrease in T cell responsiveness. Also, m6A RNA modification can affect the development of the immune system. In a mouse model, high expression of METTL3 is required for the differentiation of blood-derived endothelial cells into hematopoietic stem cells (Shulman and Stern-Ginossar, 2020). What is more, immune dysregulation is an important cause of several immune diseases, including systemic lupus erythematosus (SLE) and rheumatoid arthritis. It has been reported that m6A RNA modifications can regulate RNA and other gene expressions in immune cells, affecting SLE immune cell pathogenesis (Ma et al., 2019; Sekar and Lakshmanan, 2020). Meanwhile, m6A RNA modifications in circRNA play an essential role in tumor development and anti-tumor immunity (Chen Y. G. et al., 2019). Exogenous circRNA can effectively stimulate immune signaling, and m6A RNA modifications are the main contributors to the immune effects of circRNA. For example, exogenous circRNA activates RIG-I-mediated innate immunity, induces activation of antigen-specific B and T cells, and anti-tumor activity in vivo (Poller et al., 2018). In addition, m6A-modified RNAs are degraded by YTHDF2, suppressing natural immunity. These results indicate that m6A RNA modification plays an essential regulatory role in the tumor immune process (Paramasivam and Vijayashree Priyadharsini, 2020). Therefore, a deeper understanding of the relationship between m6A RNA modifications and immunity may open new doors to treat immune diseases.



M6A RNA MODIFICATION AFFECT METABOLISM

Epigenetic regulation of organisms is a complex process. m6A RNA modification is the most prevalent modification in eukaryotic cells and represents a new trajectory of epigenetic modifications. It plays a vital role in regulating RNA metabolisms, such as regulating splicing and translation. One way of RNA editing is converting A to I with the involvement of RNA adenosine deaminase (ADAR). Reports suggest that A-to-I is a crucial factor affecting RNA metabolism and that m6A RNA modification is inversely correlated with A-to-I. A possible reason for this is that m6A RNA modification affects RNA structure (Torsin et al., 2021).

Meanwhile, in vivo immunofluorescence analysis revealed that METTL3, a component of the m6A methyltransferase complex, is located on the mRNA splicing factor, revealing that m6A RNA modifications may play a regulatory role in RNA metabolism and have an impact on cellular reprogramming (Yang et al., 2018). As the study progressed, Liu Y. et al. (2019) found that m6A methylation affected multiple aspects of mRNA metabolism, from expression in the nucleus to processing of pre-mRNA to attenuation of the translational machinery of mRNA in the cytoplasm. The transition from pre-mRNA to mature mRNA requires a splicing process, and there is evidence that m6A RNA modification is a vital splicing regulator (Liu et al., 2014; Ping et al., 2014). First, based on PAR-CLIP analysis, it was observed that mRNAs with selective splicing have more METTL3 binding and methylation sites. A recent study also showed that METTL3 could play a role in spermatogenesis by initiating selective splicing of related mRNAs to regulate sperm differentiation and meiosis (Dominissini et al., 2012). Secondly, m6A erasers and readers also differentially affect RNA splicing, with FTO binding to pre-mRNAs in the nucleus to initiate selective spliced exons and YTHDF1 binding directly to m6A-modified variable splice exons to facilitate their incorporation into mRNAs (Meyer et al., 2012; Bartosovic et al., 2017).



M6A RNA MODIFICATION AFFECT AUTOPHAGY

Autophagy is a complex biological process that involves the engulfment of organelles and proteins by autophagosomes (Doria et al., 2013; Galluzzi et al., 2017; Russo and Russo, 2018), followed by digestion by lysosomes, and finally, entry and recycling of cellular processes (Kimura et al., 2007; Yuan et al., 2020). It can influence multiple aspects of cancer, such as regulating resistance to sorafenib in hepatocellular carcinoma. The mechanism is the downregulation of the m6A demethylase component FTO, which affects the expression of ATG5 and ATG7, ultimately reducing the ability of autophagic microsomes and inhibiting autophagy. That is, after FTO Silencing, YTHDF2, modified with high levels of m6A RNA, binds to ATG5 and ATG7 transcripts, and mRNA degradation increases, leading to reduced protein expression and affecting the autophagic process (Jin et al., 2018; Wang C. Y. et al., 2020, Wang X. et al., 2020).



M6A RNA MODIFICATION AFFECTS THE INFILTRATION CHARACTERISTICS OF CANCER CELLS IN TUMOR MICROENVIRONMENT


m6A RNA Modification Can Activate Oncogenes Within Tumor Microenvironment

m6A RNA modifications can influence cancer development by activating tumor-associated genes (He L. et al., 2018; Zheng W. et al., 2019). Depending on the outcome, we can classify m6A RNA modification into promoter and suppressor effects. Next, we will specifically summarize the dual role of m6A RNA modification in cancer.

On the one hand, m6A RNA modification can promote tumorigenesis and development. Take bladder cancer, lung cancer, acute myeloid leukemia, ovarian cancer, breast cancer, pancreatic cancer, colorectal cancer, and nasopharyngeal cancer. Gu et al. showed that in bladder cancer, the expression of METTL3, METTL14, and the oncogene CDCP1 influenced the progression of tumor development. In bladder cancer, m6A expression showed upregulation, and inhibition of METTL3 inhibited proliferation, invasion, and migration of bladder cancer tumor cells. In addition, METTL14 expression is downregulated in bladder cancer, and some studies have shown that eliminating METTL14 promotes capsule proliferation (Gu et al., 2019). In lung cancer, METTL3 expression increases. In a mouse model, deletion of METTL3 promoted apoptosis in transplanted tumor cells. Related experiments showed that METTL3 expression levels in A549 cells responded to the induction of simvastatin. Chen et al. (2020) showed that METTL3 positively regulates the level of EZH2 and modifies its mRNA via m6A, thereby affecting tumor progression (Choe et al., 2018). In acute myeloid leukemia, increased expression of METTL3 promotes the translation of SP1, which regulates the expression of the oncogene C-MYC, and METTL14 enhances the translation of MYB and MYC by maintaining its high expression (Barbieri et al., 2017; You et al., 2017). In ovarian cancer, increased expression levels of IGF2BP1 enhanced the expression of SRF and inhibited its degradation, thereby increasing the expression levels of SRF, FOXK1, and PDLIM7 (Ro, 2016; Muller et al., 2018, 2019). Meanwhile, METTL3 promotes growth, invasion, and migration in ovarian cancer by stimulating peripheral mRNA transfer and epithelial-mesenchymal transition. In breast cancer, increased expression levels of METTL3 would promote HBXIP expression and thus affect breast cancer phenotype. In addition, upregulation of ALKBH5 expression promotes mRNA stability and expression of the pluripotent silver NANOG gene, affecting breast cancer development (Deng et al., 2018). In pancreatic cancer, METTL3 regulates tumor progression and drug resistance through MAPK cascade, RNA splicing, and cellular regulation, and therefore further studies METTL3’s interaction with these processes is essential to understand the functional mechanisms of METTL3 (Taketo et al., 2018). The results of Song et al. (2020) showed increased expression of the YTHDF1 gene in colorectal cancer, where activation of the WNT/β-catenin signaling pathway may initiate transcription-dependent oncogenic effects, promote gross cell cycle progression, and regulate resistance. Knockdown of the YTHDF1 gene would affect the activity of the WNT/β-catenin signaling pathway and inhibit the tumorigenicity of colorectal cancer cells (Nishizawa et al., 2018; Bai et al., 2019). Multiple research teams have found that Nasopharyngeal carcinoma m6A RNA modification affects the overall tumorigenicity of FAM225A and ultimately affects the proliferation of nasopharyngeal carcinoma tumor cells. In addition, METTL3 promotes the expression of EZH2 protein by mediating m6A modification of EZH2 mRNA, which increases the malignancy of nasopharyngeal carcinoma cells by silencing CDKN1C, thereby affecting the development and progression of nasopharyngeal carcinoma (Lai et al., 2018; Wang et al., 2019b; Zheng Z. Q. et al., 2019; Meng et al., 2020).

On the other hand, m6A RNA modification inhibits tumorigenesis and progression. We take endometrial cancer, hepatocellular carcinoma, breast cancer, lung squamous cell carcinoma, and glioblastoma. In endometrial tumors, METTL3 expression decreased, and METTL14 mutated to some extent. m6A methylation reduction promoted cell proliferation, clone formation, migration, and invasion, affecting endometrial tumorigenesis and progression. In addition, FTO catalyzes the demethylation of HOXB13 mRNA in the 3′UTR region, thereby eliminating the recognition of YTHDF2 protein-modified m6A that affects tumor metastasis (Zhang L. et al., 2020). In hepatocellular carcinoma, Hou et al. (2019) showed a unique m6A-mRNA editing process in the hypoxic state. m6A RNA modification through YTHDF2-mediated EGFR degradation plays a role in tumor suppression. In addition, YTHDF2 inhibits ERK/MAPK signaling by destabilizing EGFR mRNA and affecting hepatocellular carcinoma progression (Ma et al., 2017). In breast cancer, Zhang et al. (2016a,b) showed that ALKBH5 expression increases, that NANOG can maintain and regulate tumor stem cells, and that increased ALKBH5 expression correlates with decreased NANOG mRNA m6A levels increased mRNA stability. In lung squamous cell carcinoma, the expression level of FTO is lower. By inhibiting m6A methylation, FTO enhances mRNA stability, promotes the expression of the oncogene MZF1, and affects the progression of lung squamous carcinoma. In addition to FTO, METTL3 expression was also abnormal in lung squamous cell carcinoma (Liu et al., 2018b; Cayir et al., 2019). Wang M. et al. (2020)) showed that ALKBH5 expression increases in glioblastoma and that reduced m6A methylation promoted the expression of the oncogene FOX1, enhancing the self-renewal ability and tumorigenicity of glioblastoma stem cells (Zhang et al., 2017; Figure 4).
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FIGURE 4. The dual roles of m6A RNA modification in cancer. m6A is modified to regulate the expression of tumor-related genes. m6A RNA modification promote the occurrence and development of tumors by enhancing the expression of tumor-related genes or inhibit the occurrence and development of tumors by inhibiting the expression of tumor-related genes.




m6A RNA Modification Can Activate Immune Cells

m6A RNA modifications can influence cancer development by activating immune cells. For example, immune checkpoint blockade therapy is a revolutionary change in cancer treatment, but many patients do not respond to or are resistant to immune checkpoint blockade therapy (Zhang et al., 2017). ALKBH5 is an important component of the m6A modifying enzyme complex, and it has been reported that deletion of the m6A demethylase ALKBH5 can make patients more sensitive to cancer immunotherapy (Fang et al., 2020). The mechanism is that ALKBH5 affects the efficacy of immunotherapy during immune checkpoint blockade by regulating the expression and lactate content of MCT4/Slc16a3 in TME and the composition of tumor-infiltrating T cells and myeloid suppressor cells. Among these, growth factor-α is a target gene for ALKBH5, MCT4/Slc16a3 and is involved in regulating extracellular lactate concentration, regulatory T cells, and MDSC aggregation in TME (Li N. et al., 2020).



m6A RNA Modification Can Suppress Immune Cells

In addition to activating immune cells, m6A RNA modifications can also affect the cancer process by suppressing the expression of immune cells. CD4 regulatory T cells are involved in and resolve immune suppression in TME. The transcription factor Foxp3, a marker molecule of Treg cells, is regulated by the Suppressor of cytokine signaling (SOCS) family and activates STAT5 (Tong et al., 2018). It has been reported that in a mouse model that has been constructed with METTL3 deletion, elevated expression of the SOCS gene compared to controls inhibited IL2-STAT5 signaling pathway and maintained the inhibitory function of Treg (Lou et al., 2021). Secondly, in hepatocellular carcinoma, METTL3 overexpression then inhibited the expression of suppressor of cytokine signaling factor 2 (SOCS2) through an m6A-YTHDF2-dependent mechanism, which ultimately promoted tumor growth (Tuncel and Kalkan, 2019).



THE ROLES OF M6A RNA MODIFICATION IN TME OF VARIOUS CANCERS

m6A RNA modifications found in TMEs of different cancers influence the onset and progression of cancer. In this review, we have selected several cancers and summarized the role of m6A RNA modifications in TME (Figure 5 and Table 1).
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FIGURE 5. The roles of m6A RNA modification in TME of various cancers. A variety of chemical modifications occur within the tumor microenvironment that is important for tumorigenesis and progression. Among these, m6A RNA modification is the most abundant. In different tumors, m6A RNA modifications can affect cancer progression in various ways.



TABLE 1. Tlie role of m6A methylation in a variety of cancers.
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Colorectal Cancer

Colorectal cancer is the third most deadly cancer in the world (Bray et al., 2018). Currently, we have made some progress in the diagnosis and treatment of this disease, but the prognosis of patients with advanced cancer remains poor (Nishihara et al., 2013). As research into cancer has intensified, TME has gradually attracted attention and attempted to use it in cancer treatment, in addition to malignant tumor cells. TME is the site of growth and transformation of malignant tumor cells, in which it produces and secretes various chemokines and growth factors that promote tumor development and progression (Bahrami et al., 2018). TME contains numerous immune components that can influence tumor development. It is part of the TME and is a very promising therapeutic target. The resulting tumor immune microenvironment has a dynamic character during tumor progression, in which many kinds of cells are involved (Zhang Y. et al., 2020). Ni et al. showed that disruption of the YAP signaling pathway significantly promotes the development and progression of colorectal cancer. The mechanism is that long-stranded non-coding RNA Gas5 is negatively regulated by the m6A reader YTHDF3, forming an adverse regulatory pathway through phosphorylation and degradation of YAP, thereby inhibiting the colorectal carcinogenesis process (Kino et al., 2010; Ni et al., 2019).

Meanwhile, a study by Xu et al. showed that the expression level of long-stranded non-coding RNA SATB2-AS1 was significantly increased in colorectal cancer. This study found that SATB2-AS1 interacted with chromatin regulatory proteins WDR5 and GADD45A in colorectal cancer cell species, with WDR5 catalyzing Lys4 trimethylation and affecting transcription when bound to methylated H3K4. SATB2-AS1 suppressed tumor metastasis in colorectal cancer by regulating STAB2, i.e., regulating cancer progression by affecting the tumor immune microenvironment (Xu et al., 2019).



Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is a common malignancy with high morbidity and mortality worldwide (Zhang et al., 2018). Patients with advanced hepatocellular carcinoma prognosis are poor under existing conditions, and new approaches are urgently needed. In recent years, immunotherapy has gained prominence in cancer treatment. Because TME is more variable at different stages of tumor development, it shows more significant variation in other individuals or distant locations of the same individual (Quail and Joyce, 2013). Immune cells can inhibit tumor development, but when they interact with specific cells of TME, the tendency for tumor development to spread will be more pronounced (Zamarron and Chen, 2011). Secondly, HCC can classify into multiple types that share a similar TME, both of which promote immune tolerance and immune escape through various mechanisms (Fu et al., 2019). TME is an essential partner of tumor cells, providing the necessary conditions for the development and progression of tumor cells, such as angiogenesis and tumor formation. Exosomes are information carriers for TME and are the molecular entities involved in building TME (Wu et al., 2019). In hepatocellular carcinoma, exosomes shape TME, provide energy, promote tumor growth, and induce angiogenesis. TME contains exosomes regulating cell line survival and development by giving stimulatory or inhibitory signals. The role of m6A RNA modifications, which occur mainly in TME in HCC, has attracted increasing attention (Bissell and Hines, 2011). For example, microRNA 126 is an essential component of the methyltransferase complex and decreased expression in vitro and in vivo (Ma et al., 2017). MicroRNA 126 is a significant component of METTL14 in HCC. METTL14 can influence the progression of tumor development by m6A-dependent regulation of PRI-microRNA 126 progression, leading to reduced expression of microRNA 126 (Hu et al., 2019).



Bladder Cancer

Bladder cancer is one of the three significant urinary system tumors and is the most common malignancy of the urinary system, with the highest incidence among malignancies (Han et al., 2019). Bladder cancer develops as a result of aberrant genetic alterations and epigenetic abnormalities (Cheng M. et al., 2019). With increased research into bladder cancer and improvements in immunotherapy, methods including intravenous BCG and immune checkpoint inhibitors can influence the development of bladder cancer. At the same time, bladder cancer cells can promote the formation of a tumor immune-suppressive microenvironment. If we can modify or modify TME, it is likely to improve the treatment of bladder cancer. Currently, m6A RNA modification, a very abundant modification in TME, largely influences and alters TME and bladder cancer (Crispen and Kusmartsev, 2020). The level of m6A modification increased significantly in bladder cancer tumor tissues.

Moreover, METTL3 expression levels were similarly upregulated compared to paracancerous tissues. METTL3 can affect the AFF4/NF-κB/myc signaling network in an m6A-dependent manner, promoting bladder cancer progression (Alarcon et al., 2015). Briefly, low METTL3 expression inhibits the in vivo proliferation of bladder cancer and, conversely, METTL3 overexpression promotes its proliferation in vivo. Briefly, common METTL3 expression inhibits the in vivo proliferation of bladder cancer and, conversely, METTL3 overexpression promotes its proliferation in vivo (Cheng M. et al., 2019). The mechanism is that METTL3 interacts with the microprocessor protein Dgcr8 to complete miR221/222 processing, which rescues METTL3-induced proliferation of bladder cancer cells, and its processing exerts an oncogenic effect by positively regulating the pri-miR221/222 process in an m6A-dependent manner (Gu et al., 2016).



Breast Cancer

Breast cancer is the most common malignancy in women and has the second-highest mortality rate in the world (Ahn et al., 2016). Although we have made significant progress in the diagnosis, surgery, and drug development of breast cancer, drug resistance in metastatic cancers remains an insurmountable problem. As research has progressed, we have focused not only on the anti-cancer treatment of tumor cells but also on the TME where the tumor cells reside (Houthuijzen and Jonkers, 2018). Some studies have shown that breast cancer is associated with molecular heterogeneity (Schnitt, 2010). ROS levels in breast cancer cells are associated with the expression and activity of the transcription factor AHR, which controls tumor growth and chemokine production in the TME, and regulating the TME can influence tumor progression (Kubli et al., 2019). The m6A RNA modification in breast cancer TME has a profound impact on the development of breast cancer. In breast cancer, increased expression of METTL14 enhances m6A RNA modifications and has-miR-146a-5p expression, ultimately enhancing breast cancer cell invasion and migration (Yi et al., 2020).

Meanwhile, as an eraser, FTO also plays a vital role in m6A RNA modification. For example, FTO can regulate the migration and invasion of breast cancer cells by regulating the FTO/Mir-181B-3P/ARL5B signaling pathway, which ultimately affects the development of breast cancer. In conclusion, a good grasp of the relationship between m6A RNA modification, TME, and breast cancer will open a new door for breast cancer treatment (Xu et al., 2020).



Pancreatic Cancer

Pancreatic cancer is cancer with a high mortality rate in the world today. Its late onset makes early diagnosis difficult, and it is often diagnosed late in the patient’s life (Cheng et al., 2017). Although we have made significant advances in the genetics and biology of pancreatic cancer, the results in prolonging the survival time of pancreatic cancer are still not substantial (Ren et al., 2018). In pancreatic cancer, the stability of TME refers to a complex balance between pro-and anti-tumor components (Melstrom et al., 2017). We are combined with clinical trials showing that TME in pancreatic cancer results from the interaction between pancreatic epithelial and mesenchymal cells, which influences the efficacy of radiotherapy, chemotherapy, and immunotherapy. Two distinguishing features of TME in pancreatic cancer are extensive immunosuppression and intensive adhesion formation, accelerating the proliferation of tumor cells (Neesse et al., 2015). m6A RNA modifications also play an essential role in pancreatic cancer, with METTL3 promoting chemo- and radiation resistance in pancreatic cancer cells (Taketo et al., 2018). In TME, ALKBH5 overexpression can inhibit pancreatic cancer by decreasing the level of m6A RNA modification of WIF-1, blocking the activation of Wnt signaling, and increasing the sensitivity of pancreatic cancer cells to drugs (Tang et al., 2020). Meanwhile, ALKBH5 could demethylate the long non-coding RNA KCNK15-AS1 and inhibit pancreatic carcinogenesis. In addition, aberrant activation of the Wnt signaling pathway is also a critical factor in the development and progression of pancreatic cancer, directly or indirectly affecting tumor cells’ proliferation and drug resistance (Morris et al., 2010; Bailey et al., 2016).



THE APPLICATION OF M6A RNA MODIFICATION IN CANCER

m6A RNA modifications are among the most abundant chemical modifications within RNA, and we can now exploit their range of properties in RNA, such as abundance, to explore their potential function in cancer therapy (Liu X. et al., 2019). Below we summarize the present and future applications of m6A RNA modifications and the difficulties we have encountered.



CURRENT CLINICAL APPLICATIONS OF M6A RNA MODIFICATIONS


m6A RNA Modification Might a Biomarker in Cancer

A growing number of studies have shown that m6A RNA modification has excellent cancer diagnosis and prognosis potential (Wu et al., 2020). It relies mainly on the m6A modifying enzyme complex and plays a vital role in the biological processes of cancer cell proliferation, invasion, and migration (Wang Q. et al., 2018). Many experimental and clinical results show that m6A RNA modifications are closely related to the clinical characteristics of patients and show great potential in the diagnosis of tumors as diagnostic biomarkers for human cancers (Meng et al., 2017). For example, the expression level of m6A is significantly higher in circulating tumor cells than in whole blood cells. Suppose the expression level of m6A changed in circulating tumor cells. In that case, the significance of tumorigenesis and progression can be known and used to predict the diagnosis and prognosis of patients (Liu et al., 2020a).

In patients with hepatocellular carcinoma, upregulation of METTL3 and YTHDF expression decreases patient survival (Ma et al., 2017). Patients in the low METTL3/YTHDF1 group have a better prognosis, so the combination of METTL3 and YTHDF1 serves as a biomarker reflecting the malignancy and prognostic outcome of hepatocellular carcinoma. In gastric cancer, abnormal expression of FTO correlates with the progression and metastasis of gastric cancer. The presentation of FTO plays a vital role in promoting the development of gastric cancer. Hence, FTO is an important molecular marker for the diagnosis and prognosis of gastric cancer. In pancreatic cancer, ALKBH also has an important prognostic molecular marker (Yue et al., 2019).



m6A RNA Modification Might Be a Therapeutic Target in Cancer

In addition to being a biomarker for cancer, m6A RNA modifications have great potential in cancer therapy. Radiotherapy and chemotherapy remain the main treatments for cancer patients, but in recent studies, m6A RNA modifications have shown great potential in cancer therapy (Poller et al., 2018). Analyzing the relevant TCGA dataset, we found that aberrant expression of m6A associated with TP53 gene mutations in AML patients and that m6A mutations reduced survival in AML patients. YTHDF1 is an essential component of the m6A modifying enzyme complex. Its deletion significantly improves the therapeutic effect of PD-L1 checkpoint blockade, revealing that it may be a molecular target for anti-cancer immunotherapy. In addition, m6A RNA modification may also serve as an essential indicator of patients’ sensitivity to radiotherapy. For example, METTL3 promoted resistance to radiotherapy and reduced survival in pancreatic cancer patients, while FTO was expressed at significantly higher levels in CSCC tissues than in pre-cancerous tissues (Liu et al., 2020b). Also, FTO promoted resistance to radiotherapy in vivo and in vitro by reducing the levels of its target m6A RNA modifications. In summary, m6A RNA modification has the potential to be an effective potential therapeutic target for cancer therapy (Wouters and Delwel, 2016; Yang et al., 2017).



Future Clinical Applications of m6A RNA Modifications

In recent years, a growing number of studies have demonstrated the ability of m6A RNA modifications to act as diagnostic biomarkers and therapeutic targets. Based on these studies, we should aim to understand and apply them to clinical treatment more fully. For example, the main clinical treatments for cancer are still chemotherapy and radiotherapy, so drug resistance is an inevitable problem. Since m6A RNA modifications are associated with drug resistance, we can link radiotherapy and m6A RNA modifications to explore a promising therapeutic approach. Secondly, RNA and protein are inextricably linked, and the importance of protein as the main performer of biological functions cannot be overstated. If we affect the relevant biological functions of protein through m6A RNA modification, it may bring us unexpected gains in clinical treatment. At the same time, there are still few readers, writers and erasers identified, and we need more research to deepen our understanding of the biological properties of m6A RNA modifications for human health and disease.



Challenges in Clinical Application

Although m6A RNA modifications are abundantly present in the TME of RNA, the vast majority have no detectable specific biological function, which makes it difficult to further explore their application in clinical aspects. Secondly, the RNA status varies considerably between individuals or different tissues of the same individual, making it difficult to target specific RNA modifications to cells alone and without guaranteeing therapeutic efficacy. Thirdly, little is known about m6A RNA modification, and further understanding of its regulatory mechanisms or possible biological functions in different cancers is necessary. Similarly, the limited number of readers, writers, and erasers involved in m6A RNA modification has also posed a certain obstacle to our research. Finally, most studies on m6A RNA modification have remained in vitro analyses, and translational application of the results remains a great challenge due to the dynamic and complex nature of m6A RNA modification and the organism.



CONCLUSION

Tumor microenvironment is a complex dynamic system consisting of immune cells, fibroblasts, and lymphocytes, whose interaction with malignant cells influences the development and progression of the cancer process. At the same time, there are hundreds of chemical modifications in TME, and different chemical modifications affect the cancer development process to different degrees. As the most abundant modifications in TME, m6A RNA modifications, in addition to regulating various biological functions such as metabolism, are also clinically meaningful and have the potential to become biomarkers or targets for intervention in tumor therapy. In conclusion, an in-depth understanding of the relationship between TME and m6A RNA modifications is essential for exploring the expression and regulation of oncogenes.
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Being located on 17q25.1, small nucleolar RNA host gene 6 (SNHG16) is a member of SNHG family of long non-coding RNAs (lncRNA) with 4 exons and 13 splice variants. This lncRNA serves as a sponge for a variety of miRNAs, namely miR-520a-3p, miR-4500, miR-146a miR-16–5p, miR-98, let-7a-5p, hsa-miR-93, miR-17-5p, miR-186, miR-302a-3p, miR-605-3p, miR-140-5p, miR-195, let-7b-5p, miR-16, miR-340, miR-1301, miR-205, miR-488, miR-1285-3p, miR-146a-5p, and miR-124-3p. This lncRNA can affect activity of TGF-β1/SMAD5, mTOR, NF-κB, Wnt, RAS/RAF/MEK/ERK and PI3K/AKT pathways. Almost all studies have reported oncogenic effect of SNHG16 in diverse cell types. Here, we explain the results of studies about the oncogenic role of SNHG16 according to three distinct sets of evidence, i.e., in vitro, animal, and clinical evidence.
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INTRODUCTION

Small nucleolar RNA host gene 6 (SNHG16) is a member of SNHG family of non-coding RNAs. Long non-coding RNAs (lncRNAs) are a class of transcripts that have sizes longer than 200 nt. These transcripts serve as scaffolds for establishment of different complexes of biomolecules. Moreover, the can serve as enhancers, modulators of chromatin structure and decoys for several molecules, particularly miRNAs {Zhang, 2019 #481}. Bioinformatics tools have facilitated identification of several classes of lncRNAs among them is SNHG group of lncRNAs {Li, 2020 #482}.

Being annotated as NC_000017.11, SNHG16 gene is located on 17q25.1 and has 4 exons. Based on the Ensembl database1, 13 splice variants have been identified for this SNHG16 with one of them having a retained intron (ENST00000587743.1) and the rest being categorized as long non-coding RNAs (lncRNAs). These transcripts have sizes ranging from 556 nt (SNHG16-208) to 3607 nt (SNHG16-201). No protein has been recognized for any of these variants. It has been shown to be ubiquitously expressed in ovary, skin and several other tissues. This lncRNA has fundamental roles in the carcinogenesis in numerous types of tissues. Here, we summarize the results of these studies based on three distinct categories of evidence, i.e., in vitro, animal and clinical evidence.



CELL LINE STUDIES

Small nucleolar RNA host gene 6 has been demonstrated to be up-regulated in lung cancer cell lines, where it acts as a sponge for miR-520a-3p. Through decreasing the availability of this miRNA, SNHG16 increases expression of EphA2. SNHG16 silencing has suppressed proliferation, migratory potential and invasiveness of these cells, while stimulating cell apoptosis. Further experiments have shown the prominence of SNHG16/miR-520a-3p/EphA2 axis in the regulation of oncogenicity in lung cancer (Yu et al., 2020). Being transcriptionally regulated by YY1, SNHG16 also sequesters miR-4500 to modulate expression of the deubiquitinase USP21. USP21 can further increase expression of SNHG16 (Xu P. et al., 2020). Another experiment in lung cancer cells has identified miR-146a as the target of SNHG16, through its sequestering SNHG16 enhances proliferation, migration and invasiveness of lung cancer cells. The sponging effect of SNHG16 on this miRNA leads to over-expression of MUC5AC, a protein which accelerates metastasis and recurrence of lung cancer cells (Han et al., 2019). Figure 1 depicts the roles of SNHG16 in lung cancer which are exerted via sponging miR-520a-3p, miR-4500 and miR-146a.
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FIGURE 1. The oncogenic roles of SNHG16 in lung cancer are mainly mediated through sponging miR-520a-3p, miR-4500, and miR-146a.


Small nucleolar RNA host gene 6 has also important impacts on the modulation of tumor microenvironment through influencing function of γδ immunosuppressive T cells. Mechanistically, SNHG16 works as a sponge for miR-16-5p, thus augmenting expression of SMAD5 and potentiating the TGF-β1/SMAD5 pathway to increase expression of CD73 in Vδ1 T cells (Ni et al., 2020). In addition, SNHG16 can enhance migratory potential of breast cancer cells via sequestering miR-98 and releasing E2F5 from its inhibitory effects (Cai et al., 2017). In prostate cancer cells, siRNA-mediated silencing of SNHG16 results in down-regulation of GLUT-1, reduction of glucose uptake and inhibition of proliferation of cancerous cells without affecting normal prostate cells (Shao et al., 2020). Figure 2 shows the oncogenic roles of SNHG6 in breast and prostate cancers.
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FIGURE 2. Oncogenic roles of SNHG6 in breast and prostate cancers.


In hepatocellular carcinoma (HCC), SNHG16 has diverse oncogenic as well as tumor suppressor roles (Figures 3, 4). SNHG16 has been shown to accelerate proliferation, migratory aptitude and invasiveness of HCC cells through sequestering miR-186 and enhancing expression of ROCK1 (Chen et al., 2019). Moreover, miR-4500 is another sponged miRNA by SNHG16 through which this lncRNA promotes development of HCC (Lin et al., 2019). In this type of cancer, SNHG16 also interacts with miR-302a-3p to increase expression of FGF19 and enhance cell proliferation (Li W. et al., 2019). Metastatic ability of HCC cells can be regulated by SNHG16 through sequestering miR-605-3p. This miRNA can suppress epithelial-mesenchymal transition (EMT) and metastatic ability of HCC via directly suppressing TRAF6 expression and further modulating NF-κB signaling. Being up-regulated by SNHG16, TRAF6 can in turn increase activity of SNHG16 promoter through activation of NF-κB, thus constructing an positive feedback loop in favor of HCC progression (Hu et al., 2020).
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FIGURE 3. Oncogenic roles of SNHG16 in hepatocellular carcinoma via sponging miR-17-5p, miR-186, miR-4500, miR-302a-3p, and miR-605-3p.
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FIGURE 4. In hepatocellular carcinoma, while SNHG16 exerts oncogenic effect via sponging miR-140-5p, miR-195, and let7b-5p, it can have tumor suppressor effect via sponging has-miR-93.


Contrary to the mentioned studies which reported the oncogenic effects of SNHG16 in the development of HCC, a single study has revealed down-regulation of SNHG16 in HCC cell lines. Ectopic virus-mediated over-expression of SNHG16 has repressed proliferation of HCC cells and attenuated their resistance to 5-FU through sponging hsa-miR-93 (Xu et al., 2018).

In osteosarcoma, sponging impact of SNHG16 on miR-98-5p has an essential impact on proliferation, migration and invasive aptitude of cancer cell. Simultaneously, it can enhance cell cycle progression and decease cell apoptosis (Liao et al., 2019). Meanwhile, through sponging miR-16 and up-regulating ATG4B levels, SNHG16 can induce resistance to cisplatin in these cells (Liu Y. et al., 2019). SNHG16 can also promote proliferation of osteosarcoma cells through sponging miR-205 and enhancing expression of ZEB1 (Zhu C. et al., 2018). Finally, SNHG16 can facilitate EMT of osteosarcoma cells through miR-488/ITGA6 axis (Bu et al., 2021). Figure 5 depicts the oncogenic roles of SNHG16 in osteosarcoma.
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FIGURE 5. Oncogenic roles of SNHG16 in osteosarcoma.


Small nucleolar RNA host gene 6/miR-124-3p/MCP-1 has an important role in induction of cell proliferation and EMT in colorectal cancer (Chen et al., 2020). The sponging effect of SNHG16 on miR-200a-3p (Li Y. et al., 2019), miR-132-3p (He et al., 2020), and miR-302a-3p (Ke et al., 2019), also promotes tumorigenicity of colorectal cancer.

In cervical cancer cells, SNHG16 has been found to recruit transcriptional factor SPI1 to increase expression of PARP9, thus promoting malignant behaviors of cells (Tao et al., 2020). Moreover, through sponging miR-216-5p, SNHG16 can increase expression of ZEB1, therefore increasing both cell proliferation and EMT process (Zhu H. et al., 2018). Finally, through sponging miR-128, it affects activity Wnt/β-catenin pathway (Wu et al., 2020). Figure 6 summarizes the role of SNHG16 in colorectal and cervical cancers.
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FIGURE 6. Oncogenic roles of SNHG16 in colorectal and cervical cancers.


In neuroblastoma cells, SNHG16 has been revealed to sequester miR-542-3p (Deng et al., 2020), miR-128-3p (Bao et al., 2020) and miR-338-3p (Xu Z. et al., 2020), thus increasing expressions of HNF4α, HOXA7, and PLK4, respectively (Figure 7).
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FIGURE 7. In neuroblastoma, SNHG16 has been revealed to sponge miR-542-3p, miR-128-3p, and miR-338-3p.


In other types of cancers, including retinoblastoma, oral squamous cell carcinoma, nasopharyngeal carcinoma, SNHG16 sequesters a number of miRNAs, namely miR-140-5p, miR-182-5p, miR-128-3p, miR-183-5p, miR-17-5p, and miR-520a-3p (Figure 8).
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FIGURE 8. Oncogenic roles of SNHG16 in retinoblastoma, oral squamous cell carcinoma and nasopharyngeal carcinoma.


In pancreatic cancer, SNHG16 acts in favor of tumor progression through sponging miR-302b-3p and subsequently increasing expression of SLC2A4 (Xu et al., 2021). Moreover, it can contribute in this process through sponging miR-218-5p (Liu S. et al., 2019). Finally, SNHG16-mediated enhancement of lipogenesis through affecting expression of SREBP2 facilitates progression of pancreatic cancer (Yu et al., 2019b).

Small nucleolar RNA host gene 6 participates in the progression of gastric cancer via sequestering miR-628-3p and consequently decreasing expression of NRP1 (Pang et al., 2019). In this type of cancer, SNHG16 also sponges miR-135a and activates JAK2/STAT3 signaling (Wang et al., 2019b; Figure 9).
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FIGURE 9. Oncogenic roles of SNHG16 in pancreatic and gastric cancers.


Table 1 summarizes the results of in vitro studies regarding the role of SNHG16 in carcinogenesis.


TABLE 1. Outline of researches which measured expression of SNHG16 in cell lines (Δ, knock-down or deletion; 5-FU, 5-fluorouracil; VM, vasculogenic mimicry).
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ANIMAL STUDIES

Animal studies have consistently shown that SNHG16 silencing decreases malignant feature of the grafted cancer cells (Table 2). The only exception has been reported in HCC where SNHG16 over-expression has significantly suppressed the in vivo expansion of grafted HuH7 cells (Xu et al., 2018). Another study in HCC xenograft model has shown that SNHG16 silencing enhances response of HepG2/SOR cells to cytotoxic effect of sorafenib and attenuates tumor growth (Ye et al., 2019). In xenograft models of retinoblastoma, up-regulation SNHG16 (Xu et al., 2019) or its downstream target NRAS (Sun et al., 2019) can increase tumor growth. Finally, in gastric cancer where SNHG16 sponges miR-628, in vivo studies have shown that up-regulation of miR-628 can decrease tumor expansion (Pang et al., 2019).


TABLE 2. Outline of studies which judged function of SNHG16 in animal models (Δ, knock-down or deletion; VM, vasculogenic mimicry).
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CLINICAL STUDIES

Except for a single study which demonstrated down-regulation of SNHG16 in HCC samples versus nearby non-malignant hepatic tissues (Xu et al., 2018), other studies have indicated up-regulation of SNHG16 in malignant tissues of different origins compared with non-neoplastic samples (Supplementary Table 1). Consistent with these findings, up-regulation of SNHG16 has been revealed to predict poor survival of patients. Moreover, its expression has been related with greater chance of distant metastasis, lymph node involvement and low differentiation of tumor cells.



DISCUSSION

Small nucleolar RNA host gene 6 has been regarded as an oncogenic lncRNA in almost all tissues. This lncRNA affect carcinogenesis through multifaceted mechanisms including mechanisms related to both tumor cells and their niche. In fact, it can both affect cellular functions and processes, particularly those related with proliferation, survival and apoptosis as well as microenvironmental aspects of cancer progression.

More than 20 miRNAs have been found to interact with SNHG16. The sponging effects of SNHG16 on miRNAs have been well studied. miR-520a-3p, miR-4500, miR-146a miR-16–5p, miR-98, let-7a-5p, hsa-miR-93, miR-17-5p, miR-186, miR-302a-3p, miR-605-3p, miR-140-5p, miR-195, let-7b-5p, miR-16, miR-340, miR-1301, miR-205, miR-488, miR-1285-3p, miR-146a-5p, and miR-124-3p are examples of miRNAs sponged by this lncRNA in different types of cancers. Verification of interaction between this lncRNA and a number of miRNAs such as miR-98 in different tissues raises the possibility of independence of such interactions from the tissue type. TGF-β1/SMAD5, mTOR, NF-κB, RAS/RAF/MEK/ERK, PI3K/AKT, and Wnt/β-catenin pathways are among cancer-related pathways being affected by this lncRNA. Moreover, SNHG16 has been shown to affect expression of a number of EMT-associated transcription factors and enhance this process. SNHG16 has also been found to affect response of cancer cells to 5-FU and sorafenib.

Based on the results of functional studies that confirmed the ability of siRNA-mediated SNHG16 silencing in reduction of cancer cell proliferation and invasiveness, this strategy can be proposed as a therapeutic strategy for cancer. In vivo studies have also confirmed applicability of these methods; however no clinical study has applied these methods yet. Antisense oligonucleotides as a promising strategy for suppression of expression of SNHG16 should be appraised in clinical settings considering the bioavailability and safety issues.

Although over-expression of SNHG16 has been verified in tissue samples of different types of tumors, application of this lncRNA as a circulatory marker for early detection of cancer has not been assessed. Since clinical studies have revealed correlation between expression amounts of SNHG16 and malignant features, one can suppose that SNHG16 can be used as both diagnostic and prognostic marker. However, this speculation should be verified in future.
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miR-873 is a microRNA located on chromosome 9p21.1. miR-873-5p and miR-873-3p are the two main members of the miR-873 family. Most studies focus on miR-873-5p, and there are a few studies on miR-873-3p. The expression level of miR-873-5p was down-regulated in 14 cancers and up-regulated in 4 cancers. miR-873-5p has many targeted genes, which have unique molecular functions such as catalytic activity, transcription regulation, and binding. miR-873-5p affects cancer development through the PIK3/AKT/mTOR, Wnt/β-Catenin, NF-κβ, and MEK/ERK signaling pathways. In addition, the target genes of miR-873-5p are closely related to the proliferation, apoptosis, migration, invasion, cell cycle, cell stemness, and glycolysis of cancer cells. The target genes of miR-873-5p are also related to the efficacy of several anti-cancer drugs. Currently, in cancer, the expression of miR-873-5p is regulated by a variety of epigenetic factors. This review summarizes the role and mechanism of miR-873-5p in human tumors shows the potential value of miR-873-5p as a molecular marker for cancer diagnosis and prognosis.
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Introduction

With the increasing incidence and mortality of cancer worldwide in recent decades, it has become the second leading cause of human death (1). MicroRNA (miRNA) is a set of non-coding RNA (2) less than 25 nucleotides in length. miRNAs can bind to the 3’-untranslated region (3’-UTR) of target mRNA molecules and regulate the expression of target genes, thus playing an important role in cancer (3). The miR-873 family is located on chromosome 9 (chr9:28888878-28888954). Its family includes two main members of the human genome, including hsa-miR-873-5p (miR-873-5p) and hsa-miR-873-3p (miR-873-3p). Their mature sequences are 21 and 22 nucleotides in length, respectively, and are highly conserved (Figure 1). At present, most researches focus on miR-873-5p.




Figure 1 | The sequence structure of the miR-873 family. Hsa-mir-873 is located on chromosome 9 (chr9:28888878-28888954). It has two mature sequences, hsa-miR-873-5p (MIMAT0004953, miR-873-5p) and hsa-miR-873-3p (MIMAT0022717, miR-873-3p).



Studies have found that the expression of miR-873-5p is dysregulated in a variety of cancers and plays different roles in different cancers. On the one hand, miR-873-5p is upregulated and carcinogenic in non-small cell lung cancer (NSCLC) (4), and hepatocellular carcinoma (HCC) (5); on the other hand, miR-873-5p is involved in colorectal cancer (CRC) (6) and gastric cancer (GC) (7) are down-regulated and exert a tumor suppressor effect. miR-873-5p can affect cell proliferation (5), apoptosis (6), migration (8), invasion (9), cell stemness (10), and other biological processes by regulating the expression of its target genes. In addition, miR-873-5p also has important clinical significance in drug sensitivity and prognosis of cancer patients (4, 6). miR-873-5p can also be regulated by a variety of epigenetic factors. Among them, the interaction between non-coding RNA (lncRNA or circRNA) and miR-873-5p is mainly researched. This review focuses on studying the biological role of miR-873-5p in tumors, exploring the molecular functional network of its targeted genes, and predicting the potential role of miR-873-5p in the diagnosis and prognosis of human cancer.



The Biological Function of miR-873-5p Target Genes

miR-873-5p can directly bind to the 3’-UTR of target gene mRNA and regulate gene expression after transcription. The target gene of miR-873-5p has unique molecular functions, including catalytic activity, transcription regulation, binding, etc. (Figure 2).




Figure 2 | The molecular functions of miR-873-5p target genesThe target genes of miR-873-5p have the molecular functions of binding, catalytic, and transcription regulator activity.



Among the miR-873-5p target genes, CDK3 is a catalytically active gene. CDK3 is a cyclin-dependent kinase, which can phosphorylate the estrogen receptor (ER) and enhance ER activity, thereby promoting the occurrence and development of breast cancer (BC) (11).

Among the miR-873-5p target genes, genes with transcriptional regulatory activity are ELK1, DEC2, ZEB1, and ZIC2. ELK1 is a key transcriptional regulator that mediates the MEK-ERK signal transduction, and it can activate early oncogene expression (12, 13). DEC2 is the basic helix-loop-helix transcription factor of the clock gene. It plays an important role in the circadian rhythm, cell proliferation, and apoptosis, and thus participates in tumor progression (14). ZEB1 is a member of the zinc finger E-box binding protein (ZEB) transcription factor family (15). ZEB1 can bind to the promoter of the liver cancer-derived growth factor (HDGF) and increase the level of HDGF transcription, leading to the pathogenesis of endometrial cancer (EC) (16). ZIC (Cerebellar Zinc Finger Protein) protein has five highly conserved Cys2His2 motifs, which can bind to DNA and thus function as a transcription factor (17). As a member of the ZIC family, ZIC2 can promote tumor growth and metastasis of hepatocellular carcinoma through transcriptional regulation of p21-activated kinase 4 (18). In addition, ZIC2 can bind to the DNA-binding high mobility base box of TCF4, thereby inhibiting the transcriptional activity of β-catenin (19).

The miR-873-5p target genes with binding activity include DEC2, NDFIP1, STRN4, TNNT1, and CXCL16. DEC2 can inhibit its downstream molecules by binding to the E-box (20). NDFIP1 is a membrane protein with small endosomes containing PY motifs, which can transport E3 ligase and its substrate to endosomes (21). STRN4 is a member of the striatin family. It can combine with MINK1 of the germinal center kinase family to form a large complex, which is essential for the process of cytokinesis (22, 23). Troponin T1 (TNNT1) is a subunit of troponin T, which can bind to tropomyosin and anchor the troponin complex at a specific location on striated muscle filaments (24). CXCL16-CXCR6 are chemokines and chemokine receptors, respectively, which can bind to each other (25). The mutual binding of CXCL16 and CXCR6 involves a variety of biological activities, including cell adhesion (26) and anti-tumor immunity (27).



MiR-873-5p Dysregulation in Various Cancers

As shown in Table 1, miR-873-5p is abnormally expressed in 18 types of cancers. Among them, miR-873-5p is up-regulated in 4 types of cancers, including NSCLC (4), lung adenocarcinoma (LUAD) (28, 29), lung cancer (LCA) (5, 8, 30), and Merkel cell carcinoma (MCC) (24627810). miR-873-5p is down-regulated in 14 types of cancers, including nasopharyngeal carcinoma (NPC) (32), lung cancer (LCA) (33), cervical cancer (CC) (34, 35), EC (36), BC (10, 11, 37, 38), pancreatic ductal adenocarcinoma (PDAC) (39), glioblastoma (GM) (9, 40–42), osteosarcoma (OS) (43), papillary thyroid carcinoma(PTC) (44), CRC (6, 45–49), esophageal cancer(ESCA) (50),GC (7, 51, 52), tongue squamous cell carcinoma (TSCC) (53), and pancreatic cancer(PC) (54).


Table 1 | miR-873-5p dysregulation and its target genes in cancer.



Highly expressed miR-873-5p can inhibit cell proliferation, induce cell apoptosis, inhibit EMT, metastasis, and invasion process, thereby promoting the occurrence and development of cancer. Among the four types of cancers (NSCLC, LUAD, HCC, and MCC), miR-873-5p can promote their progression, indicating that miR-873-5p has tumor suppressor and cancer-promoting effects.



The Biological Role of miR-873-5p in Human Cancer


MiR-873-5p and Different Signaling Pathways

miR-873-5p can affect the occurrence and development of cancer by participating in the PIK3/AKT/mTOR, Wnt/β-Catenin, NF-κβ, MEK/ERK, and other signaling pathways (Figure 3).




Figure 3 | miR-873-5p related signaling pathways in cancer. miR-873-5p can influence cancer development by participating in the PIK3/AKT/mTOR, Wnt/β-Catenin, NF-κβ, MEK/ERK signaling pathways. Blue, signaling pathway; Orange, target gene; Red, miR-873-5p.



The PIK3/AKT signaling pathway is often overactivated in malignant tumors. The PIK3/AKT signaling pathway can participate in cell cycle regulation, promote cell proliferation and metastasis, and inhibit cell apoptosis (55). In HCC, miR-873-5p promotes the development of HCC through the NDFIP1/AKT/mTOR axis (5). miR-873-5p can directly activate PIK3/AKT to promote HCC progression (30). miR-873-5p can down-regulate TUSC3 expression, inhibit the AKT signaling pathway, and thus hinder CRC development (49). In PC, miR-873-5p targets PLEK2 and inhibits the AKT signaling pathway, thereby inhibiting the development of cancer (54).

The Wnt/β-Catenin signaling pathway is important for tumor development, and the dysregulation of the Wnt/β-Catenin signaling pathway may lead to cell proliferation and malignancy (56). miR-873-5p inhibits the expression of HOXA9 and STRA6, and blocks the Wnt/β-Catenin signaling pathway, thereby inhibiting the development of OS and GC (43, 52).

The NF-κβ signaling pathway can inhibit cell apoptosis, and it is closely related to tumor occurrence, growth, and metastasis (57). By inhibiting the expression of JMJD8, TNF receptor-related factor 5 (TRAF5) and TGF-β activated kinase 1 (MAP3K7) binding protein 1 (TAB1), miR-873-5p can inhibit the NF-κβ signaling pathway, thereby hindering the progression of CRC (6, 45). In PTC, miR-873-5p can down-regulate the expression of CXCL16, and can also inhibit the development of PTC through down-regulating the NF-κβ signaling pathway (44).

The MEK/ERK signaling pathway can promote cell proliferation and migration and is involved in the occurrence and development of a variety of cancers (12). In CRC, miR-873-5p targets ELK1 and STRN4, and exerts a tumor suppressor effect through the ERK signaling pathway (47). By down-regulating KRAS expression, miR-873-5p can also inhibit the ERK signaling pathway to suppress the development of PDAC and TNBC (39). In addition, miR-873-5p can also deactivate the PI3K/AKT and ERK signaling pathways to inhibit the development of BC (58).



MiR-873-5p and Cell Cycle

The regulation of the cell cycle is of great significance to the proliferation and apoptosis of cancer cells (Figure 4). Increased expression of miR-873-5p can inhibit the expression of GLI1 and cyclin B, thereby inducing GC cells to arrest the G2/M cell cycle (51). After miR-873-5p targets to inhibit JMJD8, it blocks CRC HCT116 and SW480 cells in the G1-S cell cycle (6). miRNA-873-5p can accelerate the S phase process of HCC cells, thereby promoting cancer cell proliferation (30). Other studies have shown that miR-873-5p can down-regulate STRA6, thereby inducing GC cells to arrest in the G0/G1 cell cycle and increasing cell mortality (30). After miR-873-5p targeted IGF2BP1, GM cells showed significant G0/G1 block and S phase reduction (42).




Figure 4 | The role of miR-873-5p and its target genes on the cell biology of cancer cells. By promoting or inhibiting cell proliferation and apoptosis, miR-873-5p has both oncogenic or pro-cancer effects in different cancers. miR-873-5p inhibits the aerobic glycolysis of cancer cells by targeting NDFIP1. In addition, miR-873-5p can reduce the stemness of cancer cells by targeting PD-L1 and HUR/CDK3. By targeting GLI1, JMJD8, IGF2BP1, and STRA6, miR-873-5p can inhibit the progression of the cancer cell cycle.





MiR-873-5p and Cell Proliferation and Apoptosis

The targeted genes of miR-873-5p are closely related to the process of tumor cell proliferation and apoptosis (Figure 4).

STRN4 directly acts on protein kinases such as MINK1, TNIK, and MAP4K4. The knockdown of STRN4 inhibits the proliferation of PDAC and CRC cancer cells (59). miR-873-5p can target ELK1 and STRN4 and inhibit the proliferation of CRC LoVo and HCT116 cells through the regulation of the ERK-CyclinD1 signaling pathway (47).

Human cytomegalovirus glycoprotein UL16 binding protein 2 (ULBP2) is an important activation receptor on the surface of natural killer cells. In normal tissues, low levels of ULBP2 can lead to the activation of immune cells (60, 61). In CC C33a cells, miR-873-5p activates immune cells by inhibiting ULBP2 expression, thereby attenuating cell proliferation (34).

Jumonji domain-containing protein 8 (JMJD8) contains a JmjC domain (62) at 74-269 amino acid residues. miR-873-5p can inhibit the NF-κβ signaling pathway by down-regulating the expression of JMJD8 in CRC cells, thereby inhibiting cell proliferation, blocking the G1-S transition, and enhancing the apoptosis of CRC HCT116 and SW480 cells (6). miR-873-5p directly targets the 3’-UTR of TUSC3 to down-regulate its expression and inhibit AKT signaling pathway and CRC cell proliferation (49). TNNT1 expression is closely related to the clinical stage of tumor tissues and can promote the proliferation of cancer cells through metastatic G1/S transition (63). miR-873-5p down-regulates TNNT1 and may inhibit the proliferation of CRC cells (48). Besides, TRAF5 and TAB1 are both key components of the NF-κβ signaling pathway (45). miR-873-5p directly targets TRAF5 and TAB1 to inhibit the NF-κβ signaling pathway, thereby inhibiting the cell proliferation of CRC (45).

KRAS can enhance the AKT and ERK signaling pathways that are related to cell proliferation (64). miR-873-5p inhibits the cell proliferation of PDAC and TNBC tissues (38) by targeting KRAS, thereby inhibiting the ERK and PI3K/AKT signaling pathways (39). miR-873-5p can induce apoptosis of PDAC and TNBC by regulating the Caspase-dependent apoptotic pathway (39). DCST1-AS1 is an oncogenic lncRNA (38). DCST1-AS1 can sponge miR-873-5p and thus reduce the inhibition of miR-873-5p on the expression of IGF2BP1, thereby up-regulating the expression of MYC and promoting the proliferation of TNBC cells (38).

Tripartite motif-containing protein 25 (TRIM25) is a member of TRIM protein, which can target the degradation of MTA-1 (65). MTA-1 is a member of the metastasis-related gene (MTA) family and plays an important role in the proliferation of cancer cells (66). miR-873-5p can inhibit TRIM25 expression, which can promote the proliferation of HCC cells (8). TSLC1 is a new type of tumor suppressor gene, which is related to proliferation, apoptosis, cell cycle, and tumorigenicity of cancer cell (67). The inhibition of TSLC1 by miRNA-873-5p can lead to hyperphosphorylation of PI3K/AKT/mTOR and other signaling pathways to promote HCC cell proliferation (30).

Src is a tyrosine kinase that is frequently up-regulated in cancer and is very important for cancer cell proliferation (68, 69). Src Kinase Signaling Inhibitor 1 (SRCIN1) is a tumor suppressor gene that suppresses cancer by inactivating Src in cancer (70). miR-873-5p activates the Src signaling pathway by down-regulating of SRCIN1 expression and promotes the proliferation of LUAD cells (28).

Insulin-like growth factor 2 mRNA binding protein 1 (IGF2BP1) is a carcinoembryonic protein that is expressed in various cancers including leukemia (71). IGF2BP1 can stabilize and enhance the expression of c-MYC and MKI67, which are both effective regulators of cell proliferation and apoptosis (72). Overexpression of miR-873-5p in GM cells can significantly down-regulate the expression of IGF2BP1, MKI67, and c-MYC, and lead to cell proliferation inhibition and apoptosis (42). ZEB2 is a transcription factor containing zinc fingers, which is essential in early embryonic development (73). ZEB2 can increase the expression of cyclin A1, cyclin D1, and Bcl-2 in GM cells, thereby promoting the growth of GM cells (74). miR-873-5p down-regulates ZEB2 expression, which can promote GM cell apoptosis (74).

HOXA9 is a member of the mammalian HOX family (75), which is abnormally activated in a variety of cancers such as CRC (76) and GC (77). miR-873-5p directly targets HOXA9 and reduces the expression levels of β-catenin and cyclin D1 through the inactivation of the Wnt/β-catenin signaling pathway, thereby inhibiting OS cell proliferation (43).

Hedgehog (Hh) signaling pathway can participate in the cancer process through mechanisms such as promotion of tumor invasion and metastasis (78, 79). GLI1 is a transcription factor of the Hh signaling pathway and downstream target genes and is usually used as a marker to activate the Hh signaling pathway (80). Studies have found that increased expression of miR-873-5p can inhibit the expression of GLI1 and inhibit the cell proliferation of NSCLC (4), GC (51), and CC (35) through the Hh signaling pathway. STRA6, as a transmembrane protein of RA, is overexpressed in many cancer types (81). Overexpression of STRA6 can upregulate Wnt pathway-related genes, such as β-catenin, MMP-7, and c-myc. miR-873-5p down-regulates the expression of STRA6 in GC and can inhibit GC cell proliferation (52).

The estrogen receptor (ER) is a member of the nuclear receptor superfamily of ligand-activated transcription factors and plays an important role in BC (82). miR-873-5p inhibits ER activity by targeting CDK3, thereby inhibiting the growth of BC cells (11).

As a chemokine, the binding of CXCL16 to its sole receptor CXCR6 can involve biological activities such as cell adhesion (26) and anti-tumor immunity (27). Silencing CXCL16 can inhibit the proliferation and invasion of cancer cells by regulating the NF-κβ signaling pathway (83). Overexpression of miR-873-5p targets CXCL16 and suppresses the NF-κβ signaling pathway in PTC cells, thereby inhibiting PTC cell proliferation (44).

HDGF is a secreted growth factor (84), which can interact with the β-catenin pathway and promote cancer cell proliferation (85). Therefore, miR-873-5p targeted down-regulation of HDGF may inhibit EC cell proliferation through the β-catenin signaling pathway (36). DEC2 plays an important role in circadian rhythm, cell proliferation, and apoptosis, and is also closely related to tumor progression (14). In ESCA, miR-873-5p can inhibit ESCA cell proliferation by targeting the DEC2 gene, thereby affecting the circadian rhythm (14, 50).



MiR-873-5p and Cell Migration, Invasion, and EMT

The migration and invasion of cancer cells are important for the progression of cancer. Epithelial cell-mesenchymal transition (EMT) is a process of epithelial cell changes, which is characterized by weak cell adhesion and enhanced migration ability (86). EMT is an important marker of cancer progression and metastasis of malignant tumors (87) (Figure 5).




Figure 5 | The effect of miR-873-5p target genes on EMT, migration, and invasion of cancer cells. miR-873-5p inhibits the EMT process by inhibiting the expression of ZEB1, TUSC3, DCST1-AS1, JMJD8, ELK1-STRN4, GLI1, STRA6, and DEC2. MiR-873-5p targets TRIM25, SRCIN1, and TSLC1, and promotes cell migration and invasion. In addition, miR-873-5p inhibits the migration and invasion of cancer cells by targeting CXCL16, TNNT1, IGF2BP1, Bcl-2, TNNT1, and HOXA9.



In CRC HCT8 cells, the down-regulation of miR-873-5p corresponds to the up-regulation of ELK1 and STRN4, which leads to the down-regulation of E-cadherin and α-E-catenin and enhances EMT, and ultimately promotes the migration of CRC cells (47). ZEB1 is closely related to migration and EMT (88). In CRC, the up-regulation of miR-873-5p also corresponds to the down-regulation of ZEB1 expression, thereby significantly increasing the levels of E-cadherin, β-catenin, and ZO-1. This leads to a decrease in the levels of N-cadherin and vimentin, which changes the cell phenotype from EMT to MET, thereby inhibiting the EMT process of CRC cells (46). When miR-873-5p targets JMJD8, the expression of E-cadherin and cytokeratin is significantly increased, thereby weakening the EMT effect and inhibiting the migration and invasion of CRC cells (6). TUSC3 may change the EMT of CRC by regulating PI3K/Akt and WNT/β-catenin signaling pathways, thereby changing its metastasis and invasiveness (89). miR-873-5p can negatively regulate the expression of TUSC3, thereby inhibiting the EMT ability of CRC cells (49). TNNT1 is negatively correlated with the expression of E-cadherin in colon adenocarcinoma (90). miR-873-5p can regulate E-cadherin expression by targeting TNNT1, thereby inhibiting CRC cell migration and invasion (48).

When miR-873-5p targets to inhibit GLI1, the expression level of E-cadherin is significantly increased, while the levels of N-cadherin and vimentin are significantly reduced, thereby inhibiting the EMT process of CC cells (35). miR-873-5p can negatively regulate ULBP2 and activate immune cells, thereby reducing the invasion and metastasis of CC cells (34).

In GC cells, miR-873-5p can lead to the downregulation of N-cadherin and vimentin by inhibiting STRA6, thereby inhibiting the EMT process of GC cells, and cell metastasis and invasion (52).

LEF1 is an important transcription factor involved in the activation of the Wnt signaling pathway, which can promote the synthesis of mesenchymal fibronectin and EMT (91). When miR-873-5p binds to DCST1-AS1, the expression of LEF1 is up-regulated, and the EMT of TNBC cells is enhanced to promote cancer cell migration and invasion (38).

In ESCA, miR-873-5p can down-regulate the expression of DEC2, thereby inhibiting the effect of EMT and reducing the migration and invasion of ESCA cells (50, 92).

In PDAC and TNBC, miR-873-5p can target KRAS, thereby inhibiting cell migration and invasion through the ERK/AKT signaling pathway (39). The Wnt/β-catenin signaling pathway is a key mechanism for cell maintenance and development, including cell differentiation, migration, and invasion (93).

miR-873-5p can target HOXA9 and inhibit the migration and invasion of OS cells through suppressing the Wnt/β-catenin signaling pathway (43).

MTA-1 can promote cell metastasis through histone deacetylation and nucleosome remodeling (66). After miR-873-5p inhibits the expression of TRIM25, the function of MTA-1 is enhanced to promote the metastasis and invasion of HCC cells (8). TSLC1 is a specific tumor suppressor involved in cell adhesion and invasion (94). Therefore, in HCC, miR-873-5p can target TSLC1 to increase HCC cell adhesion, thereby promoting HCC cell migration (30).

SRCIN1 is the main regulator of E-cadherin (95), which can regulate the growth and movement of cell (96). miR-873-5p down-regulates the expression of SRCIN1, which can reduce cell adhesion and promote the migration of LUAD cell A549 (28).

IGF2BP1 can enhance the directionality of cell migration in a PTEN-dependent manner. miR-873-5p can down-regulate the expression of PTEN by targeting IGF2BP1, thereby inhibiting the migration ability of GM cells (42). Matrix metalloproteinases (MMP) have been shown to activate and regulate GM cell migration (97). Bcl-2 is an oncogene and it can promote the migration and invasiveness of GM cells by enhancing the activity of MMP (98). miR-873-5p can target Bcl-2 to enhance the activity of MMP and inhibit the migration and invasion of GM cells (9). MMPs are related to the development of cancer, which can promote the degradation of extracellular matrix and cell invasion and metastasis (99, 100). Overexpression of miR-873-5p can inhibit the expression of MMP1, MMP9, and MMP13 by down-regulating CXCL16, thereby inhibiting the migration and invasion of PTC cells (44).



MiR-873-5p and Cell Stemness

Although cancer stem cells (CSCs) only account for a small part of cancer cells, they have the ability to self-renew (101). At present, CSC is considered to be the main factor leading to tumor recurrence and drug resistance (102).

Programmed cell death ligand 1 (PD-L1) is an immune checkpoint molecule and a ligand for PD-1 (103). The expression of PD-L1 is highly correlated with stemness-related genes in BC tissues and is overexpressed in basal BC. Therefore, PD-L1 may promote the stemness of BC cells (104, 105). PD-L1 can activate the PI3K/AKT and ERK signaling pathways in BC (106). And miR-873-5p can target PD-L1 and down-regulate its expression, and then inhibit the stemness of BC cells through the PI3K/Akt and ERK1/2 signaling pathways (10).

HuR is an RNA binding protein that can promote the progression of various tumors (107). HuR can directly bind and up-regulate CDK3 to promote the stemness of LCA (33). miR-873-5p can competitively bind to CDK3 with HuR and reduce CDK3 expression, thereby reducing the stemness of LCA cells (33).

Studies have found that ZIC2 may affect the occurrence and development of tumors through the AKT signaling pathway (108). Up-regulation of miR-873-5p can inhibit the expression of ZIC2 and disrupt the AKT signaling pathway, thereby inhibiting the stemness and tumorigenicity of NPC cells (109). Overexpression of miR-873-5p can silence PLEK2 and inhibit the self-renewal of PC stem cells through the PIK3/AKT signaling pathway, thereby inhibiting the development of PC (54).



MiR-873-5p and Glycolysis

Tumor cells can change their metabolism to adapt to the challenging hypoxic environment (110). Intermediates in glycolysis can be used to meet the biosynthetic needs of rapidly growing tumors (111). AKT/rapamycin (mTOR) activation enables the continued growth and survival of tumor cells that rely on aerobic glycolysis, while the expression of NDFIP1 reduces the AKT/mTOR signaling pathway in cancer cells (5). In HCC, miR-873-5p inhibits the Warburg effect through the NDFIP1/AKT/mTOR axis, thereby inhibiting the aerobic glycolysis of HCC cells (5).




The Role of miR-873-5p in Cancer Treatment

Gefitinib (EGFR-TKI) can reduce viability and proliferation of cancer cells and angiogenesis in NSCLC (Figure 6). However, the resistance of cancer cells to gefitinib has greatly limited its clinical application (4, 112, 113). The enhancement of the GLI1 expression can increase the radiation resistance of NSCLC cells. When GLI1 is silenced, gefitinib can significantly reduce the growth of NSCLC cells (114, 115). The down-regulation of GLI1 by miR-873-5p can reduce the resistance of NSCLC cells to gefitinib, thereby causing NSCLC PC9 cell apoptosis (4).




Figure 6 | The effect of miR-873-5p on the efficacy of different cancer chemotherapy drugs through its target genes. miR-873-5p inhibits the expression of ABCB1, Bcl-2, GLI1, FOXM1, PD-L1, CDK3, and ZEB1, thereby improving the inhibitory effects of various anticancer drugs on cancer cells. OC, ovarian cancer; GM, glioblastomas; LC, lung cancer; BC, breast cancer.



The main treatments for BC include surgery, targeted therapy, radiotherapy, and chemotherapy. For TNBC, chemotherapy is the only treatment (10). CSCs may contribute to the chemoresistance of cancer (116). By activating the PI3K/Akt and ERK1/2 signaling pathways, the PD-1/PD-L1 axis can promote the stemness and drug resistance of BC cells. miR-873-5p targeted inhibition of PD-L1 expression can attenuate the resistance of BC cells to Adriamycin (10). In addition, miR-873-5p may also inhibit ERa phosphorylation by targeting CDK3, thereby restoring the sensitivity of BC drug-resistant cells to tamoxifen (11).

Norbiliin (NCTD) is a dimethyl analog of phthalazine, which can inhibit the biological functions of cell proliferation and angiogenesis in a variety of cancers (117–119). NCTD can overcome tamoxifen resistance by targeting the miR-873-5p/CDK3 axis in BC cells (120).

Gemcitabine is a chemotherapy drug that is derived from deoxycytidine and is commonly used to treat BC patients (121). ZEB1 plays a key role in promoting the development of CSCs, and its overexpression is related to cancer chemoresistance (15). miR-873-5p can bind to the 3’-UTR of ZEB1 to directly inhibit its expression, thereby enhancing the cell growth inhibition induced by gemcitabine treatment (37).

Ovarian cancer (OC) is mostly treated with cisplatin and paclitaxel, but OC cancer cells often develop resistance to these drugs (122). The ABC superfamily transporter and P-glycoprotein (MDR1) play a key role in the multidrug resistance (MDR) of cancer. They can mediate the outflow of various chemical drugs, such as anticancer drugs (123–125). Overexpression of miR-873-5p increases the sensitivity of OC cells to cisplatin and paclitaxel by targeting ABCB1 to down-regulate the expression of MDR1 (126).

GM is the most common primary brain tumor in adults, and cisplatin is currently a chemical drug widely used to treat GM (127, 128). A study has found that inhibiting the expression of Bcl-2 can enhance the sensitivity of GM to cisplatin (129). miR-873-5p can enhance the sensitivity of GM cells to cisplatin by targeting Bcl-2 (9).

In addition, genistein is a soy-derived isoflavone that can play a beneficial role in cancer treatment (130). Genistein can inhibit the progression of NSCLC by regulating the circ_0031250/miR-873-5p/FOXM1 axis (131).



The Regulation of miR-873-5p in Human Cancer

Current studies have found that methyltransferase, circRNA, and lncRNA are involved in the regulation of miR-873-5p in human cancer (Figure 7).




Figure 7 | The epigenetic factors of miR-873-5p in human cancer. miR-873-5p can be targeted and regulated by lncRNAs, circRNAs, and other proteins, thus affecting downstream gene expression and playing an important role in cancer.



CircRNA is a new type of non-coding RNA that can bind miRNAs to stop their regulation of target genes (132). Hsa_circ_0000069 can sponge miR-873-5p, which can promote the expression of TUSC3, thereby promoting the proliferation, migration, and invasion of CC cells (133). In Neuroblastoma, circDGKB can sponge miR-873-5p to increase the expression of ZEB1 and GLI1, and promote the occurrence and development of cancer (134). circ-UMAD1 can sponge miR-873-5p, thereby up-regulating the expression of Galectin-3 and inducing lymphatic metastasis of PTC (135). circFAT1(e2) can promote the proliferation, metastasis, and invasion of PTC cells by inhibiting the miR-873-5p/ZEB1 axis, thereby exerting a carcinogenic effect (136). Knockout of circ_0004507 can up-regulate the expression of miR-873-5p and inhibit the progression of laryngeal cancer (137). circ_0031250 can promote the proliferation, migration, and invasion of NSCLC cells by inhibiting the miR-873-5p/FOXM1 axis (131). circZKSCAN1 can inhibit the progression, proliferation, migration, and invasion of HCC by down-regulating the miR-873-5p/DLC1 axis, thereby hindering the occurrence and development of HCC (138). Infant hemangioma (IH) is one of the most benign endothelial tumors in infants and young children. circATP5SL can eliminate the inhibition of IGF1R by sponging miR-873-5p, thereby promoting IH cell invasion, proliferation, and migration (139). circVPS33B accelerates tumor cells’ proliferation, migration, and growth by down-regulating the miR-873-5p/HNRNPK axis in invasive GC (140).

LncRNA MCF2L-AS1 can promote CSC-like characteristics of NSCLC cells by down-regulating the expression level of miR-873-5p, thereby exerting carcinogenic effects (141). YY1 is a member of the YY family. It is a zinc finger protein and is overexpressed in a variety of cancers (142). YY1 can down-regulate the level of miR-873-5p, thereby activating the PI3K/AKT and ERK signaling pathways, thereby promoting the stemness of cancer cells (58). LncRNA CYTOR can regulate the expression of genes in the nucleus, thereby participating in the occurrence and development of cancers such as CRC (143). By up-regulating lncRNA CYTOR, TRIM29 inhibits pre-mir-873-5p to produce miR-873-5p, thereby up-regulating FN1 and promoting the migration and invasion of PTC cells (144).

The expression of lncRNA DGCR5 is significantly reduced in LC. DGCR5 shares the same binding site of miR-873-5p with TUSC3 (145). Ki-67 and MMP-3, MMP-9 are the markers of cell proliferation, cell migration, and invasion (100, 146). The binding of DGCR5 to miR-873-5p reduces the expression of TUSC3, Ki-67, MMP-3, and MMP-9, and thus decreases the proliferation and migration ability of LC cells (145). LncRNA TDRG1 is a proto-oncogene for CC (147) and endometrial cancer (148). The expression of lncRNA TDRG1 is up-regulated in human GC tissues and is related to the clinical prognosis of GC patients (149). As an important regulator of cancer, HDGF can be down-regulated through the EMT signaling pathway and the MMP-2 and MMP-9 signaling pathways (150). TDRG1 can target the miR-873-5p/HDGF axis, thereby promoting the tumor phenotype of GC cells (149). In addition, TDRG1 up-regulates the expression of ZEB1 by targeting miR-873-5p, thereby promoting tumorigenesis and the development of NSCLC cell lines (151). LncRNA HOTAIRM1 inhibits the miR-873-5p expression and promotes the expression of ZEB2 in GM, thereby inhibiting tumor cell apoptosis (74).

Competitive endogenous RNA (ceRNA) is considered to be a mechanism in post-transcriptional regulation and is related to tumor progression (152, 153). In OS, miR-873-5p targets to inhibit the expression of DDX11, and thus reduces the expression of MMP2, MMP9, N-cadherin, but increases the expression of E-cadherin, thereby inhibiting the migration and EMT process of OS cell lines (154). LncRNA DDX11-AS1 is up-regulated in GC tissues and cell lines, and its expression increases with the development of TNM stages and lymph node metastasis (155). LncRNA DDX11-AS1 as a ceRNA can bind to miR-873-5p and up-regulate the expression of DDX11 in OS and SPC18 in GC, thereby promoting the occurrence and development of OS (154) and GC (155).

Single nucleotide polymorphisms (SNPs) can change the secondary structure of lncRNA, thereby affecting the interaction between lncRNA and its interacting miRNA, and ultimately increasing the risk of cancer (156). The rs12982687 site of lncRNA UCA1 can affect the binding of miR-873-5p, thereby increasing the function of HIF-1 signal transduction, promoting the proliferation and migration of CRC cells (157).



MiR-873-5p and the Prognosis of Cancer Patients

At present, many studies have found that miR-873-5p is significantly related to the prognosis of cancer patients (Table 2). Compared with normal tissues, the expression level of miR-873-5p is increased not only in HCC tissues but also in advanced HCC. Increased expression of miR-873-5p in HCC is positively correlated with lymph node metastasis and metastasis stage, but negatively correlated with tumor differentiation, indicating that miR-873-5p may be related to the aggressiveness and poor prognosis of HCC (5). In addition, low expression of miR-873-5p is associated with poor prognosis of LUAD (29).


Table 2 | The prognostic value of miR-873-5p in different cancers.



Decreased expression of miR-873-5p is an indicator of poor prognosis in CRC patients (49). In addition, the level of miR-873-5p is negatively correlated with the degree of malignancy of CRC, and high levels of miR-873-5p are significantly correlated with a longer overall survival rate of patients (6). In GC, low expression of miR-873-5p is associated with large tumors, advanced T grade, poor histological type, poor overall survival, and short recurrence-free survival (52). In CC, the overall survival rate of patients with low miR-873-5p expression is lower than that of patients with high miR-873-5p expression (34).



The Role of miR-873-3p in Cancer

Proliferation-specific fork head box m1 (FOXM1) has been identified as an important cell cycle regulator, which can control the transition of cells from G1 to S phase and cell progression to M phase (158). miR-873-3p can significantly reduce the mRNA and protein levels of FOXM1. Therefore, miR-873-3p targets FOXM1 to inhibit LCA cell proliferation through its cell cycle regulation function (159). In BC, circTP63 binds to miR-873-3p and prevents its targeted inhibition of FOXM1, thereby inducing the progression and growth of estrogen receptor-positive BC (160). LINC00941 up-regulates the expression of ATXN2 by competitively binding miR-873-3p, stimulates the proliferation and metastasis of pancreatic adenocarcinoma, and promotes its occurrence and development (161) (Figure 8).




Figure 8 | The role of miR-873-3p in human cancer. mir-873-3p plays an important role in pancreatic adenocarcinoma, LCA, and BC by regulating target genes. LINC00941 and circTP63 can sponge miR-873-3p and thus affect cancer development. LCA, lung cancer; BC, breast cancer.





Conclusions and Perspectives

miR-873-5p is widely involved in the progression of cancer, its expression is dysregulated in most cancer tissues and cell lines. Besides, the target gene of miR-873-5p has a series of molecular regulation functions, such as catalytic activity, transcription regulation, and binding. In cancer, miR-873-5p affects cancer development through the PIK3/AKT/mTOR, Wnt/β-Catenin, NF-κβ, MEK/ERK signaling pathways. miR-873-5p involves a variety of biological processes through the regulation of target genes, such as cell proliferation and apoptosis, EMT, cell migration and invasion, cell cycle, and cell stemness. miR-873-5p can also inhibit or promote the effects of cancer drugs by regulating its target genes. miR-873-5p can also be used as a specific diagnostic and prognostic indicator for various cancers. Finally, this review also summarizes epigenetic regulatory factors of miR-873-5p, including lncRNA, circRNA, methyltransferase, etc., which are also involved in the occurrence and development of various cancers.

However, there are still many deficiencies in the research on miR-873-5p. First of all, current studies have shown that miR-873-5p is dysregulated in 18 kinds of cancers, and it can cause cancer or suppress cancer. However, existing studies have not proven that miR-873-5p is cancer-specific. This will limit the application of miR-873-5p for cancer diagnosis, and it needs to be further explored. Second, the specific mechanism of miR-873-5p in some cancers has not been studied. Besides, more preclinical studies and clinical trials are needed to explore the effects of miR-873-5p on the efficacy of anticancer drugs. Finally, most studies are involved with miR-873-5p, and the research on miR-873-3p is very lacking.

Here we show that miR-873-5p plays a significant role in the initiation and progression of key biological and pathological processes in human cancers. Therefore, miR-873-5p can be the main research focus in the fight against human cancers. This review mainly summarizes the research progress of miR-873-5p in human cancers, which will expand our understanding of the molecular and cellular biological mechanisms of miR-873-5p.
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SNHG10 is a long non-coding RNA (lncRNA) found to be overexpressed in multiple human cancers including prostate cancer (PC). However, the underlying mechanisms of SNHG10 driving the progression of PC remains unclear. In this study, we investigated the role of SNHG10 in PC and found that SNHG10 expression was significantly increased in datasets extracted from The Cancer Genome Atlas. Increased expression of SNHG10 was related to advanced clinical parameters. Receiver operating curve analysis revealed the significant diagnostic ability of SNHG10 (AUC = 0.805). In addition, immune infiltration analysis, and GSEA showed that SNHG10 expression was correlated with oxidative phosphorylation and immune infiltrated cells. Finally, we determined that SNHG10 regulated cell proliferation, migration, and invasion of PC in vitro. In conclusion, our data demonstrated that SNHG10 was correlated with progression and immune infiltration, and could serve as a prognostic biomarker for PC.
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INTRODUCTION

Prostate cancer (PC) is the most frequently diagnosed malignancy among men worldwide accounting for approximately 21% of new cancer cases in 2020 (Siegel et al., 2020). With the development of magnetic resonance imaging (MRI) and prostate specific antigen (PSA) screening, detection of PC has increased (Hayes and Barry, 2014; Rastinehad et al., 2014). Although androgen deprivation therapy (ADT) has improved the prognosis of patients with localized PC, progression to castration-resistant PC is inevitable. Therefore, it is critical to identify significant biomarkers for diagnosing the occurrence and progression of PC.

Long noncoding RNAs (lncRNAs) belong to a subset of non-coding RNA transcripts of over 200 nucleotides in length (Shi et al., 2013; Hua et al., 2019; Goodall and Wickramasinghe, 2021). Recent studies have indicated that lncRNAs might play a crucial role in the progression of different cancers (De Troyer et al., 2020; Luo et al., 2020; Statello et al., 2021). For example, the lncRNA NEAT1 promotes PC metastasis to the bone (Wen et al., 2020). LncRNA PVT1 plays a pivotal role in PC progression by inhibiting KIF23 expression via enriched miR-15a-5p levels (Wu et al., 2020). Small nucleolar RNA host gene 10 (SNHG10) has been reported to be a cancer-promoting gene in various human cancers. For instance, SNHG10 promotes cell proliferation and invasion in osteosarcoma (Zhu et al., 2020). Recently, SNHG10 has been identified as having a tumor facilitator role in hepatocellular carcinoma and gastric carcinoma (Lan et al., 2019; Zhang et al., 2020). However, the clinical value of SNHG10 in PC has not been explored. Hence, this study aimed to investigate the role of SNHG10 in the progression of PC.

In this study, we compared the expression of SNHG10 between PC tissues and normal samples, and investigated the correlation between SNHG10 expression and clinical parameters of PC. In addition, we explored the prognostic value and clinical significance of SNHG10 in PC. Meanwhile, the correlation between SNHG10 expression and immune infiltration was analyzed to explore the potential mechanisms involved in SNHG10 modulation in the carcinogenesis of PC. Finally, the biological role of SNHG10 was identified in PC. In summary, we demonstrated that the potential role of SNHG10 in regulating tumor progression and its potential application in the diagnosis and prognostic evaluation in PC.



MATERIALS AND METHODS


Data Source

The gene expression profiles of PC patients were downloaded from The Cancer Genome Atlas (TCGA) database1, as well as the corresponding clinical and DNA methylation information. This included 499 PC samples and 52 adjacent normal tissues which were retrospectively studied. For validation, additional PRAD cohorts of 293 and 248 patients were obtained with the accession number GSE70770 and GSE116918 from the GEO database2. Gene expression data and clinical data were downloaded.



Construction and Validation of the Nomogram

Firstly, patients that lack information of T stage, N stage, PSA, Gleason score, residual tumor, SNHG10 expression, and survival status were excluded from following analysis. Then, 288 prostate cancer samples were screened from the TCGA data. These samples were randomly classified into the training cohort (n = 144) and the test cohort (n = 144). Subsequently, we developed the nomogram in the training cohort using cox regression analysis, and validated in the test cohort. R package “rms” was used to establish the nomogram for predict the probability of 3-year and 5-year survival. The ROC curve for nomogram was performed via “timeROC” R package. The calibration curve was conducted via “calibrate” function of “rms” R package. We performed the DCA analysis of survival outcome by “ggDCA” R package.



Gene Set Enrichment Analysis

The Gene set enrichment analysis (GSEA) was downloaded from the GSEA website3. A customized Perl script4 was used to perform GSEA between high-SNHG10 and low-SNHG10 groups. According to the default statistical methods, an adjusted P-value < 0.05 was considered significant.



Immune Infiltration Analysis by Single Sample Gene Set Enrichment Analysis

Single sample GSEA (ssGSEA) using the R package “GSVA” was applied to perform the immune infiltration analysis of PC. The infiltration levels of 24 immune cell types were determined based on gene expression profiles in the literature (Bindea et al., 2013; Hänzelmann et al., 2013). The correlation between SNHG10 and the infiltration levels of 24 immune cells was evaluated by Spearman’s test and the Wilcoxon rank sum test. In addition, TIMER website5 was used to further investigate the association between immune infiltration and the expression of SNHG10, which is a comprehensive resource for systematical analysis of immune infiltrates across diverse cancer types.



Cell Culture and siRNA Transfection

Human PC cell lines (VCaP, LNCaP, 22RV1, PC3, and DU145) and the human normal human prostate epithelial cell line (RWPE-1) were purchased from the American Type Culture Collection (ATCC6, United States). LNCaP, 22RV1, and DU145 cells were cultured in RPMI-1640 (Gibco, United States). PC3 cells were cultured in F12K medium (Gibco, Australia). VCaP and RWPE-1 cells were cultured in DMEM (Gibco, United States). All cells were cultured with 10% fetal bovine serum (Gibco, Australia) at 37°C in a 5% CO2 atmosphere. SNHG10 siRNAs were synthesized by Hanbio (Shanghai, China). The sequences of the siRNAs were as follows: si-SNHG10: 5′-CAACCGCUUUGUUAGUUAATT-3′; si-NC: 5′-UUCUCCGAACGUGUCACGUTT-3′. For the silencing of SNHG10 in the DU145 and 22RV1 cells, the cells were transfected with 50 nM small interfering RNA targeting si-SNHG10 or negative control si-NC according to the manufacturer’s instructions of Lipofectamine 2000 (Invitrogen). Scrambled siRNAs were used as negative control.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated and reversely transcribed into cDNA using Trizol reagent (Thermo Fisher Scientific, Inc.) and TaKaRa Prime Script RT Reagent Kit (TaKaRa, China) based on the manufacturer’s protocols. RT-qPCR was performed using SYBR Premix Ex Taq (TaKaRa, China) according to standard methodology. The relative expression levels were calculated using the 2–ΔΔCt method relative to GAPDH. The PCR primers used were as follows: GAPDH: 5′-AAAAGCATCACCCGGAGGAGAA-3′ (forward) and 5′-AAGGAAATGAATGGGCAGCCG-3′ (reverse); SNHG10: 5′-GTTGGTCTCTTGGGAGGTAG-3′ (forward) and 5′-CGCC ACGACGAACTGCATGC-3′ (reverse). All experiments were performed in triplicate.



Cell Proliferation

Cell Counting Kit 8 (CCK-8) and colony formation assays were used to measure cell proliferation. For CCK-8 assays, PC cells were seeded into a 96-well plate (6000 cells per well). CCK-8 reagent (Hanbio, China) was added into wells at 24, 48, and 72 h. After the cells were incubated at 37°C for 2 h, the optical density (OD) was measured at 450 nm using a microplate reader. For colony formation, 2000 cells per well were seeded in 6-well plates in 3 mL medium per well. After approximately 2 weeks, cell colonies were fixed with 4% paraformaldehyde for 15 min. Then, the colonies were stained with 0.2% crystal violet (Solarbio, China) and counted using ImageJ software. Each experiment was repeated three times.



Transwell Assay

Cell migration assays were performed using 8-μm pore size chambers coated without Matrigel gel. A total of 5 x 104 transfected cells were seeded into the upper chamber with serum-free medium and 20% FBS medium was added into the lower well. After incubation for 1 day, the cells were stained and observed under an optical microscope. Three random fields were analyzed for each sample. Cell invasion assays were performed using chambers with Matrigel gel. Other procedures were the same as above. All the assays were conducted three times independently.



Statistical Analysis

For the datasets from TCGA database, statistical analyses were performed using R (v.3.6.3). The Wilcoxon rank sum test, Chi-square test, and Fisher exact test were used to estimate the association between SNHG10 and clinical pathologic characteristics. The Kaplan-Meier method was used to calculated PC patient survival rates. Univariate and multivariate cox analysis were performed to assess the relationship between clinical features and progression-free survival (PFS). For the data regarding the function of SNHG10, GraphPad Prism 7.01 was used for statistical analyses. The Student’s t-test evaluated the statistical significance between groups. The data was shown as mean ± SD from at least three independent experiments and P < 0.05 was considered statistically significant.



RESULTS


SNHG10 Was Over-Expressed in Prostate Cancer

The workflow of this study is presented in Figure 1. To compare the expression of SNHG10 in PC and normal samples, we analyzed the expression of SNHG10 in 499 tumor tissues and 52 normal prostate tissues of TCGA data, and found that SNHG10 was over-expressed in PC tissues (P < 0.001) (Figure 2A). There were 52 pairs of cancer samples and matched adjacent normal samples in TCGA data. The expression of SNHG10 was also higher in cancer samples than matched adjacent normal samples (P < 0.01) (Figure 2B). In addition, we compared the expression of SNHG10 between normal and prostate cancer in GSE70770, and found that SNHG10 was over-expressed in cancer tissues (P < 0.001) (Figure 2C). Meanwhile, SNHG10 expression was significantly higher in PC cell lines (DU145, 22RV1, PC3, VCaP, and LNCaP) than the prostate cell line (RWPE-1) (Figure 2D). Additionally, Kaplan-Meier survival analysis was used to investigate the relationship of SNHG10 expression and overall survival (OS) or progression-free survival (PFS) in the PC patients of TCGA data. SNHG10 expression has great significance in predicting OS (P < 0.05) (Figure 2E). As shown in Figure 2F, SNHG10 expression was significantly associated with poor PFS of PC patients (P = 0.003). Additionally, the concordance-index (C-index) was calculated to evaluate SNGH10 expression in predicting the OS and PFS. The C-index for SNGH10 in predicting the OS was 0.619. The performance of SNHG10 for predicting the PFS showed a better prognostic power with a C-index of 0.727. Then, patients with high SNHG10 expression had a worse PFS compared with low expression group in GSE70770 (P < 0.001) (Figure 2G).
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FIGURE 1. The workflow of this study.
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FIGURE 2. SNHG10 exhibits prognostic value in PC. (A) Comparison of SNHG10 expression between 499 PC tissues and 52 adjacent prostate tissues from TCGA-PRAD. (B) Paired comparison of SNHG10 expression between 52 PC tissues and 52 matching adjacent prostate tissues from TCGA-PRAD. (C) SNHG10 expression between 219 PC tissues and 74 normal tissues in GSE70770. (D) SNHG10 expression was significantly higher in PC cell lines (VCaP, LNCaP, 22RV1, PC3, and DU145) compared with the prostate cell line (RWPE-1). Kaplan-Meier survival analysis was performed to determine differences in (E) OS and (F) PFS between the high-SNHG10 and low-SNHG10 in TCGA-PRAD. (G) Kaplan-Meier analysis in GSE70770. *P < 0.05, **P < 0.01, and ***P < 0.001.




Overexpression of SNHG10 Was Associated With Poor Clinical Parameters in Prostate Cancer

Overall, 499 PC patients with clinical parameters were classified into two subgroups according to the mean value of relative SNHG10 expression. We then analyzed the relationships between SNHG10 and clinical parameters, including T stage, N stage, M stage, Gleason score, primary therapy outcome, residual tumor, zone of origin, prostate specific antigen (PSA), age, and race. SNHG10 expression was significantly associated with T stage (P = 0.013), N stage (P = 0.005), Gleason score (P < 0.001), primary therapy outcome (P < 0.001), and race (P = 0.008), while patients of different ages, M stage, residual tumor, zone of origin, and PSA shown no significant difference (Table 1). To visualize and clarify these relationships, we divided patients into subgroups (T2 vs. T3+T4, N0 vs. N1, Gleason score 6+7+8 vs. Gleason score 9+10). As shown in Figures 3A–C, advanced T stage, lymph node, and Gleason score patients exhibited higher SNHG10 expression levels. Moreover, in the GSE116918, SNHG10 expression was significantly correlated with advanced T stage and Gleason score (Figures 3D,E). Then, ROC analysis showed that the SNHG10 could be used to differentiate PC patients from normal control with a cut-off of 2.31 which resulted in 59.9% for sensitivity and 90.2% for specificity (AUC = 0.805, C-index = 0.806, Youden index = 0.501) (Figure 3F). Besides, calibration curve of SNGH10 were coincident with the reference line, which indicated a high degree of credibility (Figure 3G).


TABLE 1. Correlation between SNHG10 expression and clinical parameters in PC.
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FIGURE 3. SNHG10 was associated with clinical parameters in PC. SNHG10 expression levels among PC patients with different (A) T stage, (B) N stage, and (C) Gleason score in TCGA-PRAD. SNHG10 expression levels with different (D) T stage, (E) Gleason score in GSE116918. (F) Diagnostic efficacy of the ROC curve of SNHG10 expression in TCGA-PRAD. (G) Calibration curves of SNGH10 expression in TCGA-PRAD. ROC, receiver operating characteristic; AUC, area under the ROC curve; CI, confidence interval. *P < 0.05, **P < 0.01, and ***P < 0.001.




Overexpression of SNHG10 Expression Was Correlated With Poor Prognosis in Numerous Cancers

TCGA database was used to identify the aberrant expression of SNHG10 across multiple cancers. As shown in the Figure 4A, SNHG10 expression was higher in multiple cancer types compared to the normal samples. In addition, SNHG10 expression and patient survival was further investigated in various cancer types to expand our analysis to a pan-cancer level. There are significant associations between SNHG10 expression and OS or PFS in adrenocortical carcinoma (ACC), bladder urothelial carcinoma (BLCA), kidney renal clear cell carcinoma (KIRC), liver hepatocellular carcinoma (LIHC), pancreatic adenocarcinoma (PAAD), and thymoma (THYM) (Figures 4B–I).
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FIGURE 4. SNHG10 expression and prognosis in patients with other cancer types. (A) Differences in expression of SNHG10 in normal and tumor tissues of TCGA. (B–I) Kaplan-Meier curves were drawn to evaluate the prognostic value of SNHG10 in OS or PFS of other cancers. *P < 0.05, **P < 0.01, and ***P < 0.001.




Cox Univariate and Multivariate Analysis of Prognostic Factors in Prostate Cancer

As shown in the Table 2, patients having complete clinical data were included in further Cox regression analysis. In the Cox univariate regression analysis, high expression of SNHG10, T stage, N stage, Gleason score, primary therapy outcome, residual tumor, and PSA were associated with PFS in PC patients. Multivariate Cox analysis further indicated that SNHG10 (P < 0.05) was an independent prognostic factor for PFS in PC patients, along with Gleason score and primary therapy outcome.


TABLE 2. Univariate and multivariate regression analyses of PC.
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Construction and Validation of SNHG10 Based Nomogram

To allow clinical application of our findings, we construct the nomogram by TCGA data. The nomogram for predicting 3-year and 5-year PFS of PC was showed in Figure 5A. ROC curve, calibration, and discrimination were employed to evaluate the performance of the model. The C-index of the nomogram were 0.848 for the training cohort and 0.825 for the test cohort. The discriminative ability of the nomogram was measured using the 3-year and 5-year survival AUC values from time-dependent ROC curve. In the training cohort, the nomogram AUC values for 3-year and 5-year PFS were 0.84 and 0.883, respectively (Figure 5B). In addition, in the test cohort, the nomogram AUC values for 3-year and 5-year PFS were 0.847 and 0.878, respectively (Figure 5C). Moreover, the calibration plots in the training cohorts and test cohorts demonstrated that the nomogram-based predictive results were mostly consistent with the actual prognosis results (Figures 5D,E). DCA plots showed that our nomogram had great net benefits for predicting 3-year and 5-year PFS of patients both in the training cohorts and test cohorts (Figures 5F,G), demonstrating its application in guiding clinical decision for PC patients.
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FIGURE 5. Construction and validation of the nomogram. (A) The nomogram for predicting 3-year and 5-year PFS of PC patients. The nomogram AUC of values for 3-year and 5-year PFS (B) in the training cohort and (C) the test cohort. The calibration plots (D) in the training cohorts and (E) the test cohorts. DCA curves (F) in the training cohorts and (G) the test cohorts. ROC, receiver operating characteristic; AUC, area under the ROC curve; DCA, decision curves analysis.




Correlation Between SNHG10 Expression and Immune Infiltration

Using the ssGSEA method, we analyzed the relationship between SNHG10 expression and immune infiltration. These results suggested that SNHG10 expression was negatively associated with infiltration levels of neutrophils and T gamma delta (γδT) (P < 0.001) (Figure 6), and was positively correlated with that of natural killer (NK) CD56bright cells and plasmacytoid dendritic cells (pDC) (P < 0.001) (Supplementary Figure 1). In addition, the tool of TIMER was also used to identify the relationship between SNHG10 expression and tumor-infiltrated immune cells. There was a significant correlation between SNHG10 expression and different type of immune cells, including CD4+ T cells (P = 6.11e–5, cor = 0.195), CD8+ T cells (P = 3e−5, cor = −0.203), T cells regulatory (P = 2.78e−6, cor = 0.227), Neutrophils (P = 3.05e–2, cor = 0.106), and NK cells activated (P = 1.04e–2, cor = 0.125) (Figure 7A). Besides, different mutational forms of SNHG10 were associated with immune infiltrates of four leukocytes, which also revealed its influence on immune microenvironment (Figure 7B).
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FIGURE 6. SNHG10 expression associates with immune infiltration in the tumor microenvironment. (A) The forest plot shows the correlation between SNHG10 expression and 24 immune cell types. (B) Differences in neutrophils cell infiltration between SNHG10 low and high expression groups. (C) The correlation between SNHG10 expression and proportion of neutrophils. (D) Differences in Tγδ infiltration between SNHG10 low and high expression groups. (E) Correlation between SNHG10 expression and Tγδ. Tγδ, T gamma delta. ***P < 0.001.
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FIGURE 7. The relationship between SNHG10 expression and tumor-infiltrated immune cells. (A) Significant correlation between SNHG10 expression and different type of immune cells. (B) Different mutational forms of SNHG10 were associated with immune infiltrates of four leukocytes.




SNHG10-Related Signaling Pathways Based on Gene Set Enrichment Analysis

Gene set enrichment analysis was used to identify signaling pathways that were differentially activated between low and high SNHG10 expression groups. As shown in Figures 8A–F, there were six significant Kyoto Encyclopedia of Genes and Genomes pathways related with the high SNHG10 expression phenotype: oxidative phosphorylation, base excision repair, tyrosine metabolism, pyrimidine metabolism, RNA polymerase, and ribosome.
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FIGURE 8. Pathways involved in the pathogenesis of SNHG10 from the GSEA. Enrichment plots comparing SNHG10 expression in terms of (A) oxidative phosphorylation, (B) base excision repair, (C) tyrosine metabolism, (D) pyrimidine metabolism, (E) RNA polymerase, and (F) ribosome.




SNHG10 Promoted Cell Proliferation, Migration, and Invasion in Prostate Cancer

The above studies indicated that SNHG10 expression was distinctly up-regulated in PC tissues, and SNHG10 might influence the progression in PC. To further investigate the biological role of SNHG10 in PC, specific siRNA was used to construct DU145 and 22RV1 cells with stable knockdown of SNHG10 expression (Figure 9A). Our results demonstrated that, in DU145 and 22RV1 cells, cell growth was dramatically inhibited in SNHG10 knockdown cells compared with the control groups (Figure 9B). Next, Transwell assays showed that SNHG10 knockdown suppressed the migratory and invasive abilities of DU145 and 22RV1 cells (Figures 9C,D). SNHG10 inhibition also decreased tumor cell colony formation (Figure 9E). These results demonstrated that SNHG10 was involved in PC progression by inhibiting cell growth, migration, and invasion.
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FIGURE 9. The biological role of SNHG10 on PC cell proliferation, migration, and invasion. (A) SNHG10 expression was verified after transfection in DU145 and 22RV1. (B) CCK8 assay showing attenuated DU145 and 22RV1 cell growth after knocking down SNHG10 expression. (C,D) Migration and invasion abilities of DU145 and 22RV1 were weakened after knocking down SNHG10. (E) Knockdown of SNHG10 inhibited colony formation and cell growth of DU145 and 22RV1. The data represent the mean ± SD from three independent experiments. *P < 0.05 and **P < 0.01.




DISCUSSION

Long non-coding RNAs exert diverse regulatory roles in physiological and pathological processes, including interaction with mRNAs, proteins and miRNAs, to regulate gene expression and induce chromatin remodeling (Kopp and Mendell, 2018; Chi et al., 2019). Previous studies have revealed that lncRNAs were related to various malignant biological behaviors of cancer, such as cell proliferation, apoptosis, migration, and invasion (Sanchez Calle et al., 2018; Yang et al., 2020). It has also been reported that lncAMPC serves as prognostic biomarker in PC (Zhang et al., 2020). Combining bioinformatics analyses and biological function validation, our study provides evidence that SNHG10 was overexpressed in PC, which was also associated with poor prognosis. Aberrant expression of SNHG10 has been elucidated in various human cancers. For example, SNHG10 exerted oncogenic functions in glioma by sponging miR-532-3p and enhancing FBXL19 expression (Jin et al., 2020). In addition, SNHG10 has reported to promote cell proliferation in osteosarcoma via increasing glucose uptake and miR-218 gene methylation (He et al., 2020). SNHG10 facilitates gastric cancer cell proliferation and migration by targeting the miR-495/CTNNB1 axis and activating the WNT pathway (Yuan et al., 2020). All these studies indicated that SNHG10 might exert a pivotal function in human cancers. In our study, we observed increased SNHG10 in PC, which was also associated with poor prognosis. Similarly, high expression of SNHG10 was related to overall survival in hepatocellular carcinoma and non-small cell lung cancer (Lan et al., 2019; Liang et al., 2020).

In this study, we investigated the underlying mechanisms through which SNHG10 influenced the progression of PC. GSEA demonstrated that SNHG10 was significantly associated with oxidative phosphorylation, tyrosine metabolism, and pyrimidine metabolism, which indicated that SNHG10 might have a crucial role in cell metabolism. In addition to the above, we also explored the relationship between the expression of SNHG10 and diverse immune infiltration levels in PC. In our study, we found a moderate correlation between SNHG10 expression and the infiltration of neutrophils, γδT cells, and macrophages in PC. These results could indicate that SNHG10 may inhibit the function of neutrophils and macrophages, and may promote the function of plasmacytoid dendritic cells and NK CD56 bright cells, and thus exert a pro-carcinogenic role in PC. In vitro, knockdown of SNHG10 in 22RV1 and DU145 cells impaired cell proliferation, migration, and invasion. Based on these findings, we proposed that SNHG10 exerts an essential function in regulating pathologic progression of PC.

To the best of our knowledge, this is the first study to explore the relationship between SNHG10 and PC. However, there are some limitations in our research. First, our study was based on expression data extracted from TCGA, but may be more convincing if supported by validation studies using other public datasets. Second, the our study was based on a retrospective analysis, and our conclusions should be investigated by a prospective clinical study. Finally, the biological functions of SNHG10 need to be further explored.



CONCLUSION

Our study found that SNHG10 expression was increased in PC, which was also associated with poor prognosis. Furthermore, SNHG10 might be involved in the progression of PC by regulating the function of immune infiltrating cells and oxidative phosphorylation. Herein, we revealed the biological functions of SNHG10 in PC and offered a potential strategy for the diagnosis and treatment of PC.
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Immune-Related LncRNAs Affect the Prognosis of Osteosarcoma, Which Are Related to the Tumor Immune Microenvironment
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Background: Abnormal expression of lncRNA is closely related to the occurrence and metastasis of osteosarcoma. The tumor immune microenvironment (TIM) is considered to be an important factor affecting the prognosis and treatment of osteosarcoma. This study aims to explore the effect of immune-related lncRNAs (IRLs) on the prognosis of osteosarcoma and its relationship with the TIM.

Methods: Ninety-five osteosarcoma samples from the TARGET database were included. Iterative LASSO regression and multivariate Cox regression analysis were used to screen the IRLs signature with the optimal AUC. The predict function was used to calculate the risk score and divide osteosarcoma into a high-risk group and low-risk group based on the optimal cut-off value of the risk score. The lncRNAs in IRLs signature that affect metastasis were screened for in vitro validation. Single sample gene set enrichment analysis (ssGSEA) and ESTIMATE algorithms were used to evaluate the role of TIM in the influence of IRLs on osteosarcoma prognosis.

Results: Ten IRLs constituted the IRLs signature, with an AUC of 0.96. The recurrence and metastasis rates of osteosarcoma in the high-risk group were higher than those in the low-risk group. In vitro experiments showed that knockdown of lncRNA (AC006033.2) could increase the proliferation, migration, and invasion of osteosarcoma. ssGSEA and ESTIMATE results showed that the immune cell content and immune score in the low-risk group were generally higher than those in the high-risk group. In addition, the expression levels of immune escape-related genes were higher in the high-risk group.

Conclusion: The IRLs signature is a reliable biomarker for the prognosis of osteosarcoma, and they alter the prognosis of osteosarcoma. In addition, IRLs signature and patient prognosis may be related to TIM in osteosarcoma. The higher the content of immune cells in the TIM of osteosarcoma, the lower the risk score of patients and the better the prognosis. The higher the expression of immune escape-related genes, the lower the risk score of patients and the better the prognosis.

Keywords: osteosarcoma, lncRNA, tumor immune microenvironment, immune escape, metastasis


INTRODUCTION

Osteosarcoma is the most common primary malignant bone tumor, most commonly occurring in adolescents and children (Huang et al., 2021). Its incidence is about 4.4 per million, accounting for 5% of all childhood malignancies (Han et al., 2021). Nearly 60% of osteosarcomas occur in the femur, tibia, and pelvis (Zhou and Mu, 2021). Osteosarcoma has the characteristics of high malignancy, rapid growth, and easy metastasis. Pulmonary metastasis is one of the major factors leading to the poor prognosis of osteosarcoma, and more than 20% of patients with osteosarcoma have had pulmonary metastasis at the time of diagnosis (Anderson, 2016). Therefore, it is important to clarify the causes and mechanisms affecting the prognosis of osteosarcoma to prolong the survival time of osteosarcoma.

LncRNA regulates gene transcription, translation, editing, and other biological processes (Qian et al., 2019). Its abnormal expression is closely related to the occurrence and metastasis of tumors (Kornfeld and Bruning, 2014; Bartonicek et al., 2016). It has been confirmed that multiple lncRNAs can promote the occurrence and metastasis of osteosarcoma through competitive inhibition of miRNA expression (Pan et al., 2021; Zhou and Mu, 2021). Notably, lncRNAs can regulate the development and activation of a variety of immune cells (Atianand et al., 2017). The tumor microenvironment is composed of extracellular matrix, mesenchymal cells, immune cells, and other components, and plays an important role in the occurrence of tumors (Pitt et al., 2016; De Nola et al., 2019). The immune cells in the tumor microenvironment are closely related to the treatment and prognosis of tumors. Studies have shown that lncRNA can promote tumor-associated macrophage polarization to regulate the proliferation and migration of tumor cells (Zhao et al., 2021). LncRNA NKILA can also act on T cells to promote the immune escape of tumor cells (Huang et al., 2018). LncRNA THRIL has also been shown to regulate TNF-α expression and participate in immune response in osteosarcoma (Xu et al., 2020). Therefore, these lncRNAs mediated tumor immune microenvironment (TIM) regulation may play an important role in the metastasis and prognosis of osteosarcoma.

In this study, immune-related lncRNAs (IRLs) signature was constructed from the publicly available RNA-Seq dataset to evaluate the prognosis of osteosarcoma. In particular, the role of IRLs signature in osteosarcoma metastasis was evaluated and validated in vitro. Because the metastasis of osteosarcoma is an important factor affecting its poor prognosis. In addition, this study further explored the role of TIM in the influence of IRLs on the progression of osteosarcoma.



MATERIALS AND METHODS


Data Collection and Processing

Osteosarcoma expression spectrum and clinical information from the TARGET database.1 Samples were selected and data were processed by the following steps: (1) samples with both expression profiles and prognostic information were selected; (2) delete the samples with a survival time of 0 months; (3) according to the human gene annotation file (version GRCH38.p13), the ID of the gene of the osteosarcoma samples was converted into the gene symbol; and (4) there were multiple expression levels of the same gene in the expression profile, and the mean expression level was taken.



Co-expression Analyses of Immune-Related LncRNAs

A gene set named “IMMUNE RESPONSE TO TUMOR CELL” was download from Molecular Signatures Database.2

Correlation analysis was conducted between all lncRNAs and the gene set, and IRLs with a correlation coefficient greater than 0.6 were obtained.



Construction Immune-Related LncRNAs Prognostic Signature

LncRNAs with expression variance greater than 0.2 in IRLs were screened. Univariate Cox regression analysis was performed on these lncRNAs and those with P-value less than 0.5 were screened (Sveen et al., 2012). Iterative LASSO regression was used to identify high-frequency lncRNA (Zhang et al., 2021). Through 1000 iterations, a total of 11 lncRNAs with a frequency greater than 300 were screened out. These lncRNAs were incorporated into the Cox regression analysis one by one until the AUC value of IRLs signature reached the maximum. The risk score of each osteosarcoma sample was calculated using the predict function. The patients were divided into a high-risk group and low-risk group using the optimal risk score cut-off value and the Survminer R package was used for survival analysis.



Single Sample Gene Set Enrichment Analysis and Gene Set Enrichment Analysis

Fifty immune cell gene sets (Bindea et al., 2013; Cheng et al., 2013; Newman et al., 2015; Senbabaoglu et al., 2016), stromal cell gene set, and total immune cell gene set included in this study (Yoshihara et al., 2013) came from previous studies. Single sample gene set enrichment analysis (ssGSEA) of these gene sets were performed using Gene Set Variation Analysis (GSVA) R package (Wang et al., 2021), and the results of ssGSEA were normalized. KEGG pathway enrichment and GO function enrichment analysis were performed using GSEA software (version 4.0.1). Gene sets of KEGG and GO (C2.Cp.KEGG.v7.1 and C5.All.V7.1.Symbols) download from Molecular Signatures Database (see text footnote 2).



Construction of the Nomogram

The risk score and osteosarcoma features such as age, gender, recurrence, metastasis, and tumor site were used to construct a nomogram (Iasonos et al., 2008; Wang et al., 2013) to intuitively evaluate the prognosis of patients with osteosarcoma. The decision curve was used to verify the accuracy of the nomogram.



Estimation of Tumor Microenvironment Score

ESTIMATE algorithm was used to evaluate stromal score, immune score, and tumor cell purity of osteosarcoma (Hu et al., 2021). Kruskal–Wallis was used to analyze the differences in the stromal score, immune score, Estimate score, and tumor cell purity of different risk score osteosarcomas.



Cell Culture and Transfection

Human osteosarcoma cell lines KHOS and 143B were derived from American Type Culture Collection (ATCC, VA, United States). 143B cells were cultured in DMEM medium (HyClone, UT, United States) containing 10% fetal bovine serum (FBS, Gibco, NY, United States), and KHOS cells were cultured in RPMI-1640 medium (HyClone, UT, United States) containing 10% FBS. Si-AC006033.2 was obtained from Gemma Gene (Suzhou, China) (sequences: 5′-GCAGCUGCUUUGACAGUUUTT-3′). Lipofectamine 3000 (Invitrogen, CA, United States) was used for transfection. The transfection process was carried out according to the instructions.



Reverse Transcription-Quantitative Polymerase Chain Reaction

RNA extraction from osteosarcoma cell lines was performed using TRIzol (Invitrogen, CA, United States). GAPDH was selected as an endogenous control. The primers of AC006033.2 and GAPDH are shown in Supplementary Table 1.



Cell Proliferation Assay (Cell Counting Kit-8 and 5-Ethynyl-2′-Deoxyuridine)

Osteosarcoma cells were cultured in 96-well plates with a cell density of 3000 cells per well. A total of 10 μL Cell Counting Kit-8 (CCK-8) solution (Beyotime, Shanghai, China) was added at 0, 24, 48, and 72 h, respectively. OD values were measured at 450 nm wavelength.

Osteosarcoma cells were inoculated in six-well plates and cultured for 12 h, 5-ethynyl-2′-deoxyuridine (EdU, Beyotime, Shanghai, China), was added. The final concentration of EdU was 10 μM. It was incubated in an incubator at 37°C for 2 h and fixed with 4% paraformaldehyde. A total of 1 mL of osmotic solution was added to each well and incubate at room temperature for 15 min. A total of 0.5 mL click reaction solution was added to each well and incubate at room temperature in dark for 30 min. Finally, the nuclei were stained with DAPI (Beyotime, Shanghai, China).



Wound Healing Assay and Transwell Invasion Assay

The wound-healing assay was performed in a six-well plate. Scratches were made with the tip of a sterile pipette. The changes of scratches at 24 h were observed under a microscope. Image-Pro Plus 6.0 software (Media Cybernetics, United States) was used to calculate the area change of the scratches. Invasion experiments were performed in transwell chambers (Corning, NY, United States) with an 8 μm pore diameter membrane. The upper layer of the chamber was added with matrigel (BD, NJ, United States). The number of osteosarcoma cells inoculated was 1 × 105 pre well. The upper chamber was cultured with serum-free medium, and the lower chamber was cultured with a 700 ‘L complete medium. After 48 h, the cells in the upper part of the basement membrane were erased, and the cells in the lower part of the basement membrane were fixed and stained.



Statistical Analysis

The statistical software R (version 3.6.1) was used for data analysis and image production. The Chi-square test was used to compare differences in recurrence rates or metastasis rates of osteosarcoma. Spearman correlation analysis was used to evaluate the correlation between the expression level of lncRNAs, the correlation between risk score and lncRNA expression level, or the correlation between lncRNA expression level and immune cell content. The Kruskal–Wallis test was used to analyze the differences in immune cell content, tumor microenvironment score, or gene expression level. Kaplan–Meier survival analysis was used to evaluate prognostic differences between different risk scores or between different lncRNAs expression levels in osteosarcoma. Univariate Cox regression analysis and multivariate Cox regression analysis were used to evaluating the effects of lncRNA, clinical characteristics, or risk score on the prognosis of osteosarcoma. Two-tailed P-values were used, and the statistical significance was set at P < 0.05.




RESULTS


Data Processing and Co-expression Analyses of Immune-Related LncRNAs

Sequencing data and clinical data were downloaded from the TARGET database and expression levels of all samples were combined into an expression profile. The names of samples with both clinical and sequencing data are shown in Supplementary Table 2. Follow the above method, 95 osteosarcoma samples were included in the study. The expression levels of all lncRNA were shown in Supplementary Table 3. Correlation analysis was conducted between all lncRNAs and the gene set (IMMUNE RESPONSE TO TUMOR CELL), and 4986 IRLs were obtained (Supplementary Table 4).



Construction of Immune-Related LncRNAs Prognostic Signature

There were 4986 lncRNAs with variances greater than 0.2 expressed in IRLs. Univariate Cox regression analysis was performed on these IRLs, among which 1743 IRLs with P-value less than 0.5 were identified. Iterative LASSO regression was used to identify high-frequency lncRNAs. One thousand iterations were executed, and 11 lncRNAs with a frequency greater than 300 were screened out. These lncRNAs were incorporated into the Cox regression analysis one by one until the AUC of ROC reached the maximum. At this point, the number of lncRNAs was 10 and the AUC was 0.96 (Figures 1A,B). The predict function was used to calculate the risk score of each osteosarcoma sample, and the osteosarcoma patients are divided into the high-risk group (n = 48) and low-risk group (n = 47) according to the optimal cut-off value (0.92) of risk score. Kaplan–Meier survival analysis showed that the lower risk score was associated with a better prognosis for osteosarcoma (Figure 1C). The distribution of 10 IRLs expression levels with the change of risk score was shown in Figure 1D. The results of principal component analysis (PCA) showed that IRLs signature can achieve better dimension reduction (Figure 1E). Correlation analysis results showed that the expression levels of these lncRNAs were not highly correlated (Figure 1F), which further demonstrated the rationality of IRLs signature.
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FIGURE 1. Construction of IRLs prognostic signature. (A) Iterative LASSO and Cox regression analysis are used to screen IRLs signature with the best AUC. (B) The ROC curve with the best AUC. (C) Osteosarcomas were grouped according to the optimal cut-off value of risk score, and survival analysis was performed. (D) Expression levels of 10 lncRNA in IRLs signature. (E) PCA analysis was performed with IRLs signature. (F) Correlation analysis among 10 IRLs in IRLs signature.




The Role of Immune-Related LncRNAs Signature in the Prognosis of Osteosarcoma

Osteosarcoma patients were divided into high-risk group and low-risk group according to the optimal cut-off value of risk score (Figure 2A). With the increase of risk score, the mortality rate of osteosarcoma increased significantly (Figure 2B). Results of survival analysis showed that osteosarcoma with high expression of AC006033.2, LINC02315, AL133523.1, USP30-AS1, or AC079760.2 had a better prognosis (Figure 2C and Supplementary Figure 1A). High expression of AP000943.1, AC015795.1, AC016746.1, LINC01976, and SNHG6 was not conducive to the prognosis of osteosarcoma (Figure 2D and Supplementary Figure 1B). Cox regression analysis showed that AL133523.1, AC079760.2, and LINC01976 were independent prognostic factors for osteosarcoma (Supplementary Tables 5, 6 and Supplementary Figure 2).
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FIGURE 2. The role of IRLs signature in the prognosis of osteosarcoma. (A) Osteosarcoma was divided into high-risk group and low-risk group according to the optimal cut-off value of risk score. (B) Relationship between risk score and survival states in patients with osteosarcoma. (C,D) Osteosarcomas were grouped according to the optimal cut-off value of lncRNAs expression in IRLs signature, and survival analysis was performed.




The Role of Clinical Features in the Prognosis of Osteosarcoma

Univariate and multivariate Cox regression analysis results showed that IRLs signature and the clinical features of osteosarcoma including recurrence, metastasis, and tumor location could all be independent prognostic factors for osteosarcoma (Figure 3A and Supplementary Tables 7, 8). In the prognostic evaluation of osteosarcoma, the predictive performance of IRLs signature was the highest among these features. In the ROC curve, the 1-, 3-, and 5-year AUC values were 0.802, 0.925, and 0.96, respectively (Figure 3B). In addition, the Chi-square test confirmed that the recurrence rates and metastasis rates were higher in the high-risk group than in the low-risk group (Figure 3C). Survival analysis showed a poor prognosis for recurrent, metastatic, and non-limb osteosarcomas (Supplementary Figure 3A), and no significant difference in prognosis between sex and age (Supplementary Figure 3B).
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FIGURE 3. Role of clinical features in the prognosis of osteosarcoma. (A) Univariate and multivariate Cox regression analysis of clinical features of osteosarcoma. (B) ROC curve for predicting the prognosis of osteosarcoma based on risk score and clinical features of osteosarcoma. (C) Differences in metastasis and recurrence rates between the high-risk group and low-risk group.




The Construction and Verification of the Nomogram

The nomogram is widely used to evaluate the prognosis of tumors. It can reduce the statistical prediction model to a probability value. In this study, risk score, gender, age, recurrence, metastasis, and tumor location were integrated to construct a nomogram to evaluate the prognosis of osteosarcoma (Figure 4A). The nomogram showed the predicted survival rates for 3 and 5 years, respectively. Calibration curves showed that the nomogram was able to accurately evaluate the prognosis of osteosarcoma (Figure 4B).
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FIGURE 4. Nomogram for evaluating the prognosis of osteosarcoma at 3 and 5 years. (A) The risk score and clinical characteristics of osteosarcoma were used to construct the nomogram. (B) Calibration curves were used to verify the accuracy of the nomogram.




The Role of Immune-Related LncRNAs Signature in Osteosarcoma Metastasis

The metastasis of osteosarcoma is one of the most important factors affecting its prognosis. Therefore, this study focused on the role of the IRLs signature in the metastasis of osteosarcoma. The Chi-square test confirmed that the metastatic rate of osteosarcoma was higher in the high-risk group than in the low-risk group (Figure 3C). The waterfall chart also shows that the probability of metastasis gradually decreases with the decrease of risk score (Figure 5A). Therefore, IRLs signature may play an important role in the metastasis of osteosarcoma. The results of the differential analysis showed that only AC006033.2 of the 10 lncRNAs of IRLs signature was different between the metastatic and non-metastatic osteosarcomas, and the expression level of AC006033.2 was low in the metastatic osteosarcomas (Figure 5B). For this reason, AC006033.2 was knocked down and validated in osteosarcoma cell lines. Knockdown efficacy was confirmed by PCR in osteosarcoma cell line 143B and KHOS (Figure 5C). We first conducted a cell proliferation experiment, and the results showed that knocking down AC006033.2 could increase the proliferation ability of osteosarcoma cells (Figures 5D,E). The wound-healing assay results further showed that knocking down AC006033.2 increased the migration ability of osteosarcoma cells (Figures 6A,B). Transwell invasion assay showed increased invasiveness of osteosarcoma cells after AC006033.2 knockdown (Figures 6C,D).
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FIGURE 5. Role of IRLs signature in metastasis and proliferation of osteosarcoma. (A) The probability of metastasis of osteosarcoma gradually decreases with the decrease of risk score. (B) Differential expression of 10 IRLs in metastatic and non-metastatic osteosarcomas. Only the expression level of AC006033.2 was different. (C) Knockdown results of AC006033.2 in osteosarcoma cell lines. (D,E) Effects of AC006033.2 knockdown on proliferation of osteosarcoma cells. *P < 0.05 and ***P < 0.001. EdU, 5-ethynyl-2′-deoxyuridine.
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FIGURE 6. Influence of AC006033.2 on migration and invasion ability of osteosarcoma. (A,B) Effects of AC006033.2 knockdown on the migration ability of osteosarcoma cells. (C,D) Effects of AC006033.2 knockdown on the invasion ability of osteosarcoma cells. *P < 0.05 and **P < 0.01.




KEGG Pathway Enrichment and GO Function Enrichment

Gene set enrichment analysis (GSEA) software was used to assess KEGG pathway enrichment in high-risk and low-risk osteosarcomas. The pathways that enriched in low-risk osteosarcomas were mainly immune-related (Figure 7A), while no associated pathways enriched in high-risk osteosarcomas. The better prognosis of osteosarcoma in the low-risk group may be related to the local immune microenvironment.
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FIGURE 7. Pathway and functional enrichment analysis of osteosarcoma in the high-risk and low-risk group osteosarcomas. (A) KEGG enrichment analysis of osteosarcomas showed that osteosarcomas in the low-risk group were mostly enriched in immune-related pathways. (B) GO enrichment analysis of osteosarcomas showed that osteosarcomas in the low-risk group were mostly enriched in immune-related functions.


To further explore the possible role of IRLs signature in osteosarcoma, GO enrichment analysis was performed using GSEA software. The results showed that osteosarcomas in the low-risk group were mainly enriched in immune-related functions (Figure 7B), while the high-risk group osteosarcomas were also not enriched in any meaningfully related functions.



The Role of Tumor Immune Microenvironment in the Influence of Immune-Related LncRNAs on Osteosarcoma Prognosis


Relationship Between Immune-Related LncRNAs Signature and Immune Cell Infiltration

LncRNA can regulate the development and activation of various immune cells (Atianand et al., 2017). Therefore, our study investigated the relationship between the degree of immune cell infiltration and IRLs signature in the immune microenvironment of osteosarcoma. The results of ssGSEA are shown in Supplementary Table 9, and the content of immune cells in osteosarcoma decreased with the increase of risk score (Figure 8A), and the correlation analysis results showed that risk score was negatively correlated with the content of most immune cells (Supplementary Figure 4), which suggested that the low degree of immune cell infiltration might be an important reason for recurrence and metastasis in the high-risk osteosarcoma. In addition, AC006033.2 was also positively correlated with the content of most immune cells (Figure 8B). Osteosarcoma with low AC006033.2 expression had a low level of immune cell infiltration, which was not conducive to the prognosis of osteosarcoma. This was consistent with the conclusion that AC006033.2 knockdown in vitro enhanced the invasiveness of osteosarcoma cells (Figures 6C,D).
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FIGURE 8. Relationship between IRLs signature and the degree of immune cell infiltration. (A) Changes of the degree of immune cell infiltration in osteosarcoma with the change of risk score. (B) Correlation analysis between 10 IRLs and the degree of immune cell infiltration.




Relationship Between Immune-Related LncRNAs Signature and Tumor Microenvironment Score

ESTIMATE algorithm can be used to evaluate the tumor microenvironment score of osteosarcoma to evaluate tumor stroma content, immune cell content, and tumor cell purity (Supplementary Table 10; Hu et al., 2021). Our study calculated the tumor microenvironment score of osteosarcoma by the ESTIMATE algorithm, and analyzed the relationship between them and risk score or the degree of immune cell infiltration (Supplementary Figure 5). Differential analysis results showed that the immunoscore, stromal score, and Estimate score of the low-risk group were higher than those of the high-risk group (Figures 9A–C). Correlation analysis results showed that risk score was negatively correlated with immune score, stromal score, and Estimate score. With the increase of risk score, the immune score, stromal score, and Estimate score of osteosarcoma gradually decreased (Figures 9D–F). Conversely, the purity of tumor cells in the low-risk osteosarcoma group was lower than that in the high-risk group, and the purity of tumor cells was negatively correlated with the risk score (Figures 9G,H).
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FIGURE 9. Relationship between IRLs signature and tumor microenvironment score. (A–C) Analysis of differences in the immune score, stromal score, and Estimate score between high-risk and low-risk osteosarcoma. (D–F) Correlation analysis between risk score and osteosarcoma immune score, matrix score, and Estimate score. (G) Analysis of difference in tumor cell purity between high-risk and low-risk osteosarcoma. (H) Correlation analysis between risk score and tumor cell purity of osteosarcoma.





Relationship Between Immune-Related LncRNAs Signature and Immune Escape in Osteosarcoma

Immune escape is an important reason for the rapid growth of tumor cells in the human body. In this study, we found that the prognosis of osteosarcoma may be related to the mechanism of endogenous immune escape. The molecules involved in endogenous immune escape include MHC-I molecules, MHC-II molecules, costimulatory molecules. Our results showed that the expression levels of MHC-I molecules, MHC-II molecules, and costimulatory molecules decreased with the increase of risk score (Figures 10A–C), and the different analysis results showed that the expression levels of these molecules in the high-risk group were lower than those in the low-risk group (Figures 10D–F). This suggests that immune escape is more likely to occur in the high-risk group osteosarcoma.
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FIGURE 10. Relationship between IRLs signature and endogenous immune escape in osteosarcoma. (A–C) The expression of MHC-I molecule, MHC-II molecule, and costimulatory molecule changed with the increase of risk score. (D–F) Differential analysis of the expression of MHC-I, MHC-II, and costimulatory molecules in high-risk and low-risk osteosarcoma. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





DISCUSSION

Compared with previous amputations alone, the survival rate for osteosarcoma has improved from 20% to more than 60% (Koster et al., 2018; Wang et al., 2018) but has not improved further in recent years. The high incidence of pulmonary metastasis is one of the important reasons. Therefore, searching for effective prognostic markers is an important method for early diagnosis of the prognosis of osteosarcoma and early intervention. In recent years, the role of TIM in the treatment of osteosarcoma has become increasingly evident. A growing number of immunotherapy agents are entering clinical trials (NCT04668300, NCT04544995, and NCT02500797). Therefore, we hope to find immune-related biomarkers that can not only better predict patient survival, but also provide potential therapeutic targets for future immunotherapy. LncRNA has been proved to be involved in the immune response of osteosarcoma by regulating the expression of TNF-α (Xu et al., 2020). To this end, we constructed a prognostic signature using IRLs to explore its role in the prognosis of osteosarcoma. Further, we explored the relationship between the IRLs signature and the TIM of osteosarcoma.

In this study, 10 IRLs with good predictive ability were selected as a prognostic marker for osteosarcoma by iterative LSSSO regression and multivariate Cox regression analysis. Compared with the simple univariate and multivariate Cox regression analysis, the IRLs signature has better predictive performance, with an AUC of 0.96. The results of PCA showed that IRLs signature could classify osteosarcoma into two groups. With the increase of risk score, the mortality of patients with osteosarcoma showed a significant upward trend. Recurrence and metastasis are important clinical features for the prognosis of osteosarcoma. Compared with the common clinical features of osteosarcoma, IRLs signature has higher predictive power for the prognosis of osteosarcoma, even higher than the two clinical features of osteosarcoma recurrence and metastasis.

Our study showed that the metastatic rate of osteosarcoma in the high-risk group was significantly higher than that in the low-risk group, and the probability of metastasis tended to increase with the increase of risk score. It is worth noting that the differential expression analysis of lncRNA in IRLs signature between the metastatic group and the non-metastatic group showed that only the expression level of AC006033.2 was different. Therefore, our study further verified the role of AC006033.2 in the biological behavior of osteosarcoma through an in vitro experiment. By interfering with AC006033.2, we found that the proliferation, migration, and invasion of osteosarcoma cell lines were enhanced. Studies have shown that AC006033.2 is also an effective biomarker for anti-tumor immunity in gastric cancer (He and Wang, 2020), which is similar to the results of our study. We found that IRLs signature is closely related to the TIM of osteosarcoma. In addition, the expression level of AC006033.2 was significantly positively correlated with the content of various immune cells. Therefore, AC006033.2 may be an important molecule affecting the prognosis of osteosarcoma.

LncRNA THRIL has been shown to regulate TNF-α expression and participate in immune response in osteosarcoma (Xu et al., 2020). KEGG and GO enrichment analysis results also showed that osteosarcoma in the low-risk group was highly correlated with immune pathways and functions. Therefore, we further explored the relationship between IRLs signature and TIM of osteosarcoma. Firstly, the ssGSEA was used in the study to evaluate the level of immune cell infiltration in the microenvironment of osteosarcoma, and the level of immune cell infiltration was higher in the low-risk group. Results of the ESTIMATE algorithm also indicated a higher immune score in osteosarcoma in the low-risk group. These suggest that IRLs may be associated with the immune cell infiltration in the microenvironment of osteosarcoma.

Studies have shown that lncRNA can also act on T cells to promote the immune escape of tumor cells (Huang et al., 2018). Therefore, we further explored the relationship between the IRLs signature and the TIM of osteosarcoma. The decrease of MHC-I molecular presentation function is considered to be an important reason for the immune escape of tumor cells (Lee et al., 2005). Low expression of MHC-II molecules can also lead to the occurrence of immune escape due to the inability to effectively activate T cells (Zhi et al., 2021). In addition, the activation of T cells also requires the participation of costimulatory molecules (Angulo et al., 2021). We found that MHC-I molecules, MHC-II molecules, and costimulatory molecules, which are associated with endogenous immune escape, were all low expressed in the high-risk group. These results suggest that immune escape may be prevalent in high-risk group osteosarcoma, and IRLs may be associated with the immune escape of osteosarcoma cells.



CONCLUSION

The IRLs signature is a reliable biomarker for the prognosis of osteosarcoma, and they alter the prognosis of osteosarcoma. In addition, IRLs signature and patient prognosis may be related to TIM in osteosarcoma. The higher the content of immune cells in the TIM of osteosarcoma, the lower the risk score of patients and the better the prognosis. The higher the expression of immune escape-related genes, the lower the risk score of patients and the better the prognosis.
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The prognosis of patients with endometrial cancer (EC) is closely associated with immune cell infiltration. Although abnormal long non-coding RNA (lncRNA) expression is also linked to poor prognosis in patients with EC, the function and action mechanism of immune infiltration-related lncRNAs underlying the occurrence and development of EC remains unclear. In this study, we analyzed lncRNA expression using The Cancer Genome Atlas and clinical data and identified six lncRNAs as prognostic markers for EC, all of which are associated with the infiltration of immune cell subtypes, as illustrated by ImmLnc database and ssGSEA analysis. Real-time quantitative polymerase chain reaction showed that CDKN2B-AS1 was significantly overexpressed in EC, whereas its knockdown inhibited the proliferation and invasion of EC cells and the in vivo growth of transplanted tumors in nude mice. Finally, we constructed a competing endogenous RNA regulatory network and conducted Gene Ontology enrichment analysis to elucidate the potential molecular mechanism underlying CDKN2B-AS1 function. Overall, we identified molecular targets associated with immune infiltration and prognosis and provide new insights into the development of molecular therapies and treatment strategies against EC.
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INTRODUCTION

Endometrial cancer (EC) is one of the most common malignant tumors of the female reproductive system, and its incidence has increased in recent years, particularly in younger females (Smrz et al., 2020). In 2020, approximately 65,620 new cases of EC in the United States and 12,590 related deaths have been reported, with a mortality rate second only to ovarian cancer (Siegel et al., 2020). The efficacy of the currently available treatments for patients with recurrent or advanced EC remains poor (Leslie et al., 2021); however, novel immunotherapies have attracted significant attention as potential treatment strategies for patients with EC (Meng et al., 2021). It is therefore important to explore and develop reliable immune-related targets and prognostic markers for EC for individualized treatment of EC.

In 2013, The Cancer Genome Atlas (TCGA) had proposed a molecular typing system that divided EC into four subtypes, namely, DNA polymerase epsilon (POLE), microsatellite instability (MSI), copy number abnormalities low (CNL), and copy number abnormalities high (CNH) (Du et al., 2019). These subtypes can help to more accurately classify post-operative treatments (including immunotherapy) and prognosis of patients with EC than the traditional pathomorphology (Zhou et al., 2021). In POLE hypermutant and MSI EC, PD-1, and PD-L1 expression are correlated with the degree of T lymphocyte infiltration, with a higher number of infiltrating T lymphocytes eliciting a stronger local immune response associated with better prognosis (Liu et al., 2021). The diagnosis and treatment of EC has influenced its molecular classification (Kahn et al., 2019), and this has prompted the use of immunotherapies based on the tumor microenvironment (TME), genotype, and epigenetic alterations. Although some patients with EC have shown encouraging results following immunotherapy, some have failed to respond (Meng et al., 2021). However, the therapeutic efficacy of immune checkpoint inhibitors can be predicted based on PD-L1 expression, mutational load, lymphocyte infiltration, and mutation-related neoantigens (Post et al., 2020).

Less than 2% of the human genome encodes transcribable protein-coding genes, whereas 85% encodes non-coding RNAs. Long non-coding RNAs (lncRNAs) are RNAs over 200 nucleotides in length that do not encode proteins but play key roles in regulating transcription and post-transcriptional events affecting cell function (Zheng et al., 2019). LncRNA are being actively explored as biomarkers, supporting their prevalent link with diseases. For example, through experiments in humans and mice showed that there is an lncRNA locus maenli on human chromosome 2 (Allou et al., 2021), and its deletion result in human Mendelian disease. Transcription of the lncRNA upperhand controls Hand2 expression and heart development (Anderson et al., 2016). Such promising developments suggest that the entrance of lncRNA-based therapeutics into clinical testing is imminent. Recent findings have demonstrated that lncRNAs can shape the TME by changing the internal characteristics of tumor cells, thereby promoting and maintaining tumor occurrence and development (Dong et al., 2019). In breast and ovarian cancer cells, the lncRNA Xist mediates macrophage polarization by competing with microRNA (miR)-101 to regulate KLF6 expression, thereby affecting proliferation and migration (Zhao et al., 2021). Similarly, the lncRNA HEIH can improve the immunogenicity of triple-negative breast cancer (TNBC) cells and regulate TNBC progression by inducing MICA/B and suppressing the immune checkpoint inhibitor, PD-L1 (Nafea et al., 2021). LncRNAs can induce tumor occurrence and metastasis by activating the immune system and responses, including antigen release, antigen presentation, immune cell differentiation, immune cell migration, and T cell infiltration (Huang et al., 2018). However, the roles of immune-related lncRNAs in EC remain to be investigated.

In this study, we analyzed results for EC samples in TCGA and identified six lncRNAs, namely, PRRT3-AS1, LINC01503, CDKN2B-AS1, LINC01629, LINC01833, and LINC01936, associated with the immune microenvironment whose high expression may be correlated with poor patient prognosis. We also analyzed the correlation between the expression of these lncRNAs and immune cell infiltration, common immune checkpoints, MHC molecules, chemokines, and chemokine receptors. In addition, their expression was verified using real-time polymerase chain reaction (PCR) in EC tissues and normal tissues while in vitro and in vivo experiments confirmed that CDKN2B-AS1 knockdown inhibited EC cell proliferation and invasion, as well as their ability to form tumors. Together, the findings of this study provide new insights and theoretical basis for future immunotherapies to treat EC.



MATERIALS AND METHODS


Identification of Immune-Related Long Non-coding RNAs in Endometrial Cancer

The transcriptome profiles and corresponding clinical data of 575 patients with EC were downloaded from TCGA, including 552 patients with UCEC and 23 normal samples. First, we screened differentially expressed genes (DEGs) using the “limma” program package with the following criteria: | log2FC| > 1 and FsDR < 0.05. A heat map and volcano map were produced from the resulting DEGs. Immune-related lncRNA genes were obtained using the official ImmLnc website. Differentially expressed immune-related lncRNAs were screened using | log2FC| > 1 and p < 0.05 and then analyzed using the Edger software package.



Identification of Immune-Related Long Non-coding RNA Prognostic Indicators for Endometrial Cancer

To screen immune-related lncRNAs associated with survival from the clinical EC data from TCGA, we performed univariate Cox proportional hazard regression (PHR) analysis with p < 0.001. Multivariate Cox PHR analysis was used to identify prognostic markers, while the risk score of each patient was calculated based on lncRNA expression levels. According to the median risk score, patients with EC were divided into high- and low-risk groups. Univariate and multivariate Cox regression analyses were then used to evaluate the relationships between risk score and age, tumor grade, tumor differentiation, and depth of invasion. Survival differences between the two groups were determined using Kaplan–Meier (KM) survival analysis.



Correlation Analysis of Immune Cell Infiltration

Immune infiltration analysis was performed based on the ssGSEA scores of activated dendritic cells (aDCs), B cells, CD8 T cells, cytotoxic cells, DCs, eosinophils, immature DCs (iDCs), macrophages, mast cells, neutrophils, natural killer (NK) CD56bright cells, NK CD56dim cells, NK cells, plasmacytoid DCs (pDCs), T cells, T helper cells, T central memory cells (Tcm), T effector memory cells (Tem), T follicular helper (Tfh), T gamma delta (Tgd), Th1 cells, Th17 cells, Th2 cells, and Treg cells to determine whether immune infiltration correlated with lncRNA expression. The online analysis website, ImmLnc,1 was used to determine the immune-related functions of lncRNAs in cancer, as well as lncRNA pathways, correlations between lncRNAs and immune cell types, and cancer-related lncRNAs.



Construction of the ceRNA Regulatory Network

Differentially expressed lncRNAs and miRNAs were paired using the miRcode database. Based on the miRDB, miRTarBase, and TargetScan databases, starBase online software was used to predict the target genes of the screened differentially expressed miRNAs to obtain a ceRNA regulatory network diagram of lncRNA–miRNA–mRNAs using the visual analysis software, Cytoscape V3.5.2.



Functional Enrichment Analysis

We used Metascape2 to analyze the pathways enriched by the 100 molecules most relevant to CDKN2B-AS1.



Patients and Samples

This study enrolled patients (aged 23–69-years-old) who had undergone surgical uterus removal at the Department of Obstetrics and Gynecology, Shengjing Hospital Affiliated to China Medical University, from 2017 to 2018. We collected 20 EC tissue samples and 20 normal endometrial tissue samples. No patients had received anti-cancer treatments, such as radiotherapy, chemotherapy, or immunotherapy, prior to surgery. Histopathological analysis was performed by two pathologists. The study was approved by the Ethics Committee of Shengjing Hospital Affiliated to China Medical University (Ethics number: 2018PS251K). All study participants provided informed consent.



Cell Culture

Ishikawa cells were cultured in RPMI 1640 medium (Gibco, Carlsbad, CA, United States), while HEC-1A cells were cultured in McCoy’s 5A medium (Gibco). Both cell lines were obtained from the Institute of Biochemistry and Cell Biology at the Chinese Academy of Sciences (Shanghai, China).



Fluorescence in situ Hybridization

To determine the localization of lncRNAs in EC cells, fluorescence in situ hybridization (FISH) probes (RiboBio, Guangzhou, China) were constructed. Both Ishikawa and HEC-1A cells were treated with 1% paraformaldehyde at 37°C for 1 h and then incubated with the hybridization probe at 37°C for 16 h. On the second day, the cells were washed with hybridization solutions I, II, and III, and images were taken and analyzed using a fluorescent inverted microscope (20× magnification).



Cell Transfection

CDKN2B-AS1 interference lentiviral vectors and a corresponding negative control (NC) were purchased from GenePharma (Shanghai, China) and transfected at a multiplicity of infection (MOI) of 50. Cells were transfected using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions, and stably transfected cells were selected using puromycin. The primers used for cloning and the shRNA sequences are listed in Supplementary Table 1.



Cell Proliferation Assay

During their logarithmic growth phase, Ishikawa and HEC-1A cells were transferred into 96-well plates that included a blank control and three parallel wells per group. Cell proliferation was detected using an EdU cell proliferation detection kit (RiboBio, Guangzhou, China) according to the manufacturer’s instructions. Briefly, cells were incubated with 50 μM of pre-prepared EdU mixed reagent for 2 h, fixed, and subjected to DNA staining. The cells were then washed with phosphate-buffered saline (PBS) and images were acquired and analyzed using a fluorescence microscope (Nikon, Japan) at 20× magnification.



Cell Invasion Assay

Sterilized Transwell chambers were coated with Matrigel (pore size 8 μM; Corning, NY, United States) and incubated at 37°C overnight to solidify. Logarithmic phase cells were harvested, centrifuged, and resuspended in serum-free medium after the supernatant had been discarded. Next, 800 μL of culture medium (containing 10% fetal bovine serum) was added to a 24-well plate and the Transwell chamber was added. The cell suspension (5 × 104 cells) was then added to the upper chamber and incubated for 24 h at 5% CO2 and 37°C. After the Transwell chamber had been removed, the cells in each well were absorbed and the liquid in the upper chamber was discarded. The wells were then air-dried, fixed with 4% paraformaldehyde, stained with crystal violet dye, and rinsed with PBS. Images were acquired under a microscope (Nikon, Japan) and the cells were counted.



RNA Extraction and Quantitative Real-Time-Polymerase Chain Reaction

Total RNA was extracted from cultured cells or tissues using TRIzol reagent (Takara, Shiga, Japan) and reverse-transcribed into cDNA using a PrimeScriptTM RT-PCR Kit (Takara) with SYBR® TB GreenTM Premix Ex Taq II (Takara). PCR-specific primers were designed by Sangon Biotech (Shanghai, China). Fold changes in expression were calculated using the 2−ΔΔCt method, with GAPDH as an internal control. The primer sequences used are listed in Supplementary Table 1.



Tumor Xenografts in Nude Mice

All animal experiments were approved by the Ethics Committee of Shengjing Hospital Affiliated to China Medical University and were conducted in strict accordance with ethical standards. Athymic BALB/c nude mice (4–6 weeks old) were purchased from HFK Bioscience (Beijing, China). For the in vivo study, CDKN2B-AS1 shRNA and control shRNA stably transfected Ishikawa cells were harvested, the underarm tumor of each mouse was injected with transfected cells suspended in 106/100 μL PBS, tumor sizes were measured by caliper and recorded every 4 days. The mice were sacrificed after 28 days. Tumors were excised, placed in 4% paraformaldehyde, and embedded in paraffin.



Statistical Analysis

Statistical analyses were performed using R software (Version3.5.1) and GraphPad Prism 8 software (GraphPad, La Jolla, CA, United States). Differences between count data were calculated using the χ2 test, with the data expressed as the mean ± SEM. Data between two groups were compared using unpaired t-tests. p-Values of <0.05 were considered statistically significant.



RESULTS


Analysis of Differentially Expressed Immune-Related Long Non-coding RNAs in Endometrial Cancer Tissues

We analyzed the data of EC samples (n = 552) and normal endometrium samples (n = 23) in the TCGA database, with criteria of | log2FC| > 1 and FsDR < 0.05, and identified a total of 6,266 DEGs, of which 3,860 were upregulated and 2,406 were downregulated (Figure 1A). Immune-related lncRNA gene information was obtained using the ImmLnc website and 340 differentially expressed immune-related lncRNAs were screened according to the nature of the gene, of which 228 were upregulated and 112 were downregulated (Figure 1B).
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FIGURE 1. Analysis of differentially expressed lncRNAs. (A) Heatmap and volcano map of 552 EC samples and 23 normal endometrium samples showing 3,860 upregulated molecules and 2,406 downregulated molecules (fold change >4, p = 0.001), and showed the most differentially expressed molecules. (B) Heatmap and volcano plots of 340 differentially expressed lncRNAs showing 228 upregulated and 112 downregulated, and showed the most differentially expressed molecules.




Identification and Prognostic Characteristics of Six Immune-Related Long Non-coding RNAs

To predict the prognosis of EC patients, we constructed a risk scoring model based on the survival data for the EC samples. Univariate Cox PHR analysis on the expression profiles of 340 lncRNAs identified seven immune-related lncRNAs with p < 0.001 whose expression was related to prognosis (Figure 2A). Subsequent stepwise multiple Cox regression analysis determined that the expression of six immune-related lncRNAs was related to prognosis: PRRT3-AS1, LINC01503, LINC01936, CDKN2B-AS1, LINC01629, and LINC01833 (Figure 2B). The coefficient of each molecule factors were calculated with multivariate Cox proportional risk regression analysis. The risk score was then calculated for each sample based on the expression levels of these six lncRNAs using the following equation (Table 1):
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FIGURE 2. Identification and assessment of the immune-related lncRNA prognostic signature for EC. HR and p-values from univariate Cox (A) and multivariate Cox (B) HR regression of selected genes and immune terms (criteria: p–value < 0.001).



TABLE 1. The expression levels of these six lncRNAs.
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Correlation Between the Immune-Related Long Non-coding RNA Signature and the Overall Survival and Prognosis of Patients With Endometrial Cancer

According to the median risk score, EC samples were divided into high- and low-risk groups and a KM curve was created to calculate overall survival (OS) rates. The high-risk group displayed poor OS, indicating that the risk score effectively evaluated prognosis [p = 3.505e–07, area under the curve (AUC) = 0.687; Figures 3A,B]. The risk curve and scatter plot were generated to show the risk score and survival status of each endometrial cancer sample. The risk coefficient and mortality of samples in the high-risk group were higher than those in the low-risk group (Figure 3C). A heat map of the expression profiles of the six lncRNAs in EC samples showed that all six were highly expressed in the high-risk group (Figure 3D). Together, these findings suggest that the six immune-related lncRNAs can be used as prognostic markers for EC.
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FIGURE 3. Correlation between the six immune-related lncRNA signature and the OS and prognosis of patients with EC. (A) Kaplan–Meier OS curves for the high- and low-risk groups. (B) Risk curve of each sample reordered by risk score. (C) Scatter plot of OS. Green and red dots represent survival and death, respectively. (D) Heatmap showing the expression profiles of the signature in the low- and high-risk groups. The pink and blue bars represent the low-and high-risk groups, respectively.


To verify the applicability of this prognostic signature based on the complete TCGA data set, we randomly divided 541 patients with EC in TCGA into two test sets (1, n = 271, Supplementary Figure 1, 2, n = 270, Supplementary Figure 2) to build a verification model. Consistent with the results observed in the entire data set, the OS rate of patients in the high-risk group was lower than that of patients in the low-risk group in both test sets 1 and 2 (Supplementary Figure 1A, p = 4.059e–06 and Supplementary Figure 2A, p = 4.034e–03, respectively). In addition, the receiver operating characteristic (ROC) curve showed good performance, with AUCs for 5-year OS of 0.711 (Supplementary Figure 1B) and 0.675 (Supplementary Figure 2B).



Relationship Between the Immune-Related Long Non-coding RNA Signature and Clinicopathological Parameters of Endometrial Cancer

Next, we investigated whether the prognosis of the six immune-related lncRNAs was related to clinicopathological factors, such as age, clinical stage, tumor differentiation, and depth of invasion. Univariate Cox regression analysis showed that age, depth of tumor invasion, and risk score correlated significantly with OS in patients with EC (Figure 4A), while multivariate Cox regression analysis showed that the risk score significantly correlated with OS (Figure 4B), suggesting that these six lncRNAs act as independent prognostic factors in patients with EC. To determine the sensitivity and specificity of the risk score for evaluating the prognosis of patients with EC, we performed time-dependent ROC analysis. The AUC of the risk score was 0.712 (Figure 4C), indicating that the six lncRNAs are highly reliable prognostic markers for EC. In addition, we produced a box plot showing the relationship between the expression levels of the lncRNAs and age, clinical stage, tumor differentiation, and depth of invasion (Figure 4D), while the KM-Plotter showed that PRRT3-AS1, LINC01503, CDKN2B-AS1, LINC01629, LINC01833, and LINC01936 significantly correlated with shorter OS in UCEC (Figure 4E). Together, these results indicate that the expression of the six immune-related lncRNAs is an independent prognostic factor for patients with EC.
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FIGURE 4. Cox regression analysis of the independent prognostic value of the risk score. Univariate (A) and multivariate (B) Cox regression analysis of risk score, age, clinical stage, tumor differentiation, and depth of invasion. (C) The AUC of risk score, age, clinical stage, tumor differentiation, and depth of invasion was calculated from the total survival risk score according to the ROC curve. (D) Relationship between lncRNA expression and age, clinical stage, tumor differentiation, and depth of invasion. (E) Prognostic value of PRRT3-AS, LINC01503, CDKN2B-AS, LINC0162, LINC0183, and LINC01936 in UCEC analyzed using Kaplan–Meier (KM) Plotter. *P < 0.05, **P < 0.01, ***P < 0.001.




Correlation Between Long Non-coding RNA Expression and the Immune Microenvironment

To evaluate the association between the expression of the six lncRNAs and immune cell infiltration, we used the ImmLnc database to detect their correlation with immune cell types, including CD8+ T cells, DCs, neutrophils, B cells, macrophages, and CD4+ T cells. We found that CDKN2B-AS1 expression correlated negatively with CD8+ T cells and positively with B cells, macrophages, and CD4+ T cells. Conversely, LINC01503 expression correlated negatively with CD8+ T cells and macrophages but positively with neutrophils and CD4+ T cells. LINC01936 expression correlated negatively with CD8+ T cells and DCs, whereas PRRT3-AS1 expression correlated negatively with CD8+ T cells, DCs, and neutrophils. Furthermore, LINC01629 expression correlated negatively with macrophage and positively with neutrophils, while LINC01833 expression correlated negatively with CD8+ T cells and macrophages but positively with CD4+ T cells and neutrophils (Supplementary Table 2). We then used ssGSEA to analyze the correlation between immune cell infiltration and the expression of PRRT3-AS1, LINC01503, CDKN2B-AS1, LINC01629, LINC01833, and LINC01936, respectively. The results revealed that all six lncRNAs were associated with immune cell infiltration, and that the infiltration of various immune cells was related (Figure 5A and Supplementary Table 3).
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FIGURE 5. Correlation between lncRNA expression and immune infiltration. (A) Correlation analysis of immune-related lncRNA expression and the infiltration of aDCs, B cells, CD8+ T cells, cytotoxic cells, DCs, eosinophils, iDCs, macrophages, mast cells, neutrophils, NK CD56bright cells, NK CD56dim cells, NK cells, pDCs, T cells, T helper cells, Tcm, Tem, Tfh, Tgd, Th1 cells, Th17 cells, Th2 cells, and Tregs. (B) Spearman correlation analysis of TMB/MSI and immune-related lncRNA expression. Horizontal axis represents gene expression distribution. Ordinate represents TMB/MSI score distribution. The density curve on the right represents the TMB/MSI score distribution trend. The upper density curve represents the gene expression distribution trend. The uppermost value represents the correlation p-value, correlation coefficient, and correlation calculation method. p-Values of <0.05 were considered significant. The correlation coefficient range was (–1, 1), with a negative number representing a negative correlation between the expression of two genes and a positive value representing a positive correlation. The closer to 1 or –1, the stronger the correlation. The closer to 0, the weaker the correlation.


Tumor mutational burden (TMB) has attracted considerable attention in immunotherapy; PD-L1 is a biomarker for predicting the response of two important PD-1 antibody treatments. Therefore, we investigated the association between TMB and the expression of PRRT3-AS1, LINC01503, CDKN2B-AS1, LINC01629, and LINC01833 using the online database assistant for clinical bioinformatics.3 The relationships between satellite instability and LINC01936 data were unavailable. Notably, we found a significant negative correlation between PRRT3-AS1, LINC01503, and CDKN2B-AS1 expression and TMB (Figure 5B).

In addition, we used Spearman’s correlation analysis to evaluate the relationship between PRRT3-AS1, LINC01503, CDKN2B-AS1, LINC01629, and LINC01833 and common immune checkpoints, MHC molecules, chemokines, and chemokine receptors via the online database assistant for clinical bioinformatics (see text footnote 3), this website was not predicted the information of LINC01936 (Figures 6A,B). All these lncRNAs displayed significant correlations with multiple immune checkpoints and immune-related genes.
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FIGURE 6. Correlation between the immune-related lncRNA expression and immune factors. (A,B) Spearman’s correlation analysis between immune-related lncRNAs and immune checkpoints, MHC molecules, chemokines, and chemokine receptors. Different colors represent the correlation coefficient (red, positive; blue, negative). A darker color indicates a stronger correlation, ∗p < 0.05, ∗∗p < 0.01.




Specimen Verification

Fluorescent RT-qPCR was used to detect the mRNA expression of PRRT3-AS1, LINC01503, LINC01936, CDKN2B-AS1, LINC01629, and LINC01833 in 30 EC tissues and 19 normal endometrial tissues. These analyses confirmed that CDKN2B-AS1 expression is higher in EC tissues that in normal endometrial tissues (Figures 7A–F).
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FIGURE 7. Relative expression of immune-related lncRNAs in normal and UCEC tissues. Expression of (A) PRRT3-AS1, (B) LINC01503, (C) LINC01936, (D) CDKN2B-AS1, (E) LINC01629, and (F) LINC01833 in 30 EC tissues and 19 normal tissues determined using qRT-PCR. ∗p < 0.05, NS, no statistical difference.




CDKN2B-AS1 Knockdown Inhibits Endometrial Cancer Progression in vitro and in vivo

Endometrial cancer is divided into two types, of which type I is estrogen-dependent, while type II is non-estrogen-dependent. The Ishikawa cell line is derived from type I tumors, and HEC-1A cells derived from type II tumors (Albitar et al., 2007). Next, we evaluated the effect of knockdown CDKN2B-AS1 on the malignant biological behavior of EC cell lines by transfecting Ishikawa and HEC-1A cells with sh-CDKN2B-AS1 chronic virus vector and a corresponding NC. We found that two construct, LV- CDKN2B-AS1 -1, LV- CDKN2B-AS1 -2 decreased the CDKN2B-AS1 expression. After the transfection efficiency had been confirmed using quantitative real-time-polymerase chain reaction (qRT-PCR; Figure 8A), EdU assays revealed that knockdown of CDKN2B-AS1 inhibited the proliferation of Ishikawa and HEC-1A cells (Figure 8B), while Transwell assays demonstrated that knockdown of CDKN2B-AS1 also inhibited their invasion ability (Figure 8C). Next, we investigated the function of CDKN2B-AS1 in an in vivo tumor model using nude mice (n = 2 per group) and found that the tumor volume was smaller in the sh-CDKN2B-AS1 than in the control groups (Figure 8D).
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FIGURE 8. CDKN2B-AS1 knockdown inhibits malignant biological behavior in EC cells. (A) CDKN2B-AS1 expression in Ishikawa and HEC-1A cell lines measured using RT-qPCR. (B) Effect of CDKN2B-AS1 expression on proliferation determined using EdU assays in Ishikawa and HEC-1A cells. (C) Transwell assays to determine the number of invading cells. (D) Nude mice bearing tumors. A specimen from each respective group is shown (n = 2 per group), ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. the NC group.




CDKN2B-AS1 Cellular Localization and Functional Enrichment Analysis

Since cellular localization significantly influences lncRNAs function and molecular mechanism in tumors, we investigated the subcellular localization of CDKN2B-AS1 using FISH assays. CDKN2B-AS1 was located in both the nucleus and cytoplasm of Ishikawa and HEC-1A cells (Figure 9A), suggesting that CDKN2B-AS1 exerts its biological functions via a ceRNA mechanism. Therefore, we analyzed the lncRNA–miRNA–mRNA network using STARBASE and miRTarBase and found that CDKN2B-AS1 was related to 10 miRNAs and 100 target genes (Figure 9B).
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FIGURE 9. CDKN2B-AS1 cellular location, lncRNA–miRNA–mRNA regulatory network, and GSEA results. (A) FISH assay of CDKN2B-AS1 localization in Ishikawa and HEC-1A cells. (B) CDKN2B-AS1-binding miRNAs were predicted using STARBASE and their targets were retrieved from miRTarBase. The regulatory network of lncRNA-miRNA-mRNAs was visualized using Cytoscape 3.7.1. (C,D) Biological processes related to CDKN2B-AS1.


Considering the important role of CDKN2B-AS1 in regulating the malignant phenotype of EC cells along with our findings, we investigated the role of CDKN2B-AS1 dysregulation in the pathogenesis of EC by examining the enriched gene sets in samples with different CDKN2B-AS1 mRNA expression levels. First, we used Metascape to perform Gene Ontology (GO) enrichment analysis on the function of CDKN2B-AS1 and its top 100 related molecules (Supplementary Table 4), which were primarily involved in bicarbonate transport, chloride transport, the regulation of guanylate cyclase activity, the phase II-conjugation of compounds, immune response-regulating cell surface receptor signaling pathway, excretion plasma lipoprotein assembly, remodeling and clearance, organic acid transport, post-translational modification, synthesis of GPI-anchored proteins, glycosylation, and small molecule catabolic processes (Figures 9C,D and Supplementary Table 5). Together, these findings provide important clues regarding the mechanism underlying the pathogenesis of EC. Based on the TCGA dataset, the relationship between CDKN2B-AS1 expression and risk coefficient HR and confidence interval of clinical characteristics was analyzed by univariate Cox, and spearman correlation analysis heat map of immune score and CDKN2B-AS1 expression in multiple tumor tissues. The results suggest that CDKN2B-AS1 is an independent prognostic factor in a variety of tumors (Supplementary Figure 3A). Immune score evaluation analysis showed that the expression of CDKN2B-AS1 was related to a variety of immune cell infiltration (Supplementary Figure 3B).



DISCUSSION

The incidence of EC, the most common and deadly cancer among females worldwide, has been increasing worldwide. EC has a high degree of heterogeneity not only in the genes and phenotypes of EC cells, but also in the TME (Engerud et al., 2020), which contains various immune cells. Tumor and immune cells interact and form complexes. LncRNAs influence the occurrence, development, invasion, and metastasis of EC via immune pathways (Gao et al., 2021). Therefore, we explored immune-related lncRNAs in EC to improve our understanding of the mechanisms underlying EC occurrence and development, and to develop new diagnosis and therapeutic strategies, for better treatment outcomes.

To this end, we screened differentially expressed immune-related lncRNAs using TCGA database and the ImmLnc website, identifying six immune-related lncRNAs as prognostic markers: PRRT3-AS1, LINC01503, LINC01936, CDKN2B-AS1, LINC01629, and LINC01833. Importantly, the risk scores calculated using the coefficients of these six lncRNAs showed that the OS of high-risk patients with EC was significantly shorter than that of patients in the low-risk group in both the training and test data sets. Multi-factor Cox regression analysis of age, clinical stage, tumor differentiation, and depth of invasion confirmed that the six immune-related lncRNAs are an independent prognostic factor in EC. It has been shown that PRRT3-AS1 silencing in PC cells can inhibit their proliferation by activating the PPARγ gene, thereby blocking the mTOR signaling pathway (Fan et al., 2020). mTOR is an important eukaryotic cell signal whose stability affects the expression of cytokines in T cells and immunosuppression (Dumas et al., 2020). Recent research has also identified PRRT3-AS1 as an immune-related prognostic lncRNA in patients with HCC (Kong et al., 2020). Together, these studies suggest that PRRT3-AS1 may be a potential therapeutic target for immunotherapy in EC.

CDKN2B-AS1 is a multifunctional lncRNA that exerts carcinogenic effects in various tumors. In renal clear cell carcinoma, CDKN2B-AS1 exerts its carcinogenic activity by recruiting CREB-binding protein and three epigenetic modification complexes containing SET and MYND domains to the promoter region of the Ndc80 mitochondrial complex (NUF2) (Xie et al., 2021). In lung cancer, CDKN2B-AS1 acts as a cavernous body by adsorbing miR-378b and regulating miR-378b/NR2C2 to promote cancer development (Wang et al., 2020). However, the expression and role of CDKN2B-AS1 in EC remains unclear. LINC01503 acts as a carcinogen in cancers such as lung cancer (Zhang et al., 2020), bowel cancer (Wei et al., 2020), and gastric cancer (Ma et al., 2021), and promotes tumor progression. Previous analyses of TCGA database have shown that the lncRNA LINC01833 is associated with glycolysis and that its high expression is correlated to poor prognosis in patients with EC (Jiang et al., 2021); however, its expression and role in EC warrant further study.

To investigate the association between these immune-related lncRNAs and immune cell infiltration, we used the ImmLnc database to analyze the correlation between PRRT3-AS1, LINC01503, CDKN2B-AS1, LINC01629, and LINC01833 and CD8+ T cells, DCs, neutrophils, B cells, macrophages, and CD4+ T cells. We found that all six lncRNAs were associated with the infiltration of various interrelated immune cells. Considerable evidence suggests that CD8+ T cell subsets play important roles in tumor control, as reflected by the relationship between the number of CD8+ T cells in the tumor before treatment and the response to PD-1 therapy (Kim et al., 2021). After circulating CD8+ T cells infiltrate tumor tissues, they are activated by tumor antigens to transform into effector CD8+ T cells which kill tumor cells. In addition, CD4+ T helper cells help DCs to prepare and activate CD8+ T cells (Yang et al., 2020). Meanwhile, CD4+ Treg cell-mediated anti-tumor immunosuppression is the main mechanism of tumor immune evasion and immunotherapy resistance (Polanczyk et al., 2019). Effector CD8+ T cells gradually degenerate due to continuous tumor antigen stimulation, immunosuppressive cell suppression (e.g., Treg cells and immunosuppressive B cells), and imbalance between physical and chemical status, thereby reducing their proliferation and secretion of effector cytokines (IL-6, TNF-α, and IFN-γ), known as “T cell exhaustion” (Chen et al., 2021). Thus, the repair of CD8+ T cell anti-cancer immune activity has become the greatest limitation in tumor immunotherapy. T cell dysfunction in human tumors is characterized by an increase in the expression of inhibitory receptors (e.g., PD-1, LAG3, TIM3, 2B4, CD200, and CTLA4) on the cell surface; therefore, immune checkpoint inhibitors can partially reverse T cell depletion (Li et al., 2021).

We also analyzed the correlation between the lncRNAs and common immune checkpoints using Spearman’s correlation analysis. Notably, LINC01629, LINC01833, and CDKN2B-AS1 correlated positively with the immune checkpoint CD274, while LINC01503, CDKN2B-AS1, LINC01629, and LINC01833 correlated positively with IDO1 and IDO2. IDO1 and PD-L1 have become important targets for tumor immunotherapy and multiple inhibitors have entered clinical trials and achieved certain efficacy (Takada et al., 2020). Therefore, our findings provide new theoretical targets for EC immunotherapy.

Tumor cells display altered MHC antigen expression on their surface. The weakening of MHC antigen expression reduces the functional presentation of antigens to immune cells and thus the activation of helper T cells (Algarra et al., 2021). However, some tumors can also escape the lysis caused by cytotoxic T lymphocytes and NK cells by overexpressing non-classical MHC-I molecules, thereby escaping immune system surveillance (Catalán et al., 2015). When we analyzed the correlation between PRRT3-AS1, LINC01503, LINC01936, CDKN2B-AS1, LINC01629, and LINC01833 and MHC molecules, we found that all six immune-related lncRNAs correlated positively with multiple MHC-related molecules.

In the TME, various chemokines can be secreted by tumor, immune, and stromal cells, which ultimately activate multiple signal pathways via cell surface receptors and recruit immune cell subgroups to the TME, thereby spatiotemporally regulating the tumor immune response. The chemokine network can either promote or inhibit tumor cell growth, invasion, and metastasis by influencing tumor cells or tumor-related immune cells (Valeta-Magara et al., 2019). Thus, targeting chemokines and their receptors is an effective treatment strategy against malignant tumors. The findings of our Spearman’s analysis of the correlation between the immune-related lncRNAs and chemokines and their receptors will therefore help to discover new approaches for efficient and specific EC treatments based on targeted multi-chemokines.

Unfortunately, the efficacy of PD-1/PD-L1 blockade therapy in most tumors is approximately 40%; therefore, it is important to accurately screen patients who can benefit from the treatment to avoid treatment-related adverse reactions (Yin et al., 2021). One biomarker for screening patients who may benefit from PD-1/PD-L1 blockade therapy is TMB, which represents the number of mutations per megabase in the coding region of gene exons in a tumor sample. A higher TMB elicits stronger antigenicity, enabling more immune T cells to recognize and kill tumor cells in the TME (Li et al., 2020). EC is divided into four molecular types namely POLE (7%), MSI (28%), CNL (39%), and CNH (26%). EC has the highest known POLE mutation rate, meaning that POLE mutant EC has a very high mutational load. Indeed, POLE and MSI hypermutation type EC have by far the highest TMBs of all four molecular types (232 × 106 and 18 × 106/Mb vs. 2.6 × 106 and 2.9 × 106/Mb), suggesting that patients with POLE and MSI hypermutation EC are most likely to benefit from PD-1/PD-L1 blockade therapy (Gargiulo et al., 2016). In this study, we analyzed the correlation between PRRT3-AS1, LINC01503, CDKN2B-AS1, LINC01629, LINC01833, and TMB, finding that the expression of PRRT3-AS1, LINC01503, CDKN2B-AS1, and LINC01833 correlated significantly and negatively with the distribution of TMB.

To verify the findings of our bioinformatics analyses, we detected the expression of PRRT3-AS1, LINC01503, LINC01936, CDKN2B-AS1, LINC01629, and LINC01833 in EC and normal endometrial tissues using RT-qPCR. Interestingly, CDKN2B-AS1 was significantly overexpressed in EC tissues; however, its expression and function in EC remain poorly understood. We also found that CDKN2B-AS1 knockdown in Ishikawa and HEC-1A cells inhibited their proliferation and invasion. Moreover, interference with CDKN2B-AS1 in vivo inhibited the growth of EC cell-transplanted tumors in nude mice. FISH assays further revealed that CDKN2B-AS1 is located in the nucleus and cytoplasm of Ishikawa and HEC-1A cells. Since the subcellular location of lncRNAs influences their potential functions and underlying mechanisms in tumors, these results suggest that CDKN2B-AS1 achieves its biological function via a ceRNA mechanism; therefore, we constructed a ceRNA regulatory network. The microenvironment of EC is very complicated compared with that of other malignant tumors, and hence its microstructure and correlation with prognosis warrant further investigation. Therefore, future studies, with a larger sample size and in vitro experiments, must examine the immune regulation mechanism of EC in greater depth. In addition, RNA-Seq of EC cell lines treated with sh-CDKN2B-AS1 will help us to further study the important mechanism that CDKN2B-AS1 plays in the immune regulation and malignant progression of EC.



CONCLUSION

In conclusion, this study identified six lncRNAs as a prognostic signature for EC associated with the infiltration of immune cell subtypes. Together, our results provide a new strategy for prognostic evaluation of EC, as well as possible therapeutic targets and a theoretical basis for individualized EC immunotherapy.
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Immune microenvironment in gastric cancer is closely associated with patient’s prognosis. Long non-coding RNAs (lncRNAs) are emerging as key regulators of immune responses. In this study, we aimed to construct a prognostic model based on immune-related lncRNAs (IRLs) to predict the overall survival and response to immune checkpoint inhibitors (ICIs) of gastric cancer (GC) patients. The IRL signature was constructed through a bioinformatics method, and its predictive capability was validated. A stratification analysis indicates that the IRL signature can distinguish different risk patients. A nomogram based on the IRL and other clinical variables efficiently predicted the overall survival of GC patients. The landscape of tumor microenvironment and mutation status partially explain this signature’s predictive capability. We found the level of cancer-associated fibroblasts, endothelial cells, M2 macrophages, and stroma cells was high in the high-risk group, while the number of CD8+ T cells and T follicular helper cells was high in the low-risk group. Immunophenoscore (IPS) is validated for ICI response, and the IRL signature low-risk group received higher IPS, representing a more immunogenic phenotype that was more inclined to respond to ICIs. In addition, we found RNF144A-AS1 was highly expressed in GC patients and promoted the proliferation, migration, and invasive capacity of GC cells. We concluded that the IRL signature represents a novel useful model for evaluating GC survival outcomes and could be implemented to optimize the selection of patients to receive ICI treatment.
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INTRODUCTION

Gastric cancer (GC) is the fifth most common malignant tumor and the fourth leading cause of cancer-related deaths worldwide. According to recent statistics, GC patients usually have a poor prognosis, with a 5-year survival rate of less than 25% and an average overall survival (OS) of 7–10 months after diagnosis (Bray et al., 2018). The early asymptomatic nature of the disease contributes to the poor prognosis of GC, leading to the late diagnosis of GC and a high risk of distant metastasis. Currently, radical surgical resection is still the most effective method to significantly prolong the survival time of GC patients (Yu et al., 2019). Despite the development of postoperative adjuvant chemotherapy and targeted drugs in the last decade, the prognosis remains extremely poor for advanced GC patients (Coutzac et al., 2019).

Recent breakthrough in immunotherapy, most prominently using immune checkpoint inhibitors (ICIs), has yielded impressive results in several solid tumors and emerged as a novel optional treatment strategy for advanced GC (Kono et al., 2020). Inhibition of programmed death-1 (PD-1)/programmed death-ligand 1 (PD-L1) with ICIs, such as nivolumab and pembrolizumab, has entered clinical trials for GC patients (Kang et al., 2017; Janjigian et al., 2018). A meta-analysis for clinical trials with ICI for advanced GC or esophago-gastric junction tumors indicated that ICI treatment could provide modest survival benefit for advanced GC patients (Chen et al., 2019). Although ICI treatment is a promising treatment strategy, only a subset of GC patients can receive a survival benefit. Hence, a practical assessment model is urgently needed to assess the prognosis of patients with GC and response to ICI treatment.

Previously, long non-coding RNAs (lncRNAs) were believed to have no coding function and were considered as transcriptional noise. In fact, lncRNAs play an essential role in gene regulation (Statello et al., 2021). Recent studies have identified that many lncRNAs are aberrantly expressed in multiple cancers and involved in immune-related gene expression and function, thus affecting the tumor immune microenvironment (Mathy and Chen, 2017; Botti et al., 2019; Pang et al., 2020). LncRNAs should be increasingly considered as novel prognostic markers and therapeutic targets for human cancer.

In this study, we aimed to develop a novel immune-related lncRNA signature to predict the OS and response to ICI of GC patients. We investigated the relationship of the immune-related lncRNA (IRL) signature to clinicopathological characteristics and prognosis in The Cancer Genome Atlas Stomach Adenocarcinoma (TCGA-STAD) cohort. In addition, immune cell infiltration, mutation status, and immunophenoscore (IPS) associated with this signature in GC were also thoroughly explored. This signature may be implemented to predict the OS of GC patients and contribute to more precise ICI treatment for GC in the next future.



MATERIALS AND METHODS


Data Acquisition

The RNA sequencing data (FPKM value), clinical information, and mutation data of GC patients were downloaded from TCGA. Patients lacking survival information were excluded from further evaluation. IRLs were obtained from the ImmLnc database1 (Li et al., 2020). The clinical information of GC samples is detailed in Supplementary Table 1. The IPSs of patients with GC were obtained from The Cancer Immunome Atlas (TCIA).2



Establishment of an Immune-Related lncRNA Prognosis Model

The “limma” R package was used to identify differentially expressed genes (DEGs) between GC tissues and matched adjacent non-cancerous tissues. The significance criteria was set as | logFC | > 1 and P-value < 0.05. After integrating IRLs from the ImmLnc database, DELs were identified. From the perspective of clinical features of patients, we used the R package “caret” to randomly divide the TCGA-STAD cohort into training and test groups to make sure the consistency of the patient composition between training and test groups. In the training cohort, identified DELs were subjected to univariate Cox regression analysis using the “survival” R package to pinpoint potential IRLs of prognostic value. LASSO regression analysis was used to minimize the risk of overfitting, and multiple stepwise Cox regression method was applied to identify hub IRLs for constructing the prognostic model. The risk score was calculated using the following equation: β1 × gene1 expression + β2 × gene2 expression + … + βn × gene n expression, where β was the correlation coefficient generated by the multiple Cox regression analysis.



Evaluation of the Established Immune-Related lncRNA Signature

According to the median risk score, GC patients were divided into high-risk and low-risk groups. The Kaplan–Meier analysis was conducted using “survminer” and “survival” R packages to evaluate the prognostic value of the IRL signature. The sensitivity and specificity of the IRL signature were evaluated in terms of the area under the curve (AUC) of receiver operating characteristic (ROC) using “survivalROC” R package. Risk score curve, survival scatter diagram, and heatmap were carried out using the “pheatmap” package. Univariate and multivariate Cox analyses using “survival” R package were conducted to demonstrate that the signature establishes an independent prognostic model. A prognostic nomogram was then constructed using “rms” R package to predict 1-, 2-, and 3-year OS of GC patients, and a concordance index (C-index) was calculated to determine the discrimination of the nomogram via a bootstrap method with 1,000 resamples. Calibration curves were performed to assess the accuracy of this nomogram. In addition, a decision curve analysis (DCA) was performed to evaluate the clinical usefulness. Gene set enrichment analysis (GSEA) performed by GSEA software (version 4.1.0, downloaded from http://www.gsea-msigdb.org/gsea/index.jsp) was applied to evaluate all genes based on their log2 fold changes and assess functions associated with different risk groups.



Estimation of Tumor-Infiltrating Immune Cells in Different Risk Groups

To explore the association between tumor-infiltrating immune cells and the risk score, we used TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, XCELL, MCP-counter, and EPIC algorithms to examine the status of immune infiltration among GC patients from TCGA database. Wilcoxon signed-rank test was applied to analyze the differences of tumor-infiltrating immune cell level between high-risk and low-risk groups. The relationship of risk score values and immune infiltrating cells was determined by Spearman correlation analysis. Boxplots for immune infiltrating cells in high-risk and low-risk groups were conducted using “ggpubr” R package. ESTIMATE algorithm was applied to explore the status of immune cell infiltration among two subgroups, in which R script was downloaded from https://sourceforge.net/projects/estimateproject/to calculate immune scores, stromal scores, and estimate scores.



Mutation Analysis

Mutation data in the form of Mutation Annotation Format (MAF) was applied, and we used the “maftools” R package to analyze the mutation data.



Immunophenoscore Analysis

The calculation process of immunophenoscore was detailed in a previous article (Charoentong et al., 2017). Briefly, according to a panel of immune-related genes yielded from random forest results, a sample-wise Z score was calculated. The IPS was calculated on an arbitrary 0–10 scale based on the sum of the weighted averaged Z score to predict the response of ICIs, where higher scores are associated with the increased response to ICIs. The IPS results of 20 solid cancers can be acquired in the site of https://tcia.at/home.



Patients and Gastric Cancer Samples

GC tissue samples and matched adjacent normal gastric tissues were acquired from patients with gastric cancer who had undergone radical gastrectomy at the Department of Surgery, Zhongshan Hospital, Fudan University, from 2013 to 2014. This study was approved by the Ethics Committee of Zhongshan Hospital, Fudan University (Approval No. B2019-193R). Written informed consents were collected from all patients. No patient received preoperative chemotherapy. Clinicopathological variables were collected from all patients before surgery. All patients were followed up until December 2019. The eight lncRNA expressions were evaluated in eight pairs of GC tissues and matched adjacent non-cancerous tissues. The expression of RNF144A-AS1 was detected in 47 pairs of GC tissues and matched adjacent non-cancerous tissues. OS was calculated from the date of gastrectomy to the date of death or last follow-up. The clinical information of GC samples is detailed in Supplementary Table 2.



Cell Culture

The human GC cell lines (HGC27, AGS, NCIN87, and SUN1) and human normal gastric epithelial cells (GES1) were obtained from the American Type Culture Collection (ATCC, United States) and cultured in RPMI 1640 medium (Gibco, United States) with 10% fetal bovine serum (Gibco, United States) supplemented with 1% penicillin and streptomycin (Invitrogen, United States) at 5% CO2 and 37°C.



Quantitative Real-Time PCR

Total RNA from GC tissues and cell lines was extracted using TRIzol reagent (Invitrogen, United States). Quantitative real-time PCR (qRT-PCR) was performed as previously described (Li et al., 2019). The primers used for qRT-PCR are detailed in Supplementary Table 3.



Western Blot

Western blot was performed as previously described (Li et al., 2019). The primary antibodies (N-cadherin, E-cadherin, vimentin, and β-actin) were purchased from Abcam, United States. The anti-mouse and anti-rabbit secondary antibodies were obtained from Cell Signaling Technology, United States.



Transfection

Lentivirus packaging cells were transfected with LV3-pGLV-h1-GFP-puro vector (GenePharma, China) containing RNF144A-AS1 knockdown (sh-RNF144A-AS1-1 and sh-RNF144A-AS1-2) and a negative control sequence (NC), respectively. Lentiviral transduction was performed in HGC27 and AGS cells. Pools of stable transductants were generated by selection using puromycin (4 μg/ml) for 2 weeks.



Colony-Forming Assay

The cells at the density of 5 × 102 cells/well were seeded into a six-well plate and cultured for 2 weeks. The colonies were washed with PBS, fixed for 20 min with 100% methanol, and stained for 15 min with 1% crystal violet in 20% methanol. After washing three times with PBS, the number of colonies was calculated.



Cell Counting Kit-8 Proliferation Assay

Cell Counting Kit-8 (CCK-8) proliferation assay (Dojindo, Japan) was used to detect cell viability. Cells were seeded in 96-well plates at a density of 3 × 103 cells/well. After 10 μl CCK-8 reagent was added, cells were incubated at standard conditions for 1 h. Then, the absorbance at 450 nm was measured using a microplate reader (Bio-Rad Laboratories, United States).



Wound-Healing Assay

The GC cells were seeded onto a coverslip at the density of 3 × 105 cells/well in six-well plates. The monolayer was scratched with a sterile 20-μl pipette tip. The wound area was photographed under a light microscope (Leica, Wetzlar, Germany) at 0, 24, and 48 h.



Transwell Cell Invasion Assay

Cell migration and invasion were measured using Transwell assay as described elsewhere (Lin et al., 2019).



Statistical Analysis

The R software (version 4.0.2)3 was used to perform all statistical analyses. All data are represented in the format of mean ± SD from three independent experiments. Student t-test or one-way ANOVA was applied to evaluate differences between groups. P < 0.05 was considered as statistically significant.



RESULTS


Construction of an Immune-Related lncRNA Signature Associated With the Prognosis of Gastric Cancer Patients

In the TCGA-STAD cohort, 6,739 DEGs were identified between 375 GC samples and 32 adjacent normal samples. After integrating 3044 IRLs, we obtained 164 differentially expressed IRLs (Supplementary Table 4) including 30 down-regulated genes and 134 up-regulated lncRNAs. A univariate Cox regression analysis was performed among DELs to identify lncRNAs related significantly to OS, which produced 14 lncRNAs likely to carry a prognostic value (Figure 1A). LASSO regression was conducted to remove IRLs highly correlated with one another (Figures 1B,C). To further select key IRLs with greater prognostic value, multiple stepwise Cox regression was performed to obtain eight hub IRLs constructing an immune prognostic signature (Figure 1D).
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FIGURE 1. Construction of an immune-related long non-coding RNA (lncRNA) signature to predict the prognosis of patients with gastric cancer. (A) 14 immune-related lncRNAs associated with OS identified by the univariate Cox regression model. (B,C) LASSO regression was performed to identify the minimum criteria. (D) Coefficients of eight genes calculated by multivariate Cox regression.




Evaluation of the Immune-Related lncRNA Signature in the TCGA Cohort

We divided GC patients into high- and low-risk groups according to the median risk score in the training, test, and entire cohort. A Kaplan–Meier analysis indicated that there was a significantly shorter OS in patients in the high-risk group (Figures 2A–C). The prognostic AUC value of this model achieved 0.766, 0.658, and 0.709 in the training, test, and entire cohort, respectively (Figures 2D–F). A higher risk score was associated with a higher likelihood that a patient would experience poor survival (Figures 2G–I).
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FIGURE 2. Evaluation of the immune-related lncRNA (IRL) signature in the TCGA cohort. The Kaplan–Meier curve analysis of the high- and low-risk groups in the training cohort (A), test cohort (B), and entire cohort (C). Receiver operating characteristic (ROC) curve analysis of the IRL signature in the training cohort (D), test cohort (E), and entire cohort (F). The distribution of risk scores and scatter plots of survival in patients in the training cohort (G), test cohort (H), and entire cohort (I).




Stratification Analysis in the Cancer Genome Atlas Cohort

To determine whether the IRL signature was able to predict the prognosis of GC patient subgroups, we performed the Kaplan–Meier survival analysis in patients stratified by age (Figures 3A,B), gender (Figures 3C,D), and stage (Figures 3E,F), respectively. The results demonstrated that the IRL signature was able to distinguish low-risk from high-risk patients in different stratified groups.
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FIGURE 3. Stratification analysis. The Kaplan–Meier survival analysis of gastric cancer (GC) patients stratified by age (A,B), male (C,D), and stage (E,F).




Construction of a Nomogram Model Integrated With the Immune-Related lncRNA Signature

Univariate (Figure 4A) and multivariate (Figure 4B) Cox regression analyses indicated that IRL signature was able to independently predict the prognosis of GC patients. Multivariable ROC analysis demonstrated that the IRL signature possessed the highest prognostic accuracy (AUC = 0.713) compared to other factors, including age, gender, grade, T, M, and N (Figure 4C). Compared with the existing model, including the HanSignature (Han et al., 2021), WangSignature (Wang et al., 2021), and ZhouSignature (Zhou et al., 2021), our model showed a better prediction accuracy (Figure 4D). Subsequently, we constructed a nomogram-integrated IRL signature with other conventional prognosis factors and calculated its C-index (Figure 4E). The results of calibration curves demonstrated that the nomogram was able to accurately predict the OS of GC patients (Supplementary Figure 1). DCA of the nomogram was performed and revealed that the nomogram model had an excellent net benefit for GC patients’ OS (Figure 4F). In order to figure out which factors drive the different OS between high- and low-risk patients, we performed GSEA. The results indicated the epithelial–mesenchymal transition plays an important role in GC progression (Figures 4G,H).
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FIGURE 4. Construction of a nomogram model integrated with the IRL signature. (A,B) Univariate and multivariate Cox analyses included different clinicopathologic features. (C,D) Multivariable ROC curves for overall survival (OS). (E) Nomogram model for predicting the 1-, 3-, and 5-year OS of GC patients. (F) Decision curve analysis of the OS-related nomogram. “None” indicates that all samples were negative without intervention and the net benefit was 0. “All” indicates that all samples were positive with intervention. (G) The bubble plot of gene set enrichment analysis (GSEA) results. (H) The enrichment plot of epithelial–mesenchymal transition.




Investigation of Tumor-Infiltrating Immune Cells

A Spearman correlation analysis showed that the immune infiltrating status was significantly associated with risk score (Figure 5A). Specifically, the level of cancer-associated fibroblasts (Figure 5B), endothelial cells (Figure 5C), M2 macrophages (Figure 5D), and stroma score (Figure 5E) was higher in the high-risk group, while the expression of CD8+ T cells (Figure 5F) and T follicular helper (Tfh) cells (Figure 5G) was higher in the low-risk group. The results of ESTIMATE algorithm showed the immune score had no significant difference between the high- and the low-risk groups (Supplementary Figure 2A), while the stromal score was higher in the high-risk group (Supplementary Figure 2B). The results of correlation analyses between immune cell infiltration and risk score indicated that the terms of macrophages M2, monocytes, and mast cell resting were positively related to the risk score, while the terms of memory CD4 T cell activation, plasma cells, and T follicular helper cells were negatively related to the risk score (Supplementary Figure 2C).
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FIGURE 5. The analysis of tumor-infiltrating immune cells between the high-risk and low-risk groups. (A) Spearman correlation analysis. The type terms represent different algorithms. The abscissa indicates the correlation between risk score and immune cell infiltration. If the correlation > 0, the specific immune cell infiltration is positively associated with the risk score. If the correlation < 0, the specific immune cell infiltration is negatively associated with the risk score. The distribution levels of cancer-associated fibroblast (B), endothelial cell (C), macrophage M2 (D), stroma score (E), CD8+ T cell (F), and T cell follicular helper (G) between the high-risk and low-risk groups.




Tumor Mutational Burden Status Among Risk Groups

Next, we explored the role of tumor mutational burden (TMB) in the prognosis of GC patients. GC patients with higher TMB had a better OS (Figure 6A), and patients allocated to the low-risk group had a higher TMB than those allocated to the high-risk group (Figure 6B). The TMB was negatively associated with the risk score (Figure 6C). The mutation profile is illustrated in Figures 6D,E. We found that the mutation rate of most genes was high in the low-risk group except for SYNE1, FAT4, HMCN1, RYR2, and CSMD1. These genes with a high mutation rate could be potential biomarkers for predicting GC patients’ OS or responses to ICIs.
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FIGURE 6. Tumor mutational burden (TMB) status among risk groups. (A) The Kaplan–Meier curve analysis of high- and low-TMB groups. (B) TMB in high- and low-risk groups. (C) A correlation analysis between TMB and risk score. Yellow dots represent the high-risk group. Blue dots represent the low-risk group. Mutation profile of the low-risk group (D) and the high-risk group (E).




The Association Between Risk Groups and Response to Immune Checkpoint Inhibitor

According to the transcriptional data, we found immune checkpoint-related genes were differently expressed between the high-risk and low-risk groups (Figure 7A). IPS has been confirmed to have a predictive value in melanoma patients treated with the CTLA-4 and PD-1 blockers (Van Allen et al., 2015; Charoentong et al., 2017). We used the immunophenoscore to evaluate whether the risk score could predict the response to ICIs in GC patients. The IPS was significantly higher in the low-risk group, which indicated the low-risk group patients had a better opportunity for ICI application (Figure 7B).
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FIGURE 7. The association between risk groups and response to immune checkpoint inhibitors (ICI). (A) The gene expression of CTLA-4, PD-1, and PD-L1 in the high-risk and low-risk groups. (B) The association between IPS and the IRL signature of GC patients. Patients were divided into four groups: CTLA-4+_PD1+, CTLA-4–_PD1–, CTLA-4+_PD1–, and CTLA-4–_PD1+.




RNF144A-AS1 Is Highly Expressed in Gastric Cancer and Promotes Cell Proliferation, Migratory, and Invasive Potential

To identify the key lncRNA involved in GC progression, we determined the expression of eight lncRNAs in the IRL signature. From the TCGA-STAD cohort, the eight lncRNAs were highly expressed in GC tissues except for LINC01579 (Supplementary Figure 3). We found that the difference in RNF144A-AS1 expression is the most significant between normal and tumor tissues (Figure 8A). We also found that RNF144A-AS1 was highly expressed in GC tissues from TCGA database (Figure 8B). Next, we analyzed RNF144A-AS1 expression in 47 pairs of GC tissues and matched adjacent non-cancerous tissues. The results indicated RNF144A-AS1 expression was upregulated in GC tissues (Figure 8C). Meanwhile, a higher expression of RNF144A-AS1 was observed in GC cells compared with human normal gastric epithelial cells (Figure 8D). Patients with a high expression of RNF144A-AS1 predicted poor overall survival (Figure 8E).
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FIGURE 8. RNF144A-AS1 is highly expressed in GC tissues and cells. (A) The RNA expression of eight lncRNAs included in the IRL in normal and tumor tissues. (B) RNF144A-AS1 expression in The Cancer Genome Atlas Stomach Adenocarcinoma (TCGA-STAD) cohort. (C) RNF144A-AS1 expression in 47 pairs of GC tissues and marched adjacent non-cancerous tissues. (D) The expression of RNF144A-AS1 in human normal gastric epithelial cells and GC cell lines. (E) The Kaplan–Meier curve analysis of 47 GC patients. The patients were divided into high-risk and low-risk groups according to the median expression of RNF144A-AS1. All measurements are shown as the means ± SD from three independent experiments, **p < 0.01; ***p < 0.001.


RNF144A-AS1 expression was knocked down in HGC27 and AGS cells so that the biological role of RNF144A-AS1 in GC can be elucidated (Figure 9A). Colony-forming assay showed RNF144A-AS1 knockdown decreased the colony-forming ability in both HGC27 and AGS cells (Figure 9B). In CCK-8 proliferation assay, RNF144A-AS1 knockdown led to a significant proliferation reduction (Figures 9C,D). As shown in Figure 9E, RNF144A-AS1 knockdown decreased migration potential in both HGC27 and AGS cells. In Transwell invasion assay, a reduced number of invasive cells was observed in the RNF144A-AS1 knockdown group (Figure 9F). Combined with the GSEA results, we evaluated the expression of N-cadherin, E-cadherin, and vimentin to further explore the mechanisms of how RNF144A-AS1 affects GC cell phenotypes in HGC27 cells. The results revealed that RNF144A-AS1 knockdown decreased the expression of N-cadherin and vimentin, while increased E-cadherin expression (Figure 9G). Hence, the change of GC cell phenotypes induced by RNF144A-AS1 expression may be mediated by the activation of EMT signaling pathways.
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FIGURE 9. RNF144A-AS1 promotes cell proliferation, migratory, and invasive potential. (A) The efficiency of RNF144A-AS1 knockdown was detected by quantitative real-time PCR (qRT-PCR). (B) Representative pictures of colony-forming assay. A growth curve analysis showing the cell growth of HGC27 (C) and AGS (D) cells with RNF144A-AS1 knockdown. (E) The migration distance was measured to analyze the migration ability of GC cells that were treated with sh-NC or sh-RNF144A-AS1-1 or sh-RNF144A-AS1-2. (F) Transwell Matrigel invasion assay in GC cells with RNF144A-AS1 knockdown. (G) Representative WB images showing the protein level of N-cadherin, E-cadherin, and vimentin in GC cells with RNF144A-AS1 knockdown. All measurements are shown as the means ± SD from three independent experiments, ***p < 0.001.




DISCUSSION

Recent striking results from ICI treatment have provided a promising therapy option for GC patients. However, only a subset of patients could respond to the ICI therapy. It is urgent to identify predictive biomarkers for the response of ICI. It is unlikely to develop a single predictive biomarker because of the complexity of the tumor biology and immune response. The integration of multiple tumor and immune response parameters may contribute to accurate predictions (Masucci et al., 2016). Emerging evidence indicates that lncRNAs play a critical role in the immune system and the development of cancer by interacting with DNA, RNA, or proteins to regulate the expression of protein-coding genes (Atianand et al., 2017). It is of great significance to develop an IRL model to predict the OS and ICI response of GC patients.

Wang et al. (2021) developed an IRL prognostic signature according to the differentially expressed lncRNAs between high and low immune-infiltrating cell groups based on a single-sample gene-set enrichment analysis (ssGSEA) algorithm. We take another method to discover the potential DELs. Based on the hypothesis that if a lncRNA plays a critical role in the immune system, their correlated genes are supposed to be enriched in immune-related pathways, multiple lncRNA regulators that are associated with immune-related pathways were identified (Li et al., 2020). We acquired the IRLs of gastric cancer from this study and constructed a prognostic IRL signature. In addition, the published article only had a training set and lacked a validation set. We also explored the association between the IRL signature and tumor microenvironment (TME), mutation status, and IPS in gastric cancer. Moreover, we found RNF144A-AS1 deriving from our signature promotes GC through activating the EMT signaling pathway.

Eight IRLs are involved in the established signature. LINC00941 has been confirmed to exhibit pro-tumorigenic and pro-metastatic abilities during tumorigenesis. RNF144A-AS1 was found to be an oncogene in bladder cancer, which promotes proliferation, migration, and invasion in tumor progression by regulating SOX11 via sponging miR-455-5p (Bi et al., 2020). However, its role and function in gastric cancer has not been elucidated. LINC00941 is highly expressed in GC samples and promotes GC progression by affecting tumor depth and distant metastasis (Liu et al., 2019). LINC01579 was found to promote glioblastoma cell proliferation in a ceRNA manner of absorbing miR-139-5p to increase EIF4G2 expression (Chai and Xie, 2019). MIR3142HG is a critical regulator of the inflammatory response, and the attenuated expression of MIR3142HG/miR-146a contributes to the reduced inflammatory response in IPF fibroblast (Hadjicharalambous et al., 2018). As for LINC01094, several studies reported that it is a pro-tumorigenic lncRNA, and microRNA-184 (Xu H. et al., 2020), miR-126-5p (Li and Yu, 2020), miR-577 (Xu J. et al., 2020), miR-330-3p (Zhu et al., 2020), and miR-224-5p (Jiang et al., 2020) were identified as its targets. The role of ABALON, AC004009-2, and LINC01711 has not been explored by biological assays, providing directions and clues for future research. Moreover, all the published studies mentioned above focused on the role of IRLs in the proliferation, invasion, and migration of cancer cells but largely ignored its role in the immune system.

The TME is complex and constantly evolving. It consists of stromal cells, fibroblasts, endothelial cells, and innate and adaptive immune cells (Hinshaw and Shevde, 2019). The cross-talk of these cells determines the fate of tumor cells. A greater understanding of the TME will contribute to improving the prognosis of cancer patients. We applied seven different algorithms to examine the immune infiltration status between the high-risk and low-risk groups. High infiltration of M2 macrophages in cancerous tissues is considered as a negative prognosis in gastric cancer, breast cancer, lung cancer, hepatoma, and other malignancies (Cardoso et al., 2014; Wang et al., 2018). Other components of the TME, such as cancer-associated fibroblasts (CAFs), endothelial cells, and stromal cells, also play a role in the development of cancer (Hinshaw and Shevde, 2019). CAFs possess wound-healing ability and are found to promote tumor proliferation, invasion, and metastasis. Also, CAFs could secrete immune-suppressive cytokines that polarize macrophages to the M2 phenotype and lead to the exhaustion and depletion of CD8+ T cells (Lakins et al., 2018). Hence, it is not surprising that the level of CAFs, endothelial cells, M2 macrophages, and stroma cells was high in the high-risk group. The presence of Tfh cells has been positively associated with long-term survival of patients with breast cancer or colorectal cancer (Bindea et al., 2013). Tfh cells are found to produce CXCL13 that plays an immune-protective role in anti-tumor immunity (Crotty, 2019). Our results indicated the numbers of CD8+ T cells and Tfh cells are higher in the low-risk group. In addition, the term of NK cell from the EPIC algorithm is contrary to the term of NK cell resting from the CIBERSORT algorithm. The term of NK cell consists of NK cell resting and NK cell activation. Hence, the explanation of this contrast may be that the NK cell resting is negatively associated with a risk score, and when considering the whole level of NK cells, the relationship changes into a positive association. Taken together, our findings show that tumor–immune cross-talk and tumor–stromal cross-talk might play a role in the prognosis of patients with GC.

We demonstrate that the IRL signature low-risk group has higher TMB, which means higher TMB was related to a better prognosis in this study. This finding may partially explain the predictive value of this model. Also, the TMB-high group exhibited a better OS in the TCGA-STAD cohort, which was consistent with previous studies (Wang et al., 2019; Zhang et al., 2020). Recently, the question of whether TMB status could be considered as a general prognostic biomarker to predict patients’ OS has been proposed, and several studies indicated that high tumor mutation burden failed to predict immune checkpoint blockade response across all cancer types (Passaro et al., 2020; McGrail et al., 2021). In the future, more study should be performed to determine the predictive value of TMB in GC patients.

The association between IPS and our IRL signature in GC was explored. We found that the IRL signature low-risk group had a better chance to receive ICI treatment and may stand for an immunogenic tumor microenvironment. These results indicate that the IRL signature was a potential model to determine which GC patients are more inclined to respond to ICI.

In conclusion, we constructed an IRL-based prognostic model, which is a reliable and accurate model to predict the OS and ICI response of GC patients. This signature may be implemented to improve GC prognosis and, in the future, to inform treatment with novel immunotherapies.
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Background

Long noncoding RNAs (lncRNAs) are closely related to the occurrence and development of cancer. Gastric adenocarcinoma-associated, positive CD44 regulator, long intergenic noncoding RNA (GAPLINC) is a recently identified lncRNA that can actively participate in the tumorigenesis of various cancers. Here, we investigated the functional roles and mechanism of GAPLINC in renal cell carcinoma (RCC) development.



Methods

Differentially expressed lncRNAs between RCC tissues and normal kidney tissues were detected by using a microarray technique. RNA sequencing was applied to explore the mRNA expression profile changes after GAPLINC silencing. After gain- and loss-of-function approaches were implemented, the effect of GAPLINC on RCC in vitro and in vivo was assessed by cell proliferation and migration assays. Moreover, rescue experiments and luciferase reporter assays were used to study the interactions between GAPLINC, miR-135b-5p and CSF1.



Results

GAPLINC was significantly upregulated in RCC tissues and cell lines and was associated with a poor prognosis in RCC patients. Knockdown of GAPLINC repressed RCC growth in vitro and in vivo, while overexpression of GAPLINC exhibited the opposite effect. Mechanistically, we found that GAPLINC upregulates oncogene CSF1 expression by acting as a sponge of miR-135b-5p.



Conclusion

Taken together, our results suggest that GAPLINC is a novel prognostic marker and molecular therapeutic target for RCC.
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Background

With the expansion of routine imaging examinations of many diseases, an increasing number of patients with renal cell carcinoma (RCC) have been identified (1). Worldwide, RCC ranks sixth in terms of cancer incidence among men and tenth among women, accounting for 5% and 3% of all cancers, respectively (2). Approximately 17% of patients present with metastatic disease at diagnosis (3). Despite the development and wide application of drugs with different mechanisms of action, metastatic renal cell carcinoma (mRCC) is still a highly lethal malignant tumor that presents great challenges (4). Therefore, it is of important clinical value to further explore the possible molecular mechanisms related to the occurrence and development of RCC.

Long noncoding RNAs (lncRNAs) have been identified as RNA molecules with a length of more than 200 bp that lack coding potential (5). In the past few years, the number of tumor-related lncRNAs has increased significantly, and lncRNAs may play a key role at the transcriptional, posttranscriptional or epigenetic level (6). MicroRNAs (miRNAs) are small noncoding regulatory RNAs with sizes of 17-25 nucleotides. After transcription, miRNAs suppress gene expression by identifying complementary target sites in the 3′ untranslated region (UTR) of the target mRNAs (7). MiRNAs are post-transcriptional regulators of gene expression and promising candidates for biomarker development. They play pivotal roles in a wide variety of biological processes, including cell proliferation, survival, differentiation, and tumorigenesis (8). Certain miRNA mimics and miRNA inhibitors have shown promise as novel therapeutic agents (9). Some lncRNAs have a common function; that is, they can act as miRNA decoys to regulate gene expression, which is called the competing endogenous RNA (ceRNA) hypothesis (10). CeRNA hypothesis proposes that the miRNAs can bind to mRNAs, resulting in inactivation for translation, unstable structure and rapid degradation of binded mRNAs. This network links the function of non-coding RNAs to the function of protein-encoding mRNAs (11). The role of ceRNAs in regulating tumor cell proliferation, migration, apoptosis, cell cycle, metastasis, angiogenesis and metabolism has been reported by many laboratories (12).

Gastric adenocarcinoma-associated, positive CD44 regulator, long intergenic noncoding RNA (GAPLINC), a new lncRNA, is abnormally highly expressed in many human tumors and participates in the regulation of malignant biological behavior of tumors (13). MiR-135b-5p can promote or inhibit tumor cell proliferation, migration, invasion and angiogenesis through a variety of biological pathways and can affect the survival and prognosis of tumor patients (14–16). However, the mechanisms of GAPLINC and miR-135b-5p in the occurrence and development of RCC have not been reported. CSF1 is a protein coding gene. The protein it encodes is a cytokine that controls the production, differentiation and function of macrophages (17). Studies have confirmed in vitro and in vivo that CSF-1 interacts with CSF-1R to promote the survival and proliferation of RCC and reduce apoptosis. Blocking CSF-1R with a CSF-1R tyrosine kinase inhibitor can reduce RCC proliferation and macrophage infiltration, which corresponds to a significant reduction in tumor volume (18–20).

In this study, we found that GAPLINC was highly expressed in RCC tissues and was associated with a poor prognosis. Mechanistic analysis showed that through competitive binding with miR-135b-5p, GAPLINC acts as a ceRNA and regulates the expression of CSF1, thus promoting the proliferation and migration of RCC cells. Overall, our research shows that GAPLINC is a carcinogenic regulatory factor in the occurrence and development of RCC and has potential diagnostic and clinical application value as a therapeutic target.



Materials and Methods


RNA Extraction and Transcriptome Data Analysis

Total RNA was extracted from three RCC tissues and three corresponding normal kidney tissues and from three GAPLINC-silenced A498 (renal cancer) cell lines and the corresponding negative control cells using TRIzol reagent (Transgen biotech, China), following the manufacturer’s instructions and then sent to Biotechnology Co., Ltd. (Shanghai, China) and Novogene Co., Ltd. (Beijing, China) for Agilent microarray analysis and sequencing on an Illumina HiSeq 4000 platform. The expression of GAPLINC and CSF1 and patient survival were evaluated in 539 RCC patients and 72 normal controls from the TCGA database (http://tcga-data.nci.nih.gov) using the R programming language.



Cell Lines and Cell Culture

Human clear cell renal cell carcinoma (ccRCC) cell lines (A498, OSRC-2, ACHN, 786-O and Caki-1) and human renal tubular epithelial cells (HK-2) were purchased from the Chinese Academy of Sciences. OSRC-2 and 786-O cell lines were cultured in RPMI-1640 medium (Gibco, USA), while A498 and ACHN cells were cultured in MEM (Boster, China). The Caki-1 cell line was cultured in McCoy’s 5A medium, and the HK-2 cell line was cultured in DMEM/F12 medium. The medium was supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL) and streptomycin (100 µg/mL).



Real-Time Quantitative PCR

Total RNA was extracted with TRIzol. EasyScript cDNA Synthesis SuperMix (Transgen, China) was used to prepare cDNA. Real-time PCR was conducted in triplicate with TransStart Top Green qPCR SuperMix (+Dye II) (TransGen). Supplementary Table 1 lists the primers used in this study. β-Actin and U6 were detected as internal controls. The relative amount of RNA was calculated by the 2−ΔΔCt method.



Subcellular Fractionation

Cytoplasmic and nuclear extracts were prepared in accordance with the manufacturer’s instructions using a cytoplasmic and nuclear RNA purification kit (Norgen, Canada).



Cell Transfection

SiRNAs and miRNA mimics and inhibitors were synthesized by RiboBio (Guangzhou, China). Cells were transfected with siRNA and miRNA mimics and inhibitors using Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. Lentiviruses expressing GAPLINC, sh-GAPLINC and negative control were purchased from HanBio (Shanghai, China). All stably transfected cells were selected with 2 μg/ml puromycin for 48 h.



Cell Proliferation Assay

The cells were harvested by trypsinization to obtain single-cell suspensions. Then, the cells were quantified by electronic counting (BioRad) and plated in 96-well plates at a density of 3-4 × 103 cells per well. After 24 h, 48 h, 72 h and 96 h of treatment, 10 μl of Cell Counting Kit-8 (CCK-8) solution was added to each well, and the cells were further incubated for 2-4 h. The absorbance values of each sample were measured at 450 nm.



Wound Healing Assay

When cells in 6-well plates reached confluence, a 200 μl pathogen-free tip was used to scratch the cells. Following washes with PBS, the cells were incubated in medium for 0 h and 24 h at 37°C. Photographs were taken 0 h and 24 h after the scratch, and ImageJ software was used to measure the wound healing capacity.



Transwell Assay

A total of 3-4×104 cells suspended in 200 µl serum-free medium were seeded into the upper chamber of the Transwell (Corning). Medium containing 15-20% fetal bovine serum (600 µl) was added to the lower chamber. After incubation for 24 h, cells on the lower side were fixed with 4% paraformaldehyde for 15 minutes and stained with crystal violet for 15 minutes. The numbers of stained cells in five random visual fields were counted under a microscope.



Western Blotting

Proteins were loaded onto 10% SDS-PAGE gels, separated electrophoretically and transferred to PVDF membranes. After blocking in 5% nonfat milk for 1-2 h at room temperature, the membranes were incubated with primary antibody (Supplementary Table 2) overnight at 4°C and subsequently incubated with horseradish peroxidase-conjugated secondary antibody. The Western blotting results were visualized using an enhance chemiluminescence (ECL) detection system and quantified by ImageJ software.



Luciferase Reporter Assay

Wild-type or mutant 3′-UTR segments of the GAPLINC and CSF1, which are related to the miR-135b-5p binding sites, were cloned downstream of the luciferase gene in pmiR-RB-REPORT™ (RiboBio, China) vector. HEK293T cells of logarithmic growth phase were inoculated in 96-well plates (1.0×104 cells/well), and incubated in incubator for 24 h. Then, cells were cotransfected with GAPLINC-WT/CSF1-WT or GAPLINC-MUT/CSF1-MUT and mimic NC and miR-135b-5p mimic using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocols. The transfection medium was replaced 6 h after transfection with fresh complete medium, and cells were collected 48 h later. Luciferase activity for each group was detected using a dual-luciferase reporter assay system (Promega, USA).



Tumor Xenograft Model

Four-week-old male BALB/c nude mice were purchased from Slake Jingda Laboratory Animal Company (Hunan, China). A498 cells (5 × 106) that had been lentivirally transduced with LV-sh-NC or LV-sh-GAPLINC were suspended in a 100-μL mixture of equal volumes of PBS and Matrigel and injected into the flanks of mice. Tumor volume was measured every 7 days when the tumors were obvious and was calculated using the formula: volume = (length × width2)/2 (mm3). Studies on animals were conducted with approval from the ethics committee of the First Affiliated Hospital of Nanchang University.



Immunohistochemistry (IHC)

The tissue samples were fixed in 10% formalin, dehydrated in ethanol, embedded in paraffin and sectioned. The slides were dewaxed, rehydrated, placed in sodium citrate, and microwaved for antigen retrieval. Blocking was performed with 1% BSA, and the sections were then incubated with primary antibodies (anti-Ki-67, anti-MMP-9 or anti-CSF1) at 4°C overnight. Each section was incubated with secondary antibody at 37 °C for 1 h, stained with diaminobenzidine, and counterstained with hematoxylin. Images were captured using a Zeiss microscope and analyzed using ImageJ software.



Statistical Analyses

Data are presented as the mean ± SD and were analyzed with GraphPad Prism 6 software. Comparisons between groups were performed using unpaired, two-tailed Student’s t tests or the Mann-Whitney U test. Correlations between variables were assessed by the Spearman correlation test. A p < 0.05 indicated statistical significance.




Results


GAPLINC Expression Is Upregulated in RCC and Associated With a Poor Prognosis

To explore the expression profiles of lncRNAs in RCC, high-throughput ceRNA microarray assays of 3 RCC tissues and matched normal kidney tissues were performed. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses demonstrated that the differentially expressed lncRNAs were mainly involved in the immune response and cancer-related biological processes (Figures 1A, B). The variation in lncRNA expression was revealed in the volcano plot (Figure 1C). We used the more stringent criteria (p < 0.02, fold change >5) to capture the top 20 upregulated potential candidate genes (Figure 1D). Then, GAPLINC, which has not been studied in RCC and is highly expressed in RCC tissues and cell lines, was selected as our study object. The lncRNA expression of GAPLINC in 539 RCC tumor tissues and 72 nontumor tissues was analyzed based on the TCGA database (Figure 1E). RT-qPCR was used to detect the GAPLINC expression levels in the cells, and the results showed that the expression of GAPLINC was higher in tumor cells than in normal cells (Figure 1F). Kaplan-Meier survival analysis was used to assess the relationship between GAPLINC expression and patient survival (disease-specific survival: DSS, progression-free interval: PFI, and overall survival: OS). Survival analysis showed that high expression of GAPLINC predicted poor DSS, a short PFI and poor OS (Figures 1G–I). Receiver operating characteristic (ROC) analysis demonstrated that GAPLINC exhibited satisfactory value in RCC diagnosis (AUC = 0.897, 95% CI: 0.860-0.933) (Figure 1J). Taken together, these results indicate that GAPLINC is upregulated in RCC and associated with a poor prognosis.




Figure 1 | GAPLINC expression is upregulated in RCC and associated with a poor prognosis. (A) Top 30 enriched GO terms of the differentially expressed lncRNAs. (B) KEGG pathway enrichment analysis of differentially expressed genes. (C) The volcano plot shows the expression profiles of lncRNAs. (D) Heatmap of the top 20 lncRNAs by expression that are differentially expressed. Red represents high expression, and green represents low expression. (E) GAPLINC expression levels in whole tumor tissues and normal tissues in TCGA cohorts. (F) RT-qPCR analysis of GAPLINC expression in a human normal renal epithelial cell line (HK-2) and four human RCC cell lines (A498, OSRC-2, ACHN, 786-O, Caki-1). Kaplan-Meier survival analysis according to GAPLINC expression showing the DSS (G), PFI (H) and OS (l) of RCC patients from the TCGA database. (J) ROC curve analysis of the sensitivity and specificity of GAPLINC. **p < 0.01; ***p < 0.001.





GAPLINC Promotes RCC Cell Proliferation and Migration In Vitro

RCC cell lines (A498 and OSRC-2) displayed markedly higher GAPLINC expression levels than the kidney normal cell line (HK-2) (Figure 1D). Thus, these two cell lines were selected for subsequent functional analyses. To further investigate the effect of GAPLINC on cell proliferation, GAPLINC knockdown or overexpression was carried out. We downregulated the expression of GAPLINC in A498 and OSRC-2 cells using small interfering RNA (siRNA). Stable overexpression of GAPLINC was achieved by lentivirus transduction. GAPLINC knockdown and overexpression were confirmed by RT-PCR. As shown in Figures 2A, B, the expression levels of GAPLINC were significantly downregulated after transfection with GAPLINC siRNAs (si-1, si-2, and si-3) compared with negative control siRNA (si-NC). In contrast, compared with control vector (OE-NC) transfection, transfection of the GAPLINC overexpression vector (OE) significantly upregulated GAPLINC levels in A498 and OSRC-2 cells (Figures 2C, D).




Figure 2 | GAPLINC promotes RCC cell proliferation and migration in vitro. Validation of the GAPLINC knockdown (A, B) and overexpression (C, D) efficacy in RCC cell lines by RT-qPCR. (E–H) CCK-8 assays in A498 and OSRC-2 cells with silenced or overexpressed GAPLINC. (I–K) Wound healing assay of cells after silencing or overexpressing GAPLINC expression. Scale bars, 200 μm. (L–N) Transwell migration assays were performed to detect the migration ability when GAPLINC was knocked down or overexpressed. Scale bars, 50 μm. *p < 0.05; **p < 0.01.



We assessed the effects of GAPLINC on cell proliferation using the CCK-8 assay. The results revealed that GAPLINC knockdown remarkably inhibited cell proliferation at 72 h and 96 h compared with that in the si-NC transfection group (Figures 2E, F). Cell proliferation was increased in the GAPLINC OE group compared to the OE-NC group at 72 h and 96 h (p < 0.05) (Figures 2G, H). Cell migration was assessed via scratch wound healing and Transwell assays. The results indicated that knockdown of GAPLINC inhibited cell migration and that overexpression of GAPLINC promoted the migration of RCC cells (Figures 2I–N).



GAPLINC Facilitates RCC Progression by Enhancing CSF1 Expression

To elucidate the potential molecular mechanisms through which GAPLINC contributes to the progression of RCC, we explored the gene expression profiles under GAPLINC silencing conditions. The top 20 genes with the greatest differential expression in GAPLINC-silenced versus control A498 cells were clustered in a heat map plot, and we found that there were many more downregulated genes than upregulated genes (Figure 3A). DO and KEGG enrichment analyses of downregulated genes was performed to identify the main biological processes (Figures 3B, C). The results suggested the significant involvement of these genes in the development of RCC. According to ChIPBase v2.0 (http://rna.sysu.edu.cn/chipbase/) coexpression analysis and Pearson’s correlation coefficient analysis, there was a positive correlation between CSF1 expression and GAPLINC expression in 603 RCC samples (r=0.3171, P<0.001) (Figure 3D). We also confirmed that the expression of CSF1 was higher in RCC cells than in HK-2 cells, and with GAPLINC knockdown and overexpression, CSF1 expression also changed at the transcriptional and protein levels (Figures 3E–K). Additionally, TCGA database analysis showed that the expression of CSF1 was upregulated in RCC and that CSF1 expression was higher in more advanced RCC tumor stages (Figures 3L, M). In addition, OS analysis revealed that high CSF1 expression was associated with a poor prognosis, and the area under the curve (AUC) value was suggestive of modest diagnostic value in RCC (Figures 3N, O). Previous studies showed that CSF1 could act as a promoting regulator in variety of cancers, including RCC (18, 21, 22). Moreover, blocking CSF1 signaling with a CSF1 receptor inhibitor (PLX-3397) has also been shown to suppress tumor progression (23). Our Scratch wound healing experiments and Transwell migration assays indicated that PLX-3397 attenuated the stimulative effects of GAPLINC on RCC cell migration (Figures 3P–S). CCK-8 assays showed that PLX-3397 attenuated the promoting effect of GAPLINC on RCC cell proliferation (Figures 3T, U). These results demonstrate that CSF1 is a major candidate target of GAPLINC and that CSF1 plays a major role in mediating the effect of GAPLINC on RCC.




Figure 3 | GAPLINC facilitates RCC progression by enhancing CSF1 expression. (A) Heat map showing the top 20 transcripts that are altered in A498 cells following GAPLINC silencing. (B) DO and (C) KEGG enrichment analysis of the differentially expressed genes upon GAPLINC knockdown. (D) Pearson correlation analysis between GAPLINC levels and CSF1 levels in RCC tissues according to an online database (http://rna.sysu.edu.cn/chipbase/). CSF1 expression by RT-qPCR after silencing (E) or overexpressing (F) GAPLINC in A498 and OSRC-2 cells. (G) Expression level of CSF1 mRNA in HK-2 and RCC cells measured by RT-qPCR. (H–K) Western blotting analysis of the expression of CSF1 protein after silencing or overexpression of GAPLINC and the expression of CSF1 protein in HK-2 and RCC cells. (L) TCGA cohort analysis of CSF1 expression levels in RCC samples and adjacent normal tissues. (M) CSF1 expression levels in patients with different tumor stages of RCC (TCGA). (N) Kaplan-Meier OS curves according to CSF1 expression level. (O) The sensitivity and specificity of CSF1 were assessed using ROC curve analysis. Effects of the CSF1 inhibitor PLC-3397 on the migration and proliferation of GAPLINC-overexpressing RCC cells according to wound closure (P, Q) (scale bars = 200 μm), Transwell (R, S) (scale bars = 50 μm) and CCK-8 assays (T, U). *p < 0.05; **p < 0.01; ***p < 0.001.





MiR-135b-5p Inhibits RCC Cell Proliferation and Migration In Vitro via CSF1

The lncRNA-miRNA-mRNA regulatory network, which involves many ceRNAs, has been shown to play a key role in a variety of cancers. Luo et al. predicted the top ten miRNA target sites around the GAPLINC region (24). We also used the TargetScan platform to predict the top ten miRNAs that may target CSF1. Finally, we took the intersection of the results obtained from the two databases and identified miR-135b-5p as a common result (Figure 4A). Many studies have shown that only lncRNAs located in the cytoplasm can act as molecular sponges to adsorb miRNAs. As shown in Figures 4B, C, the subcellular fractionation assays clarified that GAPLINC was mainly located in the cytoplasm. We then detected miR-135b-5p expression in A498 and OSRC-2 cells by RT-qPCR, and the results showed that the expression of miR-135b-5p was downregulated in these cells versus HK-2 cells (Figure 4D). Moreover, TCGA database analysis showed that miR-135b-5p expression was decreased in non-paired RCC samples (Figure 4E) and paired RCC samples (Figure 4F) compared with normal tissue samples. To explore the function of miR-135b-5p in RCC, we separately transfected A498 and OSRC-2 cells with miR-135b-5p inhibitor or inhibitor NC and miR-135b-5p mimic or mimic NC. The transfection efficiency of the miR-135b-5p inhibitor and mimic was determined by RT-qPCR (Figures 4G, H). Scratch and Transwell chamber assay results showed that the miR-135b-5p inhibitor promoted the migration of RCC cells, while the miR-135b-5p mimic suppressed their migration (Figures 4I–N). Additionally, the CCK-8 assay demonstrated that the miR-135b-5p inhibitor increased the proliferation of RCC cells, whereas the miR-135b-5p mimic exhibited the opposite effects (Figures 4O–R). Moreover, as shown in Figure 4S, the miR-135b-5p inhibitor increased the level of CSF1 mRNA, whereas the miR-135b-5p mimic decreased the level of CSF1 mRNA. These results were also verified by Western blotting at the protein level, as shown in Figure 4T. Subsequently, scratch wound healing experiments (Figure 4U) and Transwell migration assays (Figure 4V) demonstrated that PLX-3379 attenuated the effect of miR-135b-5p inhibitors on the migration of RCC cells. Similarly, the CCK-8 assay (Figures 4W, X) detected that PLX-3397 could partially reverse the effect of miR-135b-5p on the proliferation of RCC cells. Overall, these results indicate that miR-135b-5p inhibits the migration and proliferation of RCC cells in vitro via CSF1.




Figure 4 | MiR-135b-5p inhibits RCC cell proliferation and migration in vitro. (A) Schematic showing overlapping miRNAs predicted by the starBase and TargetScan databases to target GAPLINC and CSF1. (B, C) Relative level of GAPLINC in the nuclear and cytoplasmic fractions of A498 and OSRC-2 cells. (D) Relative expression of miR-135b-5p in A498 and OSRC-2 cells detected using RT-qPCR. TCGA analysis of the expression levels of GAPLINC in paired (E) and unpaired (F) RCC tissues. MiR-135b-5p expression levels following transfection of A498 and OSRC-2 cells with miRNA inhibitors (G) or miRNA mimics (H). The migration capacities were measured by wound closure (I–K) (scale bars = 200 μm) and transwell (L–N) (scale bars = 50 μm) assays after the cells were transfected with miR-135b-5p inhibitors or mimics. The effect of miR-135b-5p inhibitors (O, P) or mimics (Q, R) on A498 and OSRC-2 cell proliferation was detected by CCK-8 assay. (S) RT-qPCR was performed to detect CSF1 expression after transfection with miR-135b-5p inhibitors and mimics. (T) The protein expression level of CSF1 was detected using Western blotting following RCC cell transfection with miR-135b-5p inhibitors or mimics. The effect of PLX-3379 on the migration and proliferation of RCC cells transfected with miR-135b-5p inhibitor was detected by wound closure (U), Transwell (V) and CCK-8 (W, X) assays. *p < 0.05; **p < 0.01; ***p < 0.001.





GAPLINC Promotes Tumor Progression in RCC via the miR-135b-5p/CSF1 Axis

Numerous studies have shown that cytoplasmic lncRNAs can act as effective miRNA sponges, as they contain conserved miRNA target sites, competitively inhibiting miRNAs to regulate downstream target gene expression at the posttranscriptional level. The online miRNA databases RNAhybrid and TargetScan were used to reveal potential binding sites between miR-135b-5p and GAPLINC and between miR-135b-5p and CSF1, respectively. Then, we performed a dual-luciferase reporter assay to verify their paired binding. Then, to verify this, the sequences of GAPLINC-Wt, GAPLINC-Mut, CSF1-Wt or CSF1-Mut were inserted into the luciferase reporter plasmid (Figures 5A, C). Then, Wt and Mut reporter constructs were cotransfected into HEK 293 cells with miR-135b-5p mimic or mimic NC as indicated. The results showed that only the miR-135b-5p mimic effectively inhibited the luciferase activity of the Wt group compared with the other groups (Figures 5B, D). In addition, RT-qPCR experiments revealed that knockdown of GAPLINC promoted the expression of miR-135b-5p, whereas GAPLINC overexpression decreased miR-135b-5p expression (Figures 5E, F). These results show that GAPLINC can bind to miR-135b-5p and that there is a direct relationship between miR-135b-5p and CSF1. Next, we performed miR-135b-5p inhibitor or inhibitor NC and GAPLINC si-1 cotransfection and miR-135b-5p mimic or mimic NC cotransfection with the GAPLINC OE vector, to study whether the effect of GAPLINC on CSF1 expression is dependent on miR-135b-5p. Cotransfection of miR-135b-5p inhibitor and si-1 led to a decrease in miR-135b-5p expression compared with that in the inhibitor NC + si-1 group. In addition, the expression of miR-135b-3p was increased in the OE vector + miR-135b-5p mimic group compared with the OE + mimic NC group (Figures 5G, H). We quantitatively detected the effect of cotransfection on the expression of CSF1 at the protein expression and transcriptional levels. The results showed that cotransfection with the miR-135b-5p inhibitor reversed the downregulation of CSF1 mRNA and protein expression mediated by si-1. However, cotransfection with the miR-135b-5p mimic reversed the upregulation of CSF1 mRNA and protein expression mediated by the OE vector (Figures 5I–L). To further explore the functional significance of the miR-135b-5p/CSF1 axis in the protumor role of GAPLINC in RCC, we conducted rescue experiments. We observed that the miR-135b-5p inhibitor attenuated the deceases in the migration and proliferation of cells induced by GAPLINC knockdown. In contrast, the miR-135b-5p mimic weakened the promoting effect of GAPLINC overexpression on the migration and proliferation of A498 and OSRC-2 cells (Figures 5M–V). All these data demonstrate that GAPLINC promotes the proliferation and migration of RCC cells in vitro, partly by sponging miR-135b-5p, thereby regulating CSF1 levels.




Figure 5 | GAPLINC promotes RCC tumor progression via the miR-135b-5p/CSF1 axis. (A–D) Luciferase reporter assay of A498 cells cotransfected with miR-135b-5p mimics and luciferase reporters containing the wild-type or mutant 3′ UTRs of GAPLINC or CSF1. (E, F) MiR-135b-5p expression after silencing or overexpressing GAPLINC in A498 and OSRC-2 cells by RT-qPCR. (G, H) The relative expression of miR-135b-5p in RCC cells transfected with si-1/OE vector alone or cotransfected with miR-135b-5p inhibitors/mimics. Western blot (I, J) and RT-qPCR (K, L) analysis of CSF1 protein and mRNA expression levels after cotransfection with si-1+miR-135b-5p inhibitor or OE vector+135b-5p mimic. Wound healing (M–O) (scale bars = 200 μm) and Transwell (P–R) (scale bars = 50 μm) assays were employed to investigate the migratory capacity of si-1+miR-135b-5p inhibitor- or OE vector+135b-5p mimic-cotransfected RCC cells. The proliferation ability of RCC cells cotransfected with si-1+miR-135b-5p inhibitor (S, T) or OE vector+135b-5p mimic (U, V) was determined by CCK-8 assays. *p < 0.05; **p < 0.01; ns, no significance.





Knockdown of GAPLINC Inhibits the Tumorigenicity of RCC In Vivo

To further evaluate the functional role of GAPLINC in the growth of RCC tumors in vivo, A498 cells stably transduced with LV-sh-NC or LV-sh-GAPLINC were subcutaneously inoculated into nude mice. The scheme of the experimental procedure is outlined in Figure 6A. As shown in Figures 6B, C, we examined orthotopic tumors under the skin and tumors resected from nude mice. According to the analysis of tumor volume over time, we observed that from the second week, the tumor volume was effectively lower in the LV-sh-GAPLINC group than in the LV-sh-NC group (Figure 6D). At 10 weeks after tumor implantation, GAPLINC knockdown had dramatically reduced the tumor volume and the tumor weight compared with that in the control group (Figures 6E, F). Then, RT-qPCR was performed to measure the expression levels of GAPLINC, miR-135b-5p and CSF1 in tumor tissue specimens from engrafted nude mice. The results showed that GAPLINC and CSF1 mRNA levels in the LV-sh-GAPLINC group were lower than those in the LV-sh-NC group (Figures 6G, I). However, the miRNA level displayed the opposite trend (Figure 6H). Hematoxylin and eosin (H&E) staining and immunohistochemistry staining analysis of CSF1, Ki-67 and MMP-9 expression in tumors from xenograft mice of the two groups. The results confirmed that the expression of Ki-67, MMP-9 and CSF1 was decreased in tumors upon GAPLINC downregulation (Figures 6J, K). The above results indicate that GAPLINC can also promote the proliferation and migration of RCC in vivo, which is consistent with our in vitro results.




Figure 6 | Knockdown of GAPLINC inhibits the tumorigenicity of RCC in vivo. (A) Schematic representation of the nude mouse xenograft tumor experimental protocol. (B, C) Photographs of tumors obtained from the LV-sh-NC and LV-sh-GAPLINC groups of nude mice. The tumor volumes were measured once a week after tumor formation (D), and the tumor nodules were removed 10 weeks after transplantation, after which the final volumes (E) and weights (F) were measured. Xenograft tissues were subjected to RT-qPCR to assess GAPLINC (G), miR-135b-5p (H) and CSF1 (I) expression. (J, K) Representative images showing H&E, Ki-67, MMP-9 and CSF1 staining of xenograft tumor tissues; the histogram shows the statistical analysis of their expression levels. Scale bars, 20 μm. (L) Schematic representation of the mechanism of GAPLINC in RCC cells. *p < 0.05; **p < 0.01.






Discussion

Renal cell tumors are a group of histopathologically and molecularly heterogeneous tumors with different genetic and epigenetic abnormalities (25, 26). With the development of sequencing technology, it is possible to detect hundreds of molecular biomarkers in clinical samples. Therefore, further research on molecular biomarkers in RCC is needed to facilitate diagnose and prognostic risk stratification and to identify potential treatment targets for patients with advanced disease (27). The study of the molecular pathogenesis of RCC is used to determine the target of treatment intervention to guide the choice of treatment for each patient in a personalized approach. This has led to the development of a variety of drugs that play an important role in the management of mRCC. Drugs targeting the vascular endothelial growth factor (VEGF) pathway and drugs inhibiting the mammalian target of rapamycin (mTOR) protein have been used in the treatment of mRCC. In addition, the recent emergence of immune checkpoint inhibitors has led to significant changes in mRCC treatment. The PD-1 inhibitor nivolumab has been shown to improve the OS of mRCC patients after VEGF inhibitor treatment (28). As these types of sequencing-based assays are incorporated into routine clinical care, they have the potential to fundamentally change the way we manage renal cell carcinoma (29).

From the perspective of genome and transcriptome expansion, our catalog of genetic elements is now full of lncRNAs. It is estimated that the number of human lncRNAs exceeds the number of protein-coding genes (30). The functions of most lncRNAs are not clear, and many lncRNAs may not have obvious functions, but the functions and mechanisms of some classically defined lncRNAs, such as XIST and HOTAIR, are already clear (31). LncRNAs have been discovered to function as scaffolds, decoys or signals that can function through genomic targeting, cis or trans regulation and antisense interference (32). Like proteins, lncRNAs must be located in a specific subcellular compartment to perform their functions. For example, the lncRNA NKILA, a cytoplasmic lncRNA, can interfere with protein posttranslational modification, resulting in abnormal signal transduction (33). In addition, cytoplasmic lncRNAs such as linc-MD1 (34) and lncRNA NORAD (35) can affect gene regulation by acting as decoys for miRNAs and proteins. Quantitative analysis of the abundance of miRNAs and target mRNAs shows that the ceRNA mechanism of cytoplasmic lncRNAs can work only when there is proper stoichiometry between lncRNAs and miRNAs. Therefore, in addition to matching miRNA seed sequences, experimental analysis and knockout studies are needed to verify the ceRNA mechanism (36).

Evidence suggests that lncRNAs may be involved in almost all human cancers and may play a role in stem cell maintenance, cell proliferation, apoptosis, cell invasion and metastasis (37, 38). The latest progress in the study of the molecular mechanism of lncRNAs provides a tool for the functional annotation of these cancer-related transcripts, making these molecules an attractive target for cancer therapy and intervention (39). As many as 35000 different lncRNAs have been found in RCC. However, only hundreds to thousands of these lncRNAs exhibit differential expressions in RCC tissues and normal renal tissues (40). Malouf et al. identified 1934 abnormally expressed lncRNAs in RCC and established the first genome-wide classification of RCC-related lncRNAs, revealing their correlation with clinicopathology and genomic characteristics (41). Because lncRNAs have tissue-specific expression compared with mRNAs, the interaction between lncRNAs and their binding proteins or miRNAs can be blocked by antisense oligodeoxynucleotides and small molecular compounds, and abnormally expressed lncRNAs can be targeted to treat RCC (42).

Hu et al. reported in 2014 that a new lncRNA located on human chromosome 18p11.31 was found in gastric cancer and affects the proliferation and migration of gastric cancer cells by sponging miR-211-3p to regulate the expression of CD44; this lncRNA was named GAPLINC (43). Subsequently, GAPLINC was found to be highly expressed in hepatocellular carcinoma (44) and non-small-cell lung cancer (45) and was found to promote cancer through different mechanisms. Vollmers et al. found that GAPLINC knockout mice showed resistance to endotoxic shock induced by lipopolysaccharide (46). At the same time, Mo and other studies have shown that GAPLINC can promote the tumor-like biological behavior of fibroblast-like synoviocytes in patients with rheumatoid arthritis through a ceRNA mechanism (47). As a member of the miRNA family, miR-135b-5p plays a role in a variety of cancers. Studies have shown that miR-135b-5p is upregulated or downregulated in cancer tissues and plays a role in promoting or inhibiting cancer through a variety of mechanisms (14, 48–50). Similarly, miR-135b-5p can also lead to neuronal damage after stroke (51) and contributes to rheumatoid arthritis (52) by participating in the inflammatory response. The present study reported for the first time that GAPLINC was upregulated in RCC tissues and was associated with a poor prognosis. The relationship between the expression levels of GAPLINC and miR-135b-5p was proven by RT-qPCR. GAPLINC silencing led to increased miR-135b-5p expression in RCC cells. However, overexpression of GAPLINC gave the opposite result. Cell experiments in vitro confirmed that GAPLINC promotes the proliferation and migration of RCC cells, while miR-135b-5p does the opposite. Animal experiments also show that GAPLINC promotes the proliferation of RCC and makes Ki-67 highly expressed. We further discovered that the protein levels of MMP9 were decreased after GAPLINC knockdown in the tumor tissues of nude mice. It indicates that GAPLINC promotes cell migration in animal models, which may be related to the high expression of MMP9, which plays an important role in extracellular matrix remodeling and membrane protein cleavage.

The tumor microenvironment (TME) is made up of noncancer cells in the tumor, including fibroblasts, immune cells, cells that make up blood vessels and proteins produced by cells that support the growth of cancer cells (53). Cancers develop in complex tissue environments in which they can continue to grow, invade and metastasize. Unlike tumor cells, the stromal cells in the TME are genetically stable, so they provide attractive therapeutic targets for reducing drug resistance and the risk of tumor recurrence (54). Macrophages are the most abundant cells in the tumor stroma and have obvious plasticity, so they can play a variety of roles in the TME. Tumor-associated macrophages (TAMs) usually refer to M2 macrophages, which have anti-inflammatory and protumor effects. M2 macrophages can also neutralize inflammation-promoting effects and the antitumor M1 phenotype. The shift of macrophages to the anti-inflammatory M1 phenotype can be used as an adjuvant approach with other methods including radiotherapy and immune checkpoint blockade, such as anti-PD-L1/PD-1 strategies (55).

Evidence suggests that noncoding RNAs (ncRNAs) can guide the development of a variety of immune cells and control dynamic transcriptional procedures (56). Linear ncRNAs, such as lncRNAs and miRNAs, have been found to play an important role in the regulation of tumor immunity and immunotherapy (57). As the core of a wide range of regulatory elements that control the inflammatory response circuit, lincRNA-Cox2 mediates the activation and inhibition of different kinds of immune genes (58). Li et al. showed that miR-146a can promote the growth of subcutaneous breast tumors in mice by promoting M2 polarization or regulating the recruitment of TAMs (59). RCC is an effective immunotherapy disease, and it is worthwhile to study whether lncRNAs can regulate the immune pathway of RCC (60). Because linear ncRNA has its own function in regulating the response to different immunotherapies, the use of ncRNA as an adjuvant for immunotherapy has great potential (61).

Macrophage colony stimulating factor (CSF-1) is a hematopoietic growth factor that is related to the survival, proliferation and differentiation of macrophages, monocytes and bone marrow progenitor cells. After CSF-1 treatment, macrophages polarize to the M2 phenotype (62). Pyonteck et al. used CSF-1R inhibitors to target TAMs in mouse glioma models. The results showed that the inhibitor slowed down the intracranial growth of patient-derived glioma xenografts and significantly increased the survival time (63). CSF-1 has been shown to interact with CSF-1R to promote the survival and proliferation of RCC cells and reduce apoptosis. In vivo, the use of a CSF-1R tyrosine kinase inhibitor to block CSF-1R reduced RCC proliferation and macrophage infiltration, which was related to a significant reduction in tumor volume (18). PLX-3397 (pexidartinib) is an oral, effective, CSF-1R inhibitor that has entered the stage of clinical development. The clinical efficacy of it as a single treatment or adjuvant therapy is being evaluated (23). In this study, we observed that CSF1 is a target protein of the GAPLINC/miR-135b-5p axis. Through dual-luciferase reporter gene analysis, it was proven that CSF1 is a direct target gene of miR-135b-5p. In addition, we showed that overexpression of GAPLINC led to increased expression of CSF1, which was partially reversed by the overexpression of miR-135b-5p.

In brief, we identified the high expression of GAPLINC in RCC and confirmed that it was associated with a poor clinical prognosis. In vitro proliferation, scratch, Transwell assays and in vivo experiments proved that GAPLINC promoted the proliferation and migration of RCC cells. Low expression of CSF1 protein was found after GAPLINC knockdown. Phenotypic experiments proved that GAPLINC plays a role in promoting cancer through CSF1. Subsequently, the ceRNA mechanism by which GAPLINC upregulates CSF1 by sponging miR-135b-5p was identified by luciferase assays and phenotypic rescue experiments. Overall, we elucidated the significance of the GAPLINC/miR-135b-5p axis in RCC (Figure 6L). This may provide a new perspective for the molecular targeted treatment of RCC.



Conclusion

Our study revealed that the high expression of GAPLINC in RCC is associated with a poor prognosis. GAPLINC increases the expression of CSF1 by sponging miR-135b-5p, thus promoting the proliferation and migration of RCC cells. Our study further deepens the understanding of the pathogenic roles of lncRNAs in RCC and provides a potential new therapeutic target for patients with RCC.
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Long non-coding RNAs (lncRNAs) are RNAs with a length of no less than 200 nucleotides that are not translated into proteins. Accumulating evidence indicates that lncRNAs are pivotal regulators of biological processes in several diseases, particularly in several malignant tumors. Long intergenic non-protein coding RNA 1116 (LINC01116) is a lncRNA, whose aberrant expression is correlated with a variety of cancers, including lung cancer, gastric cancer, colorectal cancer, glioma, and osteosarcoma. LINC01116 plays a crucial role in facilitating cell proliferation, invasion, migration, and apoptosis. In addition, numerous studies have recently suggested that LINC01116 has emerged as a novel biomarker for prognosis and therapy in malignant tumors. Consequently, we summarize the clinical significance of LINC01116 associated with biological processes in various tumors and provide a hopeful orientation to guide clinical treatment of various cancers in future studies.
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INTRODUCTION

Cancer is one of the leading causes of death (Seow et al., 2020; Wang et al., 2020d; Buneviciene et al., 2021; Eloranta et al., 2021) worldwide and threatens human health and social happiness. Despite the advancements (Blessin et al., 2020) in clinical diagnosis and treatment of malignancies (Jung et al., 2020; Grady et al., 2021; Hussain et al., 2021), most patients still have a poor prognosis, and the overall survival (OS) rate remains low. Due to the lack of early diagnostic biomarkers, most cancers progress to the terminal stage. Therefore, it is urgent to understand the underlying molecular mechanisms in cancer, which is crucial for finding effective early diagnostic biomarkers and therapeutic methods.

Owing to the development of multiple RNA detection techniques (Shu et al., 2021; Toden et al., 2021; Wang et al., 2021; Zhong et al., 2021a), most RNAs have been found to lack the capacity to encode proteins. Although these RNAs do not directly translate into proteins (Gupta et al., 2020), driving evidence clarifies that they play an essential role in biological functions (Chen et al., 2020b; Jantrapirom et al., 2021; Jin et al., 2021; Lai et al., 2021; Zhang et al., 2021b). Such is the case of long non-coding RNAs (lncRNAs), which are no less than 200 nucleotides and participate in the initiation and progression of various diseases, especially cancers (Chen et al., 2020a; Huang et al., 2021; Kotani et al., 2021; Luo et al., 2021; Teng et al., 2021). Abnormal expression of these lncRNAs is involved in a variety of biological processes in tumors via regulation of gene expression that affects tumor size, metastasis, pathological stage, and prognosis in patients (Yin et al., 2018; Shuai et al., 2020; Li et al., 2021a; Zheng et al., 2021; Zhong et al., 2021b). Moreover, studies have confirmed that lncRNAs serve as competitive endogenous RNAs (ceRNAs) and could sponge microRNAs to regulate the expression of messenger RNA, which provides a promising direction for exploring the complicated molecular mechanisms of malignancies.

Long intergenic non-protein coding RNA 1116 (LINC01116), located in the 2q31.1 region, is currently reported to be an extraordinary regulator of proliferation, migration, and invasion of cancer cells (Meng et al., 2020; Cui et al., 2021; Lou et al., 2021; Ren et al., 2021; Zhang et al., 2021a). High expression of LINC01116 was identified in malignant tumors; LINC01116 might participate in tumorigenesis. For instance, previous studies have demonstrated that hepatocellular carcinoma (HCC) patients with LINC01116 overexpression generally have a dismal survival time (Jiang et al., 2019). Further studies verified that LINC01116 promoted oral squamous cell carcinoma (OSCC) proliferation, migration, and invasion (Chen et al., 2019). In contrast, knockdown of LINC01116 positively inhibited the proliferation of prostate cancer cells. Additionally, numerous reports have shown that LINC01116 functions as a major regulator of lung cancer (LC), gastric cancer (GC), colorectal cancer (CRC), glioma, osteosarcoma, glioma, head and neck squamous cell carcinoma (HNSC), epithelial ovarian cancer (EOC), and breast cancer (BC).

In this review, we highlight the latest studies concerning LINC01116, its abnormal expression related to clinical characteristics, and its influence on multiple biological functions of cancers. The present review could guide the further discovery of prospective and creative therapeutic targets.



EXPRESSION AND CLINICAL CHARACTERISTICS OF LINC01116 IN VARIOUS CANCER TYPES

Numerous studies have elucidated the significance of LINC01116 in malignancy. Therefore, we review the specific process in Table 1, which shows how LINC01116 expression exerts its impact on a variety of cancers.


TABLE 1. Expression and effect on clinical characters of LINC01116 in different cancer types.
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Lung Cancer

Lung cancer is predominant worldwide and its incidence rate is the highest in men and the second in women (Bade and Dela Cruz, 2020; Chen et al., 2021; Ma et al., 2021; Yuan et al., 2021). Zeng et al. (2020) showed that LINC01116 was overexpressed in LC tumor tissues compared to normal adjacent tissues. LINC01116 expression is high in LC patients, and they generally have more unsatisfactory outcomes than the others. Thus, previous reports have suggested that LINC01116 is an independent prognostic factor in LC. Furthermore, the expression of LINC01116 was shown to be high in patients with advanced tumor stages. For instance, recent studies showed that a considerable number of patients with low expression of LINC01116 were generally diagnosed with TNM I rather than TNM I/III. These results indicate that LINC01116 can be considered as a latent regulator that participates in the progression of metastasis and invasiveness in LC (Shang et al., 2021). Additionally, silencing of LINC01116 reverses this effect. Eventually, LINC01116 plays crucial roles in tumor processes and could provide an orientation for being diagnostic and prognostic markers of LC, but its actual situation of clinical application still requires massive clinical and basic research.



Gastric Cancer

Gastric cancer is the 4th most prevalent malignant tumor. Due to the lack of early diagnostic markers, patients are commonly diagnosed at terminal stages, with tumors that have metastasized to proximal or even remote regions in the body (Lin et al., 2019; Arnold et al., 2020; Ascherman et al., 2021; Puliga et al., 2021). Su et al. (2019) discovered that LINC01116 and CASC11 were upregulated in GC tissues, compared with cancer-adjacent tissues, and were positively correlated with clinical stages. In addition, the overexpression of LINC01116 and CASC11 was found to collectively increase the migration and invasion of GC cells. In contrast, low expression of LINC01116 was found to be associated with suppressed metastasis and invasiveness in GC patients. Moreover, CASC11 silencing alleviated the overexpression of LINC01116. Additionally, Chen et al. (2020c) demonstrated that patients with abundant expression of LINC01116 in GC cells generally have shorter survival time than those with low expression levels, and that the inhibition of LINC01116 expression could impede the proliferation of GC cells. These findings provide a novel direction for the diagnosis and treatment of GC.



Colorectal Cancer

Colorectal cancer is the frequent cancer globally and has high mortality and incidence rates (Wieszczy et al., 2020; Świerczyński et al., 2021; Zaborowski et al., 2021; Zhao et al., 2021). Bi et al. (2020) revealed that LINC01116 was highly expressed in CRC tissues compared to normal tissues, and patients with high expression of LINC01116 had a very poor prognosis. LINC01116 knockdown substantially prevented the migration, proliferation, and invasion of CRC cells and activated cell apoptosis. Emerging evidence showed that a large number of patients were commonly diagnosed at terminal stages with high expression of LINC01116. Liang et al. (2021) identified that LINC01116 facilitated the growth of CRC cells and tumorigenicity through the downregulation of TPM1 expression. Specifically, LINC01116 can bind with EZH2 to accelerate the methylation of TPM1, which blocks the transcription of TPM1. Additionally, low expression of LINC01116 considerably impeded the tumorigenicity and angiogenesis of CRC cells in nude mice. Despite LINC01116 could serve as a diagnostic biomarker for in CRC, the deficiency of clinical application needs to be further investigated. For instance, researches of LINC01116 participated in CRC are only tested in tissues, and diverse effects between LINC01116 and molecular target markers are supposed to be probed in blood and other body fluids.



Glioma

Brain gliomas are the most common primary malignant tumors in the central nervous system, presenting with an increasing mortality rate. Several patients present with an OS time of less than 2 years (Mondal and Kulshreshtha, 2021; Petridis et al., 2021; Tanabe et al., 2021; Tu et al., 2021). Wang et al. (2020c) found that the upregulation of LINC01116 in glioma cells is related to poor prognosis. When LINC01116 is knocked, G1-G0 phase arrest in Ln229 and U87 cells might be induced. Therefore, the apoptosis of glioma could be significantly inhibited. Moreover, LINC01116 has been shown to stimulate IL-1β transcription to generate an army of cytokines, which are associated with tumorigenicity via DDX5. Wang et al. (2020c) showed that LINC01116 positively regulates MDM2 to repress the p53 pathway, which activates the development of glioma cells. Current research shows that LINC01116 can substantially promote the proliferation and invasion abilities of glioma cells (Cole et al., 1986). Ye et al. revealed that LINC01116 expression is higher in glioma tissues than in normal tissues, and it could elevate the capacity of the cell cycle and cell proliferation by regulating the expression of VEGFA. In summary, these findings further clarify the biological functions of LINC01116 in glioma tumorigenesis and provide a promising treatment target for glioma patients.



Osteosarcoma

Osteosarcoma is a leading cause of cancer-related death among young adolescents. Osteosarcoma patients retain high levels of metastasis and recurrence, accounting for approximately 30%–40% of cases (Lu et al., 2020; Zheng et al., 2020; Li et al., 2021c; Liu et al., 2021b). Zhang et al. (2019) reported that LINC01116 might remarkably accelerate the proliferation, migration, and invasion of osteosarcoma cells, but substantially precludes cell apoptosis. These results corroborated that LINC01116 directly interacted with EZH2 to mediate PTEN and p53. Thus, EZH2 knockdown reverses the LINC01116 functional effect on osteosarcoma cells (Zhang et al., 2019). Zhang et al. (2018) silenced LINC01116, inhibiting the viability of osteosarcoma cells and promoting cell apoptosis. Moreover, high expression of LINC01116 in patients generally results in a poorer prognosis. These results revealed a crucial role for LINC01116 in osteosarcoma. However, further investigation is required before clinical application.



Other Cancers

Wu et al. (2020) shed new light on the silencing of LINC01116, which was shown to inhibit the tumorigenicity of OSCC through the upregulation of miRNA-136. Likewise, LINC01116 knockdown was shown to decrease the migration and invasion of HNSC cells, probably via the epithelial-mesenchymal transition pathway (Xing et al., 2020). Yu et al. (2021) suggested that LINC01116 was an oncogene that accelerates the development of prostate adenocarcinoma (PRAD) cells. Fang et al. (2018) reported that the proliferation and migration of EOC cells was increased with the overexpression of LINC01116. Knockdown of LINC01116 could function as an essential suppressor to block the viability and cloning ability of BC cells (Hu et al., 2018). Consequently, LINC01116 is a promising prognostic and therapeutic target for OSCC, HNSC, PRAD, EOC, and BC.




EXPRESSION AND PROGNOSTIC VALUE OF LINC01116 IN CANCERS

To further assess the expression pattern of LINC01116 across pan-cancer, we used the GEPIA1 website to explore the expression level based on The Cancer Genome Atlas database (Tang et al., 2019). The results demonstrated that LINC01116 expression is upregulated in glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), lung squamous cell carcinoma (LUSC), pancreatic adenocarcinoma (PAAD), and skin cutaneous melanoma (SKCM). However, decreased expression of LINC01116 has been observed in kidney chromophobe (KICH), kidney renal papillary cell carcinoma (KIRP), testicular germ cell tumor (TGCT), and uterine corpus endometrial carcinoma (UCEC) (Figure 1A).


[image: image]

FIGURE 1. Expression and prognostic roles of LINC01116 in different cancer types. (A) Dysregulated expression of LINC01116 in GMB, HNSC, LUSC, PAAD, SKCM, KICH, KIRP, TGCT, and UCEC. (B–G) Patients with highly expressed LINC01116 had poor overall survival (OS) rate compared those with lowly expressed LINC01116 in GBM, KIRP, LGG, LIHC, LUAD, and READ. (H) Patients with decreased LINC01116 expression had poor overall survival (OS) rate compared those with increased LINC01116 expressed in KIRC.


Likewise, we evaluated the effect of LINC01116 expression on the survival time of cancer patients. As shown in Figure 1B, when LINC01116 is highly expressed, patients with GBM generally have a shorter OS time than when the expression of LINC01116 is low. Similar results have been observed in KIRP, lower grade glioma (LGG), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), and rectum adenocarcinoma (READ) (Figures 1C–G). Conversely, patients with decreased LINC01116 expression had a lower OS rate in kidney renal clear cell carcinoma (KIRC) (Figure 1H). Collectively, LINC01116 could be a novel biomarker for the diagnosis and prognostic determination of different cancer types.



LINC01116 INFLUENCES DIVERSE BIOLOGICAL FUNCTIONS IN CANCERS

LINC01116 has effects on multiple functions of tumors via complicated molecular mechanisms. To further explore these underlying processes, we summarize the complex molecular mechanisms in Table 2 and elucidate the association between LINC01116 and the biological functions of various cancers (Figure 2).


TABLE 2. The roles and functions of LINC01116 in cancers.
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FIGURE 2. Diagram of the biological mechanisms involved in LINC01116 association with tumors. LINC01116 exerts an effect on the cell proliferation, invasion, and migration of multiple cancers, through sponging of miRNAs to mediate target regulators, such as miR-744-5p, miR-93-5p, miR-520a-3p, miR-9-5p, and miR-145.



Cell Proliferation, Invasion, and Migration

Proliferation of cancer cells generally occurs rapidly, which markedly affects the prognosis of patients (Liu et al., 2019; Zhang et al., 2020). A recent study validated that miR-744-5p might be a novel target of LINC01116 in lung (LAD). miR-744-5p was known as the suppressor to involving in malignant tumors and negatively through regulating CDCA4. Knockdown of miR-744-5p could promote tumor cell proliferation and migration in LAD. LINC01116 could mediate the expression of CDCA4 by competitively binding the sites of CDCA4 with miR-744-5p, which markedly increased cell growth in LAD (Ren et al., 2021)Numerous experiments have shown that LINC01116 is overexpressed in small cell lung carcinoma (SCLC) and that it could upregulate STAT3 to boost SCLC cell invasion and migration. However, high expression of miR-93-5p suppresses the effect of LINC01116 overexpression. Thus, LINC01116 is likely to modulate miR-93-5p, which contributes to the expression levels of STAT3 (Figure 3). However, high expression of miR-93-5p and LINC01116 did not exert an influence on mutual expression, implying that miR-93-5p might have other targets (Xiang et al., 2017). In osteosarcoma cells, LINC01116 was shown to accelerate cell proliferation by targeting miR-520a-3p and upregulating IL6R (Zhang et al., 2018). Similarly, Liu et al. showed that LINC01116 interacts with CASC11, which regulates the invasion and migration of GC cells (Figure 4). Accumulating evidence suggests that miR-145 might bridge the interaction between LINC01116 and CASC11 (Su et al., 2019).
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FIGURE 3. The overexpression of LINC00261 in non-small cell lung cancer accelerates tumor progression and chemoresistance.
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FIGURE 4. The molecular mechanism map of LINC00261 in gastric cancer and colorectal cancer.


In nasopharyngeal carcinoma (NPC) cells, LINC01116 was shown to induce the translation of MYC and enhance the expression of MYC protein, which plays an essential role in proliferation. Likewise, when MYC remains highly expressed, the effect of LINC01116 deletion can be recovered to some degree (Tran et al., 2016). In CRC cells, LINC01116 negatively correlates with miR-9-5p regulation, promoting the proliferation, invasion, and migration of cancer cells. In contrast, miR-9-5p rescues the function of LINC01116. miR-9-5p tends to bind STMN1 to preclude its expression. LINC01116 partly regulates STMN1 to target miR-9-5p (Bi et al., 2020; Figure 4). Liang et al. reported that LINC01116 enhanced the CRC cell proliferation, invasion and migration through interacting with EZH2 to potentiate methylation in the TPM1 promoter region to suppress the transcription of TPM1 (Figure 4). In addition, a previous study confirmed that LINC01116 was a regulator of ESR1 related to the proliferation of BC cells by sponging miR-145. In brief, LINC01116 actively stimulates the development of cell proliferation in many cancers by prompting miRNAs to mediate the expression of several proteins.



Chemoresistance

Chemotherapy is one of the primary treatment methods for several malignant tumors. However, the phenomenon of chemoresistance has increased, which has led to a serious dilemma in clinical treatment (Fatma et al., 2020; Jiang et al., 2020). Thus, there has been a great deal of research focusing on the molecular mechanisms of chemoresistance. Previous evidence has indicated that LINC01116 contributes to chemoresistance in some cancers (Li et al., 2021b), namely gefitinib and cisplatin resistance. Wang et al. (2020a) corroborated that LINC01116 contributed positively to the development of cisplatin resistance in LUAD, which depends on the EMT process (Figure 3). In contrast, LINC01116 silencing increases cisplatin sensitivity by mediating apoptosis and cell cycle distribution. Recent experiments have shed new light on the LINC01116-increasing effect of gefitinib resistance by regulating cell cycle through mediating IFI44 expression (Wang et al., 2020a; Figure 3). Furthermore, when LINC01116 is upregulated, the sensitivity of A549 cells to cisplatin is low. Conversely, silencing of LINC01116 generally leads to the inhibition of cisplatin resistance in A549 cells, via the stimulation of apoptosis and cell cycle arrest at the G0/G1 phase (Wang et al., 2020b). In summary, an abundance of chemoresistance mechanisms remain unclear. Thus, further studies are necessary.




CONCLUSION

The improvement of research technology generates numerous possibilities for the study of lncRNAs. Substantial research has shown that lncRNAs are relevant to the biological process of tumor advancement as essential regulators of gene expression (Ramnarine et al., 2019; Olivero et al., 2020; Katsushima et al., 2021), and the dysregulation of LINC01116 has been identified as the promoter of the occurrence and progression of a variety of tumors. Plentiful expression of LINC01116 can be found in various cancers, such as lung cancer (Liu et al., 2021a; Mu et al., 2021; Zeng et al., 2021), gastric cancer, colorectal cancer, glioma, and osteosarcoma. When LINC01116 is highly expressed in multiple cancers, the survival time of these patients tends to be shorter. In several experiments, LINC01116 was found to be an independent prognostic factor in malignant tumors. Furthermore, accumulating evidence has revealed that LINC01116 can be regarded as a ceRNA that mediates gene expression by sponging miRNA, which plays an indispensable role in the proliferation, invasion, metastasis, chemoresistance, and apoptosis of tumors. For instance, LINC01116 functions as a regulator to positively promote the expression of STMN1 by interacting with miR-9-5p. In conclusion, we demonstrated that LINC01116 expression is linked to cancer, and LINC01116 has the potential of being a promising target in clinical tumor treatments. However, there are several dilemmas of LINC0116 applying to clinical treatment still need to be solved. Firstly, the molecular structure and functional information on LINC0116 remain uncharted. Without detailed understanding on the structure and functions of LINC0116, boosting LINC0116 -based therapy exists difficulty. Additionally, lncRNAs are considered to be weakly conserved across different species, the conversion from animal models to human clinical application might emerge block. Thus, it is necessary to further research to explore numerous mechanisms of LINC01116 associated with tumor biological processes.
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The activated B cell (ABC) and germinal center B cell (GCB) subtypes of diffuse large B cell lymphoma (DLBCL) have different gene expression profiles and clinical outcomes, and miRNAs have been reported to play important roles in tumorigenesis, progression, and metastasis. This study aimed to explore the differentially expressed miRNAs and target genes in the two main subtypes of DLBCL. Hub miRNAs were identified by constructing a regulatory network, and in vitro experiments and peripheral blood samples of DLBCL were used to explore the functions and mechanisms of differential miRNAs and mRNAs. Differentially expressed miRNAs and genes associated with the two DLBCL subtypes were identified using GEO datasets. Weighted gene co-expression network analysis shows that one gene module was associated with a better prognosis of patients with the GCB subtype. Through the construction of a regulatory network and qPCR verification of clinical samples and cell lines, miR-129-5p was identified as an important differential miRNA between the ABC and GCB subtypes. The negative relationship between miR-129-5p and ARID3A in DLBCL was confirmed using luciferase reporter assays. Overexpression of miR-129-5p and knockdown of ARID3A inhibited the proliferation of SU-DHL-2 (ABC-type) cells and promoted their apoptosis through the JAK and STAT6 signaling pathways. In addition, inhibition of miR-129-5p and overexpression of ARID3A promoted the proliferation and reduced apoptosis of DB and SU-DHL-6 (GCB-type) cells. Inhibition of miR-129-5p and overexpression of ARID3A in DB and SU-DHL-6 promoted immune escape by increasing PD-L1 expression, which was transcriptionally activated by ARID3A. In conclusion, we showed for the first time that the mir-129-5P/ARID3A negative feedback loop modulates DLBCL progression and immune evasion by regulating PD-1/PD-L1.

Keywords: miR-129-5p, ARID3a, PD-1/PD-L1, lymphoma, ABC-type


INTRODUCTION

Diffuse large B cell lymphoma (DLBCL) is the most common form of malignant lymphoma, accounting for 25–35% of all non-Hodgkin lymphomas (Miao et al., 2019). R-CHOP chemo-immunotherapy has improved outcomes for DLBCL patients; however, approximately 40% of them relapse or fail to respond to treatment (Li M. et al., 2019). With the development of high-throughput technologies, the genomic profile of DLBCL has been widely characterized. DLBCL is classified into two molecular subtypes based on cell of origin (COO), germinal center B cell (GCB)-like, and activated B cell (ABC)-like (Alizadeh et al., 2000), which is also associated with different clinical outcomes. It has been reported that the ABC subtype is related to inferior chemotherapeutic responses and clinical outcomes compared to the GCB subtype (Fu et al., 2008) following R-CHOP therapy. Therefore, various studies have identified miRNA- (Yang et al., 2018) or lncRNA-focused (Zhou et al., 2017) prognostic biomarkers or signatures between different COO subtypes.

MicroRNAs, comprised of 18–25 nucleotides, widely participate in many biological processes to regulate gene expression by specifically combining to mRNAs, promoting their degradation, and eventually reducing translation (Bruch et al., 2019). Dysregulation of miRNAs has been found to play a crucial role in tumorigenesis, tumor progression, and metastasis by negatively regulating tumor-suppressive protein-coding genes (Wong et al., 2018). In addition, several miRNAs modulate the sensitivity of tumor cells to anticancer drugs, which affects treatment response and prognosis. For example, miR145-3p enhances bortezomib sensitivity in multiple myeloma by promoting apoptosis and autophagy (Wu et al., 2019). Additionally, miR-34a is associated with a superior response to doxorubicin in DLBCL (Marques et al., 2016). Hence, miRNAs have been evaluated as novel diagnostic and prognostic biomarkers in various malignancies, including DLBCL (Marchesi et al., 2018). Moreover, some studies have shown that miRNAs can distinguish between GCB and ABC subtypes (Larrabeiti-Etxebarria et al., 2019).

ARID3a/Bright, an AT-rich interacting domain family of DNA-binding proteins, was originally discovered because of its ability to enhance antigen-ABC immunoglobulin gene transcription. ARID3a forms a dimer with DNA through an arid zone or an a/t-rich interaction domain. Overexpression of ARID3a leads to skewing of mature B cell subsets and changes in gene expression patterns of follicular B cells, whereas loss of its function leads to the loss of B1 lineage B cells and defects in hematopoiesis (Nixon et al., 2004). ARID3A expression is tightly regulated, and B cell-restricted and abnormal expression of ARID3A may result in malignancy and proliferative capacity (Puissegur et al., 2012).

Programmed cell death 1 ligand 1(PD-L1), also known as cluster of differentiation 274 or B7 homolog 1 (Butte et al., 2007), plays an important role in tumor progression and survival by evading immune surveillance when interacting with PD-1 to regulate tumor-specific T cells. PD-L1 overexpression in tumor cells confers protection against CD8+ cell damage, leading to immune evasion (Freeman et al., 2002). Blocking the PD-1/PD-L1 checkpoint by antibodies is therefore considered an effective method for tumor immunotherapy, including lymphoma (Sun et al., 2018).

In this study, we aimed to screen miRNAs and target genes in two main subtypes of DLBCL through bioinformatics and experiments, and to explore their functions and mechanisms.



MATERIALS AND METHODS


Acquisition of Gene Expression Profiles and Identification of Differentially Expressed Genes

MiRNA (GSE15250) and mRNA (GSE56313 and GSE32918) expression data from DLBCL patients were acquired from the GEO database. Data from 23 ABC-type and 29 GCB-type patients were obtained dataset GSE56313, and data from 80 ABC-type and 120 GCB-type patients were obtained from dataset GSE32918. The miRNA dataset GSE15250, which included data from 20 ABC-type and 20 GCB-type patients, was analyzed. Differentially expressed miRNAs and mRNAs between ABC-type and GCB-type patients were identified using the LIMMA package in R software.



Weighted Gene Co-expression Network Analysis

After obtaining differentially expressed genes (DEGs) from the GSE32918 database, the expression of these genes was analyzed using the weighted gene co-expression network analysis (WGCNA) package in R software (Langfelder and Horvath, 2008). WGCNA was used to construct a weighted adjacency matrix that expressed the connection strength of gene pairs by calculating Pearson’s correlation. Then, the appropriate soft threshold power β was selected using the scale-free topology criterion and the adjacency matrix was transformed into a topological overlapping matrix. Topological overlapping points were applied to perform hierarchical clustering. Mean linkage hierarchical clustering was applied to generate a clustering tree, and the dendrogram was defined as Module (Langfelder et al., 2008).



Construction of the Regulatory Network

A regulatory network of the differentially expressed miRNAs and mRNAs was constructed using the miRMap (Vejnar and Zdobnov, 2012), miRanda (Betel et al., 2008), miRDB (Wong and Wang, 2015), TargetScan (Agarwal et al., 2015), and miTarBase (Chou et al., 2018) databases. Only the miRNA-mRNA pairs present in at least two databases were considered significant and were preserved for further investigation. Eventually, cytoscape (Shannon et al., 2003) was used for network visualization.



Cell Culture

Human B-lymphoma cell lines (ABC subtype) SU-DHL-2, (GCB subtype) DB were obtained from Procell Life (Wuhan, China), and (GCB subtype) SU-DHL-6 were obtained from American Type Culture Collection (ATCC, Manassas, VA, United States), and were grown in RPMI-1640 (Invitrogen, Carlsbad, CA, United States) containing 10% fetal bovine serum (FBS; Gibco, Waltham, MA, United States). Human renal epithelial cells (293T) were gifted by the Fujian Institute of Hematology and grown in DMEM (Invitrogen) containing 10% FBS. All cells were cultured in a humidified incubator at 37°C and 5% CO2.



Cell Transfection

Specific shRNAs and oeRNAs against ARID3A (sh-ARID3A, oe-ARID3A) and sh-NC and oe-NC were obtained using pLVshRNA and pCDH-CMV vector designed by Miaolingbio (P0268, P0684, Wuhan, China). MiR-129-5p mimic/inhibitor and NC mimic/inhibitor were generated by Genechem (Shanghai, China). These plasmids were transfected into DLBCL cells using Lipofectamine 3000.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA from peripheral blood and cells was extracted by Trizol and purified by chloroform and ethanol. Reverse transcription for miRNA and mRNA based on All-in-OneTM miRNA qRT-PCR Detection Kit (QP115, GeneCopoeia, United States) and Revert Aid First Strand cDNA Synthesis Kit (K1621, Thermo Fisher Scientific, United States), respectively. Relative expression levels were detected by FastStart Universal SYBR Green Master (Roche) and Biosystems 7500 Real-Time PCR Systems and calculated by 2−ΔΔCt method. miRNA and mRNA were normalized to U6 and GADPH levels, respectively. The experiment was repeated three times. Primers used for qRT-PCR analysis are listed in Supplementary Table 1.



Assessment of Cell Proliferation and Apoptosis

Cell counting assays at different times were used to assess cell proliferation ability. Transfected cells were seeded in 24-well plates. Following incubation for 0, 24, 72, or 96 h, homogenized single cell suspension and trypan blue were mixed 1:1. The cells were counted directly under a light microscope with the inclusion of three counting replicates per well. An APC Annexin V Apoptosis Detection kit (Biolegend, San Diego, CA, United States) was used to analyze cells following the manufacturer’s instructions. A BD Accuri C6 flow cytometer was used to analyze the samples.



In vitro Co-culture System and Flow Cytometry

In vitro co-culture was performed using a Transwell cell incubator (Millipore Corporation, Billerica, MA, United States). In the co-culture system, lymphoma cells were placed in the upper cavity and immune cells in the lower cavity, with both cells in direct contact. Immune cells were mononuclear cells (including lymphocytes and monocytes) isolated from peripheral blood of healthy volunteers using Ficoll by density gradient centrifugation. After 48-h incubation, the immune cells were centrifuged at 500 × g, 4°C for 5 min. Then, the cells were first blocked with mouse IgG mAb and then surface-stained with anti-CD8 (555369, BD) and anti-PD-1 (367404, Biolegend) antibody at 4°C for 20 min in the dark. The cells were washed twice with FACS and were then loaded for data collection. At least 200,000 events were measured using BD Accuri C6 flow cytometer. An isotype control was used for the antibodies. The data were analyzed using the FlowJo software (TriStar Inc., El Segundo, CA, United States). The gating strategy for the ICS assay is shown in Supplementary Figure 1. These results are representative from six independent experiments.



Luciferase Report Assay

The pmirGLO dual-luciferase vector (P0198, Miaolingbio, China), including the ARID3A and miR-129-5p mimics, were transfected into 293T cells with Lipofectamine 3000. The PD-L1 promoter WT/Mut was included into the pGL3-basic vector (P0193, Miaolingbio, China) and transfected into 293T cells with oe-ARID3A or oe-NC. Luciferase activity was measured using the Dual-Luciferase Reporter Assay System (E2920, Promega), and a Glomax 96 spectrophotometer was used to detect the fluorescence intensity.



Western Blot Analysis

Briefly, cells were lysed with RIPA buffer (keyGEN, China) containing protease inhibitors. 20 μg of protein per sample was loaded, run on 10% SDS–polyacrylamide gel electrophoresis, and transferred to a PVDF membrane. After being blocked with 5% bovine serum albumin, membranes were incubated with primary antibodies including PD-L1 (66248, Proteintech), JAK1(3344T, Cell signaling technology), STAT6 (51073, Proteintech) GAPDH (ab8245, Abcam) at 4°C overnight, 1 h of incubation with secondary antibodies and detected by FlourChemE system (Protein Simple).



Survival Analysis

DLBCL patients were divided into low-and high-expression groups based on their gene expression profiles. Kaplan-Meier survival curves were drawn to demonstrate the relevance between expression of DEGs and overall survival (OS) of patients, which was tested by the log-rank test.



Statistical Analysis

Student’s t-test or one-way analysis of variance were implemented. Pearson correlation analysis was used to determine the relationship between miR-129-5p, ARID3A, and CD8+ T cells. Statistical significance was set at P < 0.05.



RESULTS


Identification of Differentially Expressed Genes Associated With Clinical Molecular Subtypes

We compared the gene expression profiles of GSE56313 and GSE32918 datasets and identified DEGs associated with two major clinical molecular subtypes of DLBCL (ABC and GCB). Of these, 331 genes were downregulated and 422 upregulated in the GSE56313 dataset, and 176 genes were downregulated and 278 upregulated in the GSE32918 dataset (Figures 1A,B). The miRNA dataset GSE15250 was also analyzed, finding 171 downregulated and 129 upregulated miRNAs related to different DLBCL subtypes (Figure 1C). By analyzing the intersection of the DEGs, 115 common DEGs were identified, which were named as differentially intersected genes (DIGs) (Figure 1D and Supplementary Table 2).
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FIGURE 1. (A–C) Volcano plots show gene expression in the GSE56313, GSE32918, and GSE15250 datasets. Red and blue symbols indicate genes that were significantly up- and downregulated, respectively. (D) Venn diagrams showing the number of common DEGs between GSE56313 and GSE32918. (E) A hierarchical clustering dendrogram is used to arrange DLBCL samples based on GSE32918, with survival outcomes shown at the bottom. (F) A module-trait relationship matrix is shown with rows and columns corresponding to survival statue and the module eigengenes, and the correlation and p-values are represented in a every box. (G) Regulatory network of miRNA-target mRNA pairs in modular intersection genes. The network contained 56 differentially expressed miRNAs (arrow triangle) and 39 target mRNAs (oval). Red and blue arrow triangles indicate genes that were significantly up- and downregulated, respectively, in the GCB subtype.




Weighted Gene Co-expression Network Analysis Network Construction

We conducted WGCNA based on 454 DEGs and survival data from the GSE32918 dataset. Hierarchical clustering of samples based on Euclidean distance calculated using log10 was converted (Figure 1E). By merging modules with high similarity, we identified five different modules of co-expressed genes that were drawn in different colors (Figure 1F). Among the five modules, the blue module was significantly correlated with good survival status of GCB subtype patients compared to ABC subtype patients, with Pearson r = 0.66 (p = 2e–26). There were 124 genes in the blue module, which are likely associated with a better prognosis of patients of the GCB subtype. These 124 significant genes were intersected with DEGs from the GSE56313 dataset to generated modular intersection genes (MIGs, Supplementary Table 3), which were selected for subsequent analysis.



Regulatory Networks of Modular Intersection Genes

Construction of regulatory networks of MIGs was performed based on the correlation between differentially expressed miRNAs and target genes using Cytoscape. A total of 21 upregulated miRNAs, 35 downregulated miRNAs, and 39 matched mRNAs were identified in comparison to the GCB and ABC subtypes (Figure 1G and Supplementary Table 4). Among them, hsa-miR-142-5p possessed the most regulatory target genes (n = 10). In addition, hsa-miR-199b-5p and hsa-miR-129-5p had nine target genes. Therefore, these miRNAs were considered to be the key miRNA differences between the ABC and GCB subtypes.



Validation of Differentially Expressed miRNAs for Clinical Subtypes in Diffuse Large B Cell Lymphoma Samples

The expression of the three important miRNAs mentioned above, hsa-miR-142-5p, hsa-miR-199b-5p, and hsa-miR-129-5p, in DLBCL patients with ABC and GCB subtypes was detected using qRT-PCR (Figures 2A–C). Except for hsa-miR-199b-5p, the miRNAs were highly expressed in the GCB subtype compared to the ABC subtype. In addition, the expression of the three miRNAs in the DLBCL cell line was investigated (Figures 2D–F). The results demonstrate that hsa-miR-129-5p was expressed at significantly higher levels in the DB and SU-DHL-6 (GCB subtype) cell lines than in the SU-DHL-2 (ABC subtype). According to the above results, hsa-miR-129-5p has nine target genes, of which ARID3A has been reported to be involved in progression of a variety of tumors (Ma et al., 2017; Dausinas et al., 2020; Tang et al., 2020). To identify the role of ARID3A in DLBCL subtypes, we also explored its expression in the peripheral blood of DLBCL patients and in DLBCL cell lines. Conversely, ARID3A was significantly increased in ABC subtype DLBCL patients and in the SU-DHL-2 cell line, in contrast to the GCB subtype (Figures 2G,H).
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FIGURE 2. (A–C) RT-qPCR showing the expression of hsa-miR-142-5p, hsa-miR-199b-5p, and hsa-miR-129-5p in the ABC and GCB subtypes DLBCL patients.(D–F) RT-qPCR showing the expression of hsa-miR-142-5p, hsa-miR-199b-5p, and hsa-miR-129-5p in the SU-DHL-2 (ABC subtype) and DB and SU-DHL-6 (GCB subtype) cell lines. (G,H) QRT-PCR showing the expression of ARID3A in the ABC and GCB subtypes DLBCL patients and cell lines, respectively. All data represented mean ± SD from three independent experiments. NS: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.




A Negative Regulatory Feedback Loop Between miR-129-5p and ARID3A in Diffuse Large B Cell Lymphoma

To detect the detailed relationship between miR-129-5p and ARID3A, the site of miR-129-5p for ARID3A was predicted, mutated, and evaluated in dual-luciferase reporter gene assays (Figure 3A). Overexpression of miR-129-5p weakened the luciferase activity of ARID3A WT (wild-type), but did not influence the luciferase activity of ARID3A Mut (mutation), demonstrating that miR-129-5p affects ARID3A at the predicted binding site (Figure 3B). Pearson correlation coefficient analysis shows a negative interaction between miR-129-5p and ARID3A in DLBCL samples, although the difference was not statistically significant (Figure 3C). Furthermore, the reciprocal relationship between miR-129-5p and ARID3A was verified in DLBCL cells. After confirming the inhibition and overexpression of miR-129-5p in DLBCL cells via qRT-PCR (Figure 3D), ARID3A was found to be downregulated in miR-129-5p-overexpressing SU-DHL-2 cells and upregulated in miR-129-5p -knockdown DB and SU-DHL-6 cells (Figure 3E). We conclude that miR-129-5p and ARID3A form a negative regulatory feedback loop in DLBC.
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FIGURE 3. (A) Interaction sequences of ARID3A for miR-129-5p binding were acquired from Starbase v3.0 and mutated by altering them with complementary sequences. (B) Dual-luciferase reporter gene assays were performed to detect the interaction between ARID3A and miR-129-5p. (C) Pearson’s correlation curve showing that ARID3A was negatively correlated with miR-129-5p in DLBCL peripheral blood. (D) The inhibition and overexpression of miR-129-5p in DLBCL cells was confirmed with RT-qPCR assays. (E) RT-qPCR showing the expression of ARID3A in miR-129-5p-overexpressing SU-DHL-2 cells and miR-129-5p -knockdown DB and SU-DHL-6 cells. (F) Cell proliferation ability of transfected cells. Cells were placed in 24-well plates and counted after 0, 24, 72, and 96 h and the cell number were determined with trypan blue exclusion staining. (G) Cell apoptosis of SU-DHL-2 with mimic miR-129-5p, DB and SU-DHL-6 with inhibitor miR-129-5p, and negative control cells was measured through flow cytometry analysis. All data represented mean ± SD from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.




Effect of miR-129-5p and ARID3A on Diffuse Large B Cell Lymphoma Proliferation and Apoptosis

Based on the above results, the high expression of miR-129-5p was considered a better prognostic factor for GCB subtype DLBCL compared to the ABC subtype. To further determine the specific mechanism, the ABC subtype SU-DHL-2 cells were transfected with miR-129-5p mimics and the GCB subtype DB and SU-DHL-6 cells with the miR-129-5p inhibitor. The results show that the proliferation ability of SU-DHL-2 cells was significantly stronger than that of DB and SU-DHL-6 cells. Meanwhile, overexpression of miR-129-5p impaired the proliferation ability of SU-DHL-2 cells. In contrast, inhibition of miR-129-5p promoted the proliferation of DB and SU-DHL-6 cells (Figure 3F). Cell apoptosis analysis shows that miR-129-5p overexpression in SU-DHL-2 cells resulted in a significantly increase in the number of apoptotic cells compared to control cells (8.29% vs. 5.38%, P = 0.0018), whereas knockdown of miR-129-5p in DB and SU-DHL-6 cells significantly decreased the percentage of apoptotic cells (7.14% vs. 3.03% and P = 0.0002, 7.89% vs. 3.22% and P < 0.0001, respectively, Figure 3G). We subsequently suppressed ARID3A expression levels in SU-DHL-2 cells and enhanced it in DB and SU-DHL-6 cells, which was verified by qRT-PCR (Figure 4A). The results show that the proliferation ability of SU-DHL-2 cells decreased and the number of apoptotic cells remarkably increased following ARID3A knockdown (4.34% vs. 39.97% and P < 0.0001). In addition, the overexpression of ARID3A in DB and SU-DHL-6 cells enhanced the proliferation ability and inhibited cell apoptosis (7.69% vs. 1.37% and P < 0.0001, 6.05% vs. 4.73% and P = 0.0036, respectively, Figures 4B,C). Together, these data suggest that downregulation of miR-129-5p and upregulation of ARID3A are responsible for the progression of ABC subtype DLBCL by promoting cell proliferation and inhibiting apoptosis.
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FIGURE 4. (A) Inhibition and overexpression of ARID3A in DLBCL cells was confirmed with RT-qPCR assays. (B) Cell proliferation ability of ARID3A knockdown SU-DHL-2 cells, ARID3A overexpressing DB and SU-DHL6 cells, and negative control cells was counted using trypan blue exclusion staining. (C) Cell apoptosis assays showing the effect of ARID3A knockdown on SU-DHL-2 cells and ARID3A overexpression on DB and SU-DHL-6 cell apoptosis. (D) Differentially intersected genes were subjected to GO term enrichment analyses. (E) CD8+ T cell percentage and the surface PD-1 expression was determined using flow cytometry analysis when co-cultured with DB and SU-DHL-2 cells and transfected cells. All data represented mean ± SD from three independent experiments. *P < 0.05, **P < 0.01; ****P < 0.0001.




MiR-129-5p and ARID3A Affect the Interaction Between Diffuse Large B Cell Lymphoma Cells and CD8+ T Cells Through the PD-1/PD-L1 Immune Checkpoint

To further explore the downstream mechanisms of miR-129-5p and ARID3A, enrichment analysis of DIGs was conducted based on the Gene Ontology (GO) using DAVID (Huang da et al., 2009). As a result (Figure 4D), the top GO terms included T-helper 17 cell differentiation and CD4-positive or CD8-positive alpha-beta T cell lineage commitment, among others, which implies that these genes are closely related to the immune response. As reported, PD-L1 on tumor cells interferes with CD8+ T cell activity when communicating with PD-1 in the tumor microenvironment (Zheng et al., 2019). Therefore, we speculated that miR-129-5p and ARID3A could alter CD8+ T cells in DLBCL by changing the expression of PD-L1. To simulate the immune environment, DLBCL cells were co-cultured with immune cells. The results demonstrate that the proportion of CD8+ T cells co-cultured with SU-DHL-2 cells was significantly lower than that co-cultured with DB and SU-DHL-6 cells. And the expression of PD-1 on CD8+ T cells is higher than that co-cultured with GCB-subtype DLBCL cells. Thus, SU-DHL-2 cells have a stronger immune escape ability (Figure 4E). Moreover, knockdown of miR-129-5p or ectopic expression of ARID3A in DB and SU-DHL-6 cells reduced the percentage of CD8+ T cells and increased the PD-1 expression on the surface of CD8+ T cells, however, SU-DHL-6 failed to affect the PD-1 expression (Figure 5A). In contrast, the number of CD8+ T cells was significantly increased and PD-1 expression reduced after overexpression of miR-129-5p or knockdown of ARID3A in SU-DHL-2 cells. Furthermore, a significant association between CD8+ T cells and miR-129-5p or ARID3A expression was observed in patients with DLBCL (Figure 5B). A high level of miR-129-5p was associated with a higher number of peripheral blood CD8+ T cells (P = 0.042, r = 0.498). Conversely, low ARID3A expression was significantly correlated with a high CD8+ T cell ratio (P = 0.028, r = −0.532). Additionally, overexpression of miR-129-5p or silencing of ARID3A reduced the protein and mRNA levels of PD-L1 in SU-DHL-2 cells (Figures 5C–E). Inhibition of miR-129-5p or overexpression of ARID3A increased the protein and mRNA levels of PD-L1 in DB and SU-DHL-6. Next, we explored the regulatory mechanism of ARID3A on PD-L1 expression. ARID3A, a member of the ARID3 family, is a well-known transcription factor that can transcriptionally regulate gene expression by binding to the corresponding DNA sites (Tang et al., 2020). Therefore, we investigated whether ARID3A regulates PD-L1 expression at the transcriptional level. The ARID3A binding site of the PD-L1 promoter was obtained using the JASPAR tool (Figure 5F). Dual-luciferase reporter gene assay results show that the PD-L1 promoter transcription was increased after ARID3A overexpression, and this effect was significantly reversed by mutating the binding site (Figure 5G). In summary, it was validated that ARID3A, which is negatively regulated by miR-129-5p, can upregulate PD-L1 as a transcription factor.
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FIGURE 5. (A) CD8+ T cell percentage and the surface PD-1 expression were determined using flow cytometry analysis when co-cultured with SU-DHL-2, DB and SU-DHL-6 cells and transfected cells. Mean ± SD (n = 6). (B) Pearson’s correlation curve showing the positive relation between CD8+ T cells and miR-129-5p and the negative relation between CD8+ T cells and ARID3A in DLBCL peripheral blood. (C,D) Western blotting and densitometric analyses showing PD-L1 protein levels in transfected and negative control DB, SU-DHL-2 and SU-DHL-6 cells. (E) Expression of PD-L1 mRNA in transfected and negative control cells were determined using RT-qPCR. (F) Predicted ARID3A binding site in the PD-L1 promoter were acquired using JASPAR. (G) Dual-luciferase reporter gene assays were performed to show that ARID3A regulated PD-L1 as a transcription factor. Mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.




MiR-129-5p and ARID3A Targeted the Janus Kinase-Signal Transducer and Activator of Transcription Pathway

To further explore the differences between the ABC and GCB subtypes, DIGs were subjected to KEGG pathway analysis. Among them, the Janus kinase-signal transducer and activator of transcription (JAK-STAT) signaling pathway, associated with aggressive growth, invasion, and tumor-mediated immunosuppression, attracted our attention (Figure 6A). Therefore, JAK1 and STAT6 mRNA and protein levels were detected in DLBCL cells. As shown in Figure 6B, JAK1 and STAT6 mRNA levels in DB and SU-DHL-6 cells significantly augmented via inhibition of miR-129-5p and ARID3A overexpression. Meanwhile, Figures 6C,D demonstrate that miR-129-5p inhibitor and ARID3A overexpression significantly increased the protein expression of JAK1 and STAT6 in DB and SU-DHL-6 cells. In addition, both JAK1 and STAT6 were effectively reduced in miR-129-5p mimics or sh-ARID3A SU-DHL-2 cells compared with the negative control group. Our results indicate that miR-129-5p/ARID3A regulates DLBCL cell proliferation, apoptosis, and immune escape through the JAK-STAT signaling pathway.
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FIGURE 6. MiR-129-5p and ARID3A target the Janus kinase-signal transducer and activator of transcription (JAK-STAT) signaling pathway. (A) Differentially intersected genes were subjected to KEGG pathway analysis. (B) JAK1 and STAT6 mRNA levels in transfected DB, SU-DHL-2 and SU-DHL-6 cells were determined using RT-qPCR. (C,D) Western blotting and densitometric analyses showing JAK1 and STAT6 protein levels in transfected DLBCL cells. All data represented mean ± SD from three independent experiments. *P < 0.05, **P < 0.01; ***P < 0.001; ****P < 0.0001.




Relevance of Genes to Overall Survival

Combining clinical information and gene expression information in GSE32918, 39 DEGs in miRNA-mRNA regulatory networks were evaluated using Kaplan-Meier survival analysis. As a result, the expression of nine mRNAs was significantly correlated with OS (P < 0.05, Figure 7). Surprisingly, we found a significant correlation between high ARID3A expression and poor prognosis in DLBCL patients. Therefore, we believe that ARID3A is an important prognostic and therapeutic target for DLBCL.
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FIGURE 7. Nine mRNAs in the miRNA-mRNA regulatory networks are significantly related to overall survival of DLBCL patients in the GSE32918 database. Red and green lines indicate high-expression and low-expression groups, respectively.




DISCUSSION

DLBCL is mainly divided into two COO subtypes, the GCB and ABC subtypes, with obvious differences in gene expression profiles and clinical outcomes. However, R-CHOP is the standard treatment for newly diagnosed DLBCL, regardless of the COO subtype. Although the combination of chemotherapy and rituximab result in a 5-year progression-free survival of 70–75% and OS of 75–80% (Cunningham et al., 2013), some patients, especially of the ABC subtype, still experience a high rate of relapse or refractoriness. Therefore, targeting strategies that are concentrated on different subtypes should be considered.

In recent years, miRNA expression profiles have been identified in a variety of cancers, including non-small-cell lung cancer (Niemira et al., 2019), breast cancer (Dastmalchi et al., 2020), and gliomas (Zeng et al., 2018), including DLBCL. However, the involvement of miRNAs in the pathogenesis and therapeutic response of different DLBCL subtypes needs to be further clarified. To identify the differential biomarkers of ABC and GCB subtypes, differentially expressed miRNAs and targeted genes between the two subtypes were identified based on one miRNA expression dataset and two gene expression profiles. Through bioinformatics analysis, a module with a strong correlation with a better prognosis of GCB subtypes was identified. By constructing a regulatory network between the MIGs and differential miRNAs, we identified three important miRNAs with the most targeted genes. Through the validation of DLBCL patient samples and cells, only miR-129-5p was significantly upregulated in the GCB subtype.

Studies have reported that miR-129-5p can inhibit the progression of rectal cancer (Wan et al., 2020), nasopharyngeal cancer (Yu et al., 2020), and liver cancer (Li Z. et al., 2019), but its role in DLBCL has not yet been reported. Our study found that miR-129-5p inhibited the proliferation and promoted apoptosis of DLBCL cells. This may be the reason why ABC-the subtype DLBCL with a low expression of miR-129-5p has a higher degree of malignancy. In addition, through bioinformatics analysis and in vitro experiments, miR-129-5p was found to negatively regulate ARID3A, which was confirmed by a luciferase reporter assay. As a transcription factor, ARID3A participates in many cellular processes and is reported to promote the progression of tumors such as ovarian cancer, colorectal cancer, and nasopharyngeal cancer (Dausinas et al., 2020; Tang et al., 2020). Our study demonstrated that ARID3A was highly expressed in ABC subtype DLBCL patients and cell lines, and the overexpression of ARID3A facilitated the proliferation of GCB DLBCL cells and inhibited cell apoptosis. The results of survival analysis based on the GEO dataset suggested that DLBCL with high ARID3A expression had a shorter survival time. Therefore, we believe that the high expression of ARID3A promotes the progression of DLBCL and leads to poor prognosis of ABC subtype DLBCL. Through KEGG pathway analysis of DEGs and in vitro experimental validation, we revealed that knocking down miR-129-5p and overexpression of ARID3A both resulted in increased expression of JAK1 and STAT6. An increasing body of evidence demonstrates that the JAK/STAT signaling pathway is an important target for tumor therapy because of its important role in aggressive growth, invasion, treatment resistance, and tumor-mediated immunosuppression (Ou et al., 2021). In addition, activation of the JAK/STAT signaling pathway is related to a worse prognosis in various cancers (Qureshy et al., 2020). Therefore, we suspected that tumor progression of the ABC subtype DLBCL is promoted through miR-129-5p/ARID3A-mediated activation of the JAK/STAT pathway.

GO function enrichment analysis indicates that genes were highly enriched in immune response-related signaling pathway. It has been reported that, in the tumor microenvironment, tumor cells can attenuate the activity of T cells and evade the immune response. Previous studies have pointed out that an increase in PD-L1 expression in tumor cells leads to a decrease in the proportion of CD8+ T cells that interact with it, thereby promoting tumor cell survival (Zheng et al., 2019). In the current study, miR-129-5p and ARID3A were found to alter the proportion of CD8+ T cells in the immune environment through PD-L1 activation, thereby promoting immune escape. We also show that ARID3A activated PD-L1 transcription by binding to its promoter. In this study, we first revealed that ARID3A, which is negatively regulated by miR-129-5p, activates PD-L1, leading to the immune escape of DLBCL, especially the ABC subtype.

However, there are some limitations in our study. First, the clinical sample size is too small, which may be one of the factors affecting our experimental data. Second, our experiments lack validation from animal experiments. Therefore, further studies are needed to elucidate the mechanisms of miR-129-5p and ARID3A.



CONCLUSION

Through bioinformatics analysis and in vitro experiments, we revealed that miR-129-5p, a differentially expressed miRNA between the ABC and GCB subtypes of DLBCL, promoted apoptosis and inhibited proliferation and immune escape of DLBCL through targeted regulation of ARID3A. Specifically, we clarified that the miR-29-5P/ARID3A axis constitutes a negative feedback loop, which modulates PD-L1 expression in DLBCL and leads to changes in CD8+ T cell activity, ultimately promoting the immune escape of tumor cells (Figure 8).
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FIGURE 8. A miR-129-5P/ARID3A negative feedback loop modulates diffuse large B cell lymphoma progression and immune evasion through regulating the PD-1/PD-L1 checkpoint.
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Supplementary Figure 1 | Gating strategy for the CD8+ T cell and PD-1-expressing CD8+ T cell. (A) Total lymphocytes were gated based on side-scatter and forward-scatter. (B) Doublets were eliminated from the analysis by FS-area (FS-A) and FS-height (FS-H). (C) Cells were further analyzed by expression of CD8. (D) Within CD8+ T cells and PD-1-expressing cells were identified.
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Ferroptosis-related genes play an important role in the progression of lung adenocarcinoma (LUAD). However, the potential function of ferroptosis-related lncRNAs in LUAD has not been fully elucidated. Thus, to explore the potential role of ferroptosis-related lncRNAs in LUAD, the transcriptome RNA-seq data and corresponding clinical data of LUAD were downloaded from the TCGA dataset. Pearson correlation was used to mine ferroptosis-related lncRNAs. Differential expression and univariate Cox analysis were performed to screen prognosis related lncRNAs. A ferroptosis-related lncRNA prognostic signature (FLPS), which included six ferroptosis-related lncRNAs, was constructed by the least absolute shrinkage and selection operator (LASSO) Cox regression. Patients were divided into a high risk-score group and low risk-score group by the median risk score. Receiver operating characteristic (ROC) curves, principal component analysis (PCA), and univariate and multivariate Cox regression were performed to confirm the validity of FLPS. Enrichment analysis showed that the biological processes, pathways and markers associated with malignant tumors were more common in high-risk subgroups. There were significant differences in immune microenvironment and immune cells between high- and low-risk groups. Then, a nomogram was constructed. We further investigated the relationship between six ferroptosis-related lncRNAs and tumor microenvironment and tumor stemness. A competing endogenous RNA (ceRNA) network was established based on the six ferroptosis-related lncRNAs. Finally, we detected the expression levels of ferroptosis-related lncRNAs in clinical samples through quantitative real-time polymerase chain reaction assay (qRT-PCR). In conclusion, we identified the prognostic ferroptosis-related lncRNAs in LUAD and constructed a prognostic signature which provided a new strategy for the evaluation and prediction of prognosis in LUAD.
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INTRODUCTION

Lung cancer is the disease with the highest morbidity and mortality, among which lung adenocarcinoma (LUAD) is accounted for 40–50% of all lung cancer cases (Bray et al., 2018). At present, local resection is still the first choice for the treatment of LUAD. In recent years, molecular targeted therapy and immunotherapy have developed rapidly, which has brought success in the clinical treatment of a series of malignant tumors. Although the prognosis of some patients has improved significantly with the application of targeted therapy and immunotherapy, the survival rate is far from satisfaction (Miller et al., 2019). There is evidence showing that identification and application of novel biomarkers could bring benefits for the effective treatment of patients (Xu et al., 2021).

Ferroptosis is a form of regulatory cell death with iron dependence, caused by excessive lipid peroxidation and related to the occurrence of a variety of tumors and therapeutic response (Chen et al., 2021). Ferroptosis also plays an important role in LUAD. CAMP responsive element binding protein 1 (CREB) can directly bind to the promoter region of GPX4 to promote its expression, thereby inhibiting potential ferroptosis and promote the growth of LUAD (Wang Z. et al., 2021). P53 is a well-known tumor suppressor, which mediates apoptosis and cell-cycle arrest. In addition, it also can modulate ferroptosis in an ALOX12-dependent way and inhibit the proliferation of H1299 (Chu et al., 2019).

The abnormal expression of lncRNAs in LUAD is widely involved in the process of tumor proliferation and metastasis (Li and Chen, 2016). PD-L1-lnc was reported to directly bind to c-Myc and enhance its transcriptional activity, ultimately promoting proliferation and invasion of LUAD (Qu et al., 2021). Knockdown of lncRNA MSC-AS1 could inhibit LUAD cell growth and accelerate apoptosis through miR-33b-5p/GPAM axis (Li S. et al., 2021). What’s more, accumulating studies demonstrated that lncRNAs also regulated ferroptosis of lung cancer by interacting with ELAVL1 or miR-365a-3p (Wang et al., 2019; Gai et al., 2020). Previous studies have shown that ferroptosis-related lncRNAs could be prognostic risk factors and the signatures constructed with them can be used to distinguish high-risk patients from low-risk patients (Cai et al., 2021; Tang et al., 2021). However, the full role of ferroptosis-related lncRNAs in LUAD needs to be further explored.

Therefore, we retrieved ferroptosis-related genes from previous studies and mined potential dysregulated ferroptosis-related lncRNAs through bioinformatic analysis, based on the LUAD dataset of TCGA. Our study showed 33 lncRNAs were differentially expressed in LUAD and correlated with prognosis. Furthermore, a ferroptosis-related lncRNA prognostic signature (FLPS) was constructed based on LASSO regression. We confirmed the validity of FLPS through ROC, PCA, and Cox regression. Finally, a nomogram was constructed to predict overall survival (OS) of LUAD patients and a ceRNA network was built to further clarify the function of those lncRNAs in LUAD.



MATERIALS AND METHODS


Data Collection

The RNA-seq transcriptome data, including 497 LUAD samples and 54 adjacent normal tissues, and corresponding clinical data were extracted from TCGA database1 for differential expression analysis. All patients included in the prognostic analysis fit the following criteria: (1) histologically confirmed LUAD and (2) available information on gene expression and survival. Lastly, 468 patients with corresponding clinicopathological information were enrolled for further study. A total of 468 patients with LUAD were randomly classified into a training cohort (235 patients) and a test cohort (233 patients) at a 1:1 ratio by using the “caret” package, according to previous studies (Yang et al., 2019; Geng et al., 2021). Then 283 ferroptosis-related genes were retrieved from the previous study, including 132 drivers and 151 suppressors (Liu et al., 2020). TCGA pan-cancer data, including RNA-seq and clinical data and stemness scores based on mRNA (RNAss) and DNA-methylation (DNAss) of LUAD were extracted from xena browser2. TCGA pan-cancer data include 33 cancer types. Among them, 18 cancer types had more than five associated normal tissue samples and were used to be further investigated.



Establishment and Validation of the Ferroptosis-Related Long Non-coding RNA Prognostic Signature

The annotation of lncRNA was performed as a previous study (Tu et al., 2020). Pearson correlation was used to mine ferroptosis-related lncRNAs (with the | Person R| > 0.4 and p < 0.001).

Differentially expressed genes (DEGs), miRNAs (DEMs) and lncRNAs between tumor and adjacent normal tissues were identified by using the “limma” or “edgeR” R package (| log2FC| > 1, FDR < 0.05). Univariate Cox analysis of overall survival (OS) was performed to screen ferroptosis-related genes and lncRNAs with prognostic value. Then, R package “glmnet” was used to conduct least absolute shrinkage and selection operator (LASSO) Cox regression. A ferroptosis-related lncRNA prognostic signature (FLPS) was constructed for the LUAD patients, which involved six ferroptosis-related lncRNAs. The risk score was calculated as the formula:
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where βimeans the coefficients, whereas χi is the FPKM value of each ferroptosis-related lncRNAs.

Risk scores were calculated for all patients in our study. Kaplan–Meier curve was used to compare the OS between the high-risk and low-risk group through R package “survival” and “survminer.” Time-dependent ROC analyses and the area under the curve (AUC) were performed to assess the model by using “timeROC.” Principal component analysis (PCA) and scatter diagrams were performed by R package “ggplot2.”



Functional Enrichment and Immune-Related Scores Analysis

Differentially expressed genes between the high-risk subgroup and low-risk group were identified based on the standards of | log2FC| > 1 and p < 0.05 using the R package “limma.” Then the DEGs were inputted into the “Metascape” website for functional and pathway enrichment analysis (Zhou et al., 2019). In addition, GSEA software was used to explore the hallmarks which were highly enriched in the high-risk group. The infiltrating score of 16 immune cells and the activity of 13 immune-related pathways were calculated with single-sample gene set enrichment analysis (ssGSEA) in the “gsva” R package. The immune, stromal and estimate score for each patient was calculated by the R “estimate” package.



Competing Endogenous RNA Network Construction

The online tool LncBase V2.03 (Paraskevopoulou et al., 2016) was used to predict the downstream target miRNA with a 0.6 threshold (Paraskevopoulou et al., 2016). TargetScan4 (Agarwal et al., 2015), miRDB5 (Chen and Wang, 2020), and miRWalk6 (Dweep and Gretz, 2015) were used to predict the target genes. Then, the predicted target genes and miRNAs were intersected with the DEGs and DEMs, respectively. MiRNAs or mRNAs that were not consistent with the expression of lncRNAs or miRNAs were eliminated. Then the network of lncRNAs, miRNAs, and mRNAs was constructed by Cytoscape (version 3.8.2) (Shannon et al., 2003).



Screening of Hub Genes and Survival-Related Genes

The STRING database7 (Szklarczyk et al., 2021) was applied to construct PPI network and discover the relationship among the target genes with high confidence (0.7). Then, the gene relationship was imported into Cytoscape and the top 10 hub genes were calculated by cytoHubba. Kaplan–Meier curve and log-rank test were used to mine prognostic genes.



Samples and Quantitative Real-Time Polymerase Chain Reaction

A total of 20 paired LUAD tissues and corresponding adjacent non-tumorous tissues were obtained from patients who underwent radical resection of lung cancer in Changhai Hospital, from June 2020 to September 2020. This study was approved by Ethics Committee of Changhai Hospital (Shanghai, China), and informed consent was signed before the operation for each patient. Total RNA was extracted from samples with TRIzolTM Reagent (Invitrogen). RNA was reverse-transcribed using PrimeScriptTM RT Master Mix (Takara). Real-time PCR was performed with TB GreenTM Premix EX TaqTM II (Takara). The expression levels of lncRNAs were normalized by GAPDH. The sequences of primers were as follows: AC021016.1 forward 5′-GGGTCAAGCACACTGAGGGT-3′, and reverse 5′-ACCAGGTGTGAACCCTTGGG-3′; KTN1-AS1 forward 5′- AGGGAAATTTGGGCAGAAGT-3′, and reverse 5′-GTTACCC GTGTGAGCCTGAT-3′; GAPDH forward 5′GTCTCCTCT GACTTCAACAGCG-3′, and reverse 5′-ACCACCCTGTTGCT GTAGCCAA-3′.



Statistical Analysis

All statistical analyses were performed using R language 4.0.4 version and attached packages. Differentially expressed genes (DEGs), miRNAs (DEMs), and lncRNAs between tumor and adjacent normal tissues were identified by Wilcox test. Kaplan–Meier curve and log-rank test were used to compare OS between subgroups. Time-dependent ROC analyses and the area under the curve (AUC) were used to assess the performance of the model. Independent risk factor was screened by univariate and multivariate COX regression analysis. Spearman correlation was used to test the correlation between gene expression and stemness score, stromal score, immune score, and estimate score. Comparison of gene expression between the normal and tumors were performed in 18 cancer types which had more than five associated adjacent normal samples using linear mixed effects models. Mann–Whitney U test was used to compare the ssGSEA scores of immune cells or pathways between the high-risk and low-risk group.




RESULTS


Identification of Ferroptosis-Related Long Non-coding RNA in Lung Adenocarcinoma Patients

The workflow for construction of risk model and subsequent analyses is shown in Supplementary Figure 1. Firstly, a total of 283 ferroptosis-related gene expression matrices were extracted from the TCGA dataset. Among 283 genes, 18 genes were differentially expressed between tumor and adjacent normal tissues (Figure 1A) and consistent with univariate Cox regression analysis results (Figure 1B). A lncRNA whose expression value was correlated with one or more of the 18 ferroptosis-related genes was defined as a ferroptosis-related lncRNA. Through Pearson correlation analysis (| Pearson R| > 0.4 and p < 0.001), 590 ferroptosis-related lncRNAs were uncovered. Through analysis of differential expression and univariate Cox regression, we finally obtained 33 lncRNAs which were highly expressed in tumor and predicted a worse prognosis or were lowly expressed and predicted a better prognosis (Figures 1C,D).
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FIGURE 1. Identification of ferroptosis-related lncRNAs in LUAD patients and construction of a prognostic signature. (A) Heatmap for 18 differentially expressed genes, with red indicating high expression and blue indicating low expression. (B) Forest map for 18 prognostic genes. (C) Heatmap for 33 differentially expressed lncRNAs, with red indicating high expression and blue indicating low expression. (D) Forest map for 33 prognostic lncRNAs. (E) The optimal log λ value is indicated by the vertical black line in the plot. (F) The LASSO coefficient profile of ferroptosis-related lncRNAs, each line represents an independent lncRNA.




Construction and Validation of the Prognostic Signature for Ferroptosis-Related Long Non-coding RNA

To build the ferroptosis-LPS for predicting the OS of LUAD patients, a total of 468 patients with LUAD were randomly classified into a training cohort (235 patients) and a test cohort (233 patients) at a 1:1 ratio firstly. Then we performed the least absolute shrinkage and selection operator (LASSO) regression analysis based on the expression values of 33 ferroptosis-related lncRNA in the training cohort (Figures 1E,F). Six lncRNAs, namely, AC021016.1, AC068228.2, MIR223HG, AC009275.1, AL049555.1, and KTN1-AS1, were identified. The risk scores of each patient in TCGA training and validation cohorts were calculated based on the coefficient for each lncRNA, and the formula is as follows: risk score = -0.1889 × AC021016.1 expression level) + (0.2885 × AC068228.2 expression level) - (0.2782 × MIR223HG expression level) + (0.1150 × AC009275.1 expression level) + (0.1759 × AL049555.1 expression level) + (0.1607 × KTN1-AS1 expression level). Patients in the TCGA training and test cohorts were divided into high-risk-score and low-risk-score subgroups based on the median value of risk scores. Risk score and survival status distributions are plotted in Figures 2A,F. The heatmap results suggested that AC021016.1 and MIR223HG were downregulated in the high-risk group, whereas the expression of AC068228.2, AC009275.1, AL049555.1, and KTN1-AS1 were upregulated in the high-risk group. Kaplan–Meier survival curves indicated that LUAD patients with low-risk scores had better clinical outcomes in either training or validation cohort (Figures 2B,G), and the ROC curves showed that ferroptosis-LPS had a promising ability to predict OS in the training and validation cohorts (Figures 2C,H). PCA analysis indicated the patients in two risk groups were distributed in two directions (Figures 2D,E,I,J).
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FIGURE 2. Validation of the prognostic signature. (A) Distribution of ferroptosis-related lncRNAs model based on risk score for the training set, patterns of the survival time, and survival status between the high- and low-risk groups for the training set and clustering analysis heatmap shows the display levels of the six ferroptosis-related lncRNAs for each patient in the training set. (B) Kaplan–Meier survival curves of the OS of patients in the high- and low-risk cohorts for the training set. (C) Time-dependent ROC analysis of accuracy of the model in the training set. (D) 2D and (E) 3D plots of the PCA of the training set. (F) Distribution of ferroptosis-related lncRNAs model based on risk score for the testing set, patterns of the survival time, and survival status between the high- and low-risk groups for the testing set and clustering analysis heatmap shows the display levels of the six ferroptosis-related lncRNAs for each patient in the testing set. (G) Kaplan–Meier survival curves of the OS of patients in the high- and low-risk cohorts for the testing set. (H) Time-dependent ROC analysis of accuracy of the model in testing set. (I) 2D and (J) 3D plots of the PCA of the testing set.




Independence of the Ferroptosis-LPS Considering Other Clinical Factors

Univariate and multivariate Cox regression were performed to assess whether ferroptosis-LPS was an independent prognostic factor for patients with LUAD. In the TCGA training dataset, univariate Cox analysis indicated that ferroptosis-LPS and stage were remarkably associated with OS (p < 0.001, Figure 3A) and multivariate Cox analysis further confirmed that ferroptosis-LPS was a prognostic risk factor (Figure 3B). The same result was found in the testing cohort, which confirmed that ferroptosis-LPS was an independent risk factor for LUAD patients (univariate: p < 0.001; multivariate: p < 0.05; Figures 3C,D). These results suggested that our ferroptosis-LPS might be useful for clinical prognosis evaluation.
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FIGURE 3. Ferroptosis-LPS was an independent prognostic factor for LUAD patients. (A,B) Univariate and multivariate Cox regression analyses in the training set. (C,D) Univariate and multivariate Cox regression analyses in the testing set.




Functional Analyses in the TCGA Training and Testing Cohort

To investigate the biological functions and pathways which were associated with risk score in the training and test cohorts, the DEGs between the low- and high-risk groups were used to performed functional and pathway enrichment analysis. As expected, these DEGs were significantly enriched in cell cycle, retinoblastoma gene in cancer, and meiotic cell cycle (p < 0.05, Figures 4A,C). Gene set enrichment analysis showed that the genes in high-risk group of both train and test cohorts were significantly enriched in several hallmarks, such as MTORC1 signaling, MYC targets, G2M checkpoint, E2F targets, and so on (Figures 4B,D).
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FIGURE 4. Enrichment analysis of differentially expressed genes (DEGs) between the high- and low-risk subgroups. (A,C) Bar graph of enriched terms across input gene lists, colored by p-values, and network of enriched terms, colored by cluster ID, where nodes that share the same cluster ID are typically close to each other. (B,D) Gene set enrichment analysis (GSEA) indicating that hallmarks were enriched in the high-risk subgroup of the training and testing sets. “Log10(P)” is the p-value in log base 10.


To further explore the relationship between the risk score and immune status, ssGSEA was performed to calculate the infiltrating score of immune cells and immune-related pathways. The scores of CCR, Check-point, HLA, T_cell_co-stimulation, and Type_II_IFN_Response were lower in the high-risk group, which were confirmed by the results of testing cohort. Moreover, the infiltrating scores of aDCs, B cells, DCs, iDCs, pDCs, neutrophils, T helper cells, and TIL were obviously higher in the low-risk groups of training and testing cohorts (Figures 5A,C). We further investigated the relationship between risk score with tumor microenvironment. Interestingly, the immune, stromal, and estimate score were higher in the low risk-score group (Figures 5B,D).
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FIGURE 5. Comparison of immune status and tumor microenvironment between the high- and low-risk subgroups. (A,C) The scores of 16 immune cells and 13 immune-related functions of the training and testing set are displayed in boxplots. (B,D) The relationship between risk score with tumor microenvironment of the training and testing set. (cluster1: low-risk-score group; cluster2: high-risk-score group).




Stratification Analysis of the Ferroptosis-LPS and Construction of the Ferroptosis-LPS-Based Nomogram

The clinicopathological features and risk score of each patient in the TCGA dataset are shown in the heatmap (Figure 6A). For better assessment of the prognostic ability of the FLPS, we performed a stratification analysis to confirm its ability to predict OS in various subgroups. Compared to low-risk groups, high-risk LUAD patients had worse OS in the male and female subgroup. The same results were found in patients with age ≤ 65 or > 65, T1-2 or T3-4, and stage I-II, N0 and M0 (Figure 6B).
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FIGURE 6. Stratification analysis of the ferroptosis-LPS and construction of the ferroptosis-LPS-based nomogram. (A) Heatmap of clinicopathological features and risk score of each patient in the entire TCGA dataset. (B) Survival analysis in various subgroups. (C) The nomogram predicts the probability of the 1-, 3-, and 5-year OS.


To create a clinically applicable quantitative tool to predict the OS of LUAD patients, we established a nomogram using the risk score, age, and stage in the TCGA dataset (Figure 6C).



Association of Six Ferroptosis-Related Long Non-coding RNAs With Tumor Microenvironment and Tumor Stemness

As the risk score was significantly correlated with tumor microenvironment, we investigated the association between the expression levels of the six ferroptosis-related lncRNAs and the tumor microenvironment. We found that AC021016.1 and MIR223HG had a positive correlation with stromal scores, immune score and estimate score, whereas AC068228.2 had a negative correlation (p < 0.001, Figure 7A).
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FIGURE 7. Association of expression of six lncRNAs with tumor microenvironment and tumor stemness and the pan-cancer expression analysis. (A) Correlation matrices between six lncRNAs expression and RNAss, DNAss, stromal score, immune score, and estimate score. (B) The expression level of six lncRNAs in tumors compared with normal tissue in 18 cancer types which were composed of more than five normal samples.


In the process of cancer progression, tumor cells can gradually lose the phenotype of differentiation and acquire the characteristics of progenitor cells and stem cells, which might increase tumor resistance. Since those six lncRNAs were prognostic risk factors, we explored the correlation between them and RNA stemness score (RNAss) and DNA stemness score (DNAss), which were indicators of tumor stemness. The results showed that AC021016.1 and MIR223HG were negatively correlated with tumor stemness in both RNAss and DNAss while AC068228.2 and KTN1-AS1 had the positive correlation (p < 0.001, Figure 7A).



Analysis of Six Ferroptosis-Related Long Non-coding RNAs in Pan-Cancer

To further understand the roles of six ferroptosis-related lncRNAs in tumors, we examined their expression levels in 18 cancer types in TCGA pan-cancer data. A striking inter-tumor heterogeneity of expression of six ferroptosis-related lncRNAs was observed. For instance, the expression levels of AC021016.1 showed the largest inter-tumor heterogeneity with some tumors having high levels of AC021016.1 (CHOL, KIRP, LIHC), while others were characterized with low levels of AC021016.1 expression (BLCA, BRCA, COAD, ESCA, GBM, HNSC, KICH, KIRC, LUAD, LUSC, PRAD, READ, STAD, UCEC). In addition, except MIR223HG, other ferroptosis-related lncRNAs had high expression levels in most tumor groups (Figure 7B).

Then we further explored the prognostic value of lncRNAs in tumors. Median was used to distinguish between high and low expression groups, whereas KM curves were performed to compare outcomes between the two groups. The results showed that the altered expression of ferroptosis-related lncRNAs were generally associated with patients’ overall survival. In most tumors, high expression of AC009275.1 and AC068228.2 were associated with poor prognosis, while other lncRNAs’ prognostic effect depended on the type of tumors (Supplementary Figure 2).



Construction of the Competing Endogenous RNA Network and Functional Enrichment Analysis

Several lncRNAs were found to act as miRNA sponges to participate in the regulation of gene expression. Then we explored the DEMs and DEGs based on the TCGA-LUAD dataset (|log2FC| > 1, FDR < 0.05); 369 DEMs and 1,517 DEGs were identified by the “edgeR” package. Top 20 up- and downregulated DEMs and DEGs are shown in Supplementary Figure 3. Using the LncBase Predicted v.2, we predicted the targeted miRNA of the six ferroptosis-related lncRNAs with a 0.6 threshold. Then the intersection of target miRNAs for downregulated lncRNAs with upregulated miRNAs of TCGA dataset and target miRNAs for upregulated lncRNAs with downregulated miRNAs of LUAD were taken. To further explore the target genes of the miRNAs, we applied TargetScan, miRDB, and miRWalk to predict the target genes. We used the negative correlation criteria [(a) miRNAs should be targeted to the mRNA; (b) the expression level of mRNAs should be opposite to miRNAs; and (c) the mRNAs belong to DEGs] to screen the downstream mRNAs. Ultimately, five ferroptosis-related lncRNAs, 45 miRNAs, and 107 mRNAs were included in our ceRNA network (Figure 8A).
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FIGURE 8. Construction of the ceRNA network and screening of hub genes. (A) The ceRNA Network which consists of five ferroptosis-related lncRNAs, 45 miRNAs and 107 mRNAs. (B–D) Bubble plots showing GO analysis of 107 genes for biological process, cellular component and molecular function. (E) Cnetplot for KEGG signal pathway of 107 genes. (F,G) The PPI network of 41 genes and hub genes among them. (H,I) Kaplan–Meier survival curves of BIRC5 and CKS1B.


Furthermore, Go and KEGG enrichment analyses were performed to clarify the biological function of 107 downstream genes. Through BP analysis, response to peptide hormone, cell growth, regulation of cell growth, and regulation of cell-cell adhesion were obviously enriched (Figure 8B). The results of CC analysis contained membrane raft, membrane microdomain, membrane region, and focal adhesion (Figure 8C). Moreover, MF analysis revealed that downstream genes were mostly enriched in protein serine/threonine kinase activity (Figure 8D). KEGG analysis demonstrated that axon guidance, hippo signaling pathway, TGF-beta signaling pathway, cellular senescence, and steroid biosynthesis were the top five enriched pathways (Figure 8E).



Screening of Hub Genes and Survival-Related Genes

Through STRING database, a total of 41 genes were screened out of 107 target genes to construct the PPI network, which contained 41 nodes and 42 edges (Figure 8F). The 10 hub genes (CAV1, BIRC5, CKS1B, SMAD7, BMPR2, PTPN1, BMP2, EDN1, TGFBR2, and CXCL12) were screened out by the rank of degree which was calculated by cytoHubba in cytoscape (Figure 8G). The KM curve showed that the expression of BIRC5 and CKS1B were negatively correlated with survival prognosis (p < 0.01, Figures 8H,I).



Validation of the Expression Level of Ferroptosis-Related Long Non-coding RNAs in Lung Adenocarcinoma Samples

To validate the expression levels of ferroptosis-related lncRNAs, we detected two ferroptosis-related lncRNAs expression levels in 20 LUAD samples and 20 adjacent normal tissues through qRT-PCR. The results showed that AC021016.1 was significantly downregulated in LUAD while KTN1-AS1 was highly expressed in LUAD (Supplementary Figure 4).




DISCUSSION

Long non-coding RNAs (lncRNAs) are a kind of non-protein coding RNAs with over 200 nucleotides (Wang J. et al., 2021). They are widely expressed in human cells and play vital roles in regulation of pathological and physiological processes in various types of malignant tumors (Zhou et al., 2020). Previous studies have constructed a few of lncRNA prognosis signatures, like m6A-related lncRNA signature (Xu et al., 2021), immune-related lncRNA signature (Wang J. et al., 2021), and autophagy-related lncRNA signature (Zhou et al., 2020), which can be used to identify high-risk patients and judge the prognosis of them. Ferroptosis is a form of regulatory cell death and plays an important role in the occurrence and development of LUAD. Some studies have shown that lncRNAs can participate in the regulation of ferroptosis and growth of LUAD (Sánchez et al., 2014; Johnson et al., 2017; Zhang et al., 2017; Wang et al., 2019; Gai et al., 2020). Thus, ferroptosis-related lncRNAs are potential markers for prognosis and a prognostic model based on them for LUAD is still lacking.

To construct a prognostic model, we firstly uncovered 18 ferroptosis-related genes through gene expression differential analysis and Cox regression. Among them, cysteine dioxygenase 1 (CDO1), toll-like receptor 4 (TLR4), and dual oxidase 1 (DUOX1) were downregulated in tumors and played a protective role, while Fanconi anemia complementation group D2 (FANCD2) and others were with high expression in tumors and were risk factors for prognosis. CDO1 was found to transform cysteine to taurine while cysteine was an indispensable substrate of glutathione peroxidase 4 (GPX4), a lipid repair enzyme of ferroptosis. The suppression of CDO1 increased the expression of GSH and inhibited ferroptosis in gastric cancer (Hao et al., 2017). In another study (Chen et al., 2019), Chen et al. reported that the silence of TLR4 and NOX4 significantly retarded the autophagy and ferroptosis in rats with heart failure. FANCD2, a nuclear protein that responds to DNA damage repair, negatively regulated ferroptosis of bone marrow injury in cancer treatment and could be a potential target of anticancer therapies (Song et al., 2016). In addition, a 10 ferroptosis-related genes signature and a ferroptosis-related gene signature with five genes were constructed to predict the prognosis of patients with LUAD (Wang S. et al., 2021; Zhu et al., 2021). In general, ferroptosis-related genes play important roles in the progression of LUAD.

It has been reported that ferroptosis-related lncRNAs were prognostic risk factors and the signatures constructed with ferroptosis-related lncRNAs can be used to distinguish high-risk patients from low-risk patients (Cai et al., 2021; Tang et al., 2021). However, the full role of ferroptosis-related lncRNAs in LUAD remains to be further explored. Here, we mined ferroptosis-related lncRNAs through Pearson correlation and constructed a prognostic Signature with six ferroptosis-related lncRNAs. Through Kaplan–Meier survival curves, ROC curve, PCA, and univariate and multivariate COX regression, we further confirmed the validity of our signature. Among the six lncRNAs, AC021016.1 and MIR223HG were downregulated in LUAD and were protective factors for prognosis, while KTN1-AS1 and others were upregulated and were risk factors for prognosis. LncRNA KTN1-AS1 was upregulated in several tumors, such as non-small cell lung cancer, bladder cancer, head and neck squamous cell carcinoma, and hepatocellular carcinoma and promoted the progression of tumors (Zhang et al., 2019; Jiang et al., 2020; Hu et al., 2021; Li Y. Y. et al., 2021). In our study, we find that lncRNA KTN1-AS1 was significantly upregulated in LUAD and correlated with tumor stemness and tumor microenvironment. In another study (Geng et al., 2021), MIR223HG was found to be a genome instability-related lncRNA and used to construct a genome instability-related lncRNA signature, which further confirmed the potential function of MIR223HG in LUAD. AL049555.1 was demonstrated to be highly expressed and associated with high risk of PAAD (Wang et al., 2020). The function of AC021016.1, AC068228.2, and AC009275.1 has not been elucidated and our research uncovered their potential roles in LUAD.

To further elucidate the potential function of six ferroptosis-related lncRNAs, we constructed ceRNA network to find the downstream genes. Through STRING and Cytoscape, we found the 10 hub genes of PPI network. Among them, the high expression of BIRC5 and CKS1B were significantly correlated with poor prognosis. BIRC5 is a well-known therapeutic target of cancers (Li et al., 2019) and plays an important role in cell division and inhibits cell death (Wheatley and Altieri, 2019). Previous research revealed that BIRC5 was elevated and promoted the development of lung cancer (Han et al., 2020). CKS1B, a member of Cks/Suc1 family, is involved in the regulation of cell cycle and chemotherapeutic resistance in cancers (Wang et al., 2017). In lung cancer, it also promotes cell growth and induces drug resistance (Shi et al., 2020). In addition, although CAV1, SMAD7, BMP2, EDN1, and CXCL12 were not significantly different in the prognostic analysis in our study, they also play important roles in the occurrence and development of lung cancer (Katsura et al., 2018; Yan et al., 2019; Huang et al., 2020; Pulido et al., 2020; Tong et al., 2020). In general, the functions of target genes further confirmed the potential roles of those lncRNAs. Finally, we detected two ferroptosis-related lncRNAs expression levels through qRT-PCR with 20 pairs of samples, which increased the reliability of our results.

Ferroptosis is a new form of cell death that might potentially provide a new strategy in clinical cancer therapy. However, the crosstalk among ferroptosis and other cell death processes, auto-immune microenvironment, and maintenance and transformation of tumor stem cells remain unsolved. In this study, we constructed a ferroptosis-related lncRNA signature and confirmed its validity in predicting survival outcomes of LUAD. We hope that these findings will provide some useful insights for clinical practice. However, several limitations were in our study. Firstly, multicenter LUAD datasets are needed to verify the validity of our model. Secondly, although we confirmed the expression in our own samples through qRT-PCR, the application of this prognostic prediction model in LUAD need to be further explored.
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Long noncoding RNAs (lncRNAs), defined as ncRNAs no longer than 200 nucleotides, play an important role in cancer development. Accumulating research on lncRNAs offers a compelling new aspect of genome modulation, in which they are involved in chromatin remodeling, transcriptional and post-transcriptional regulation, and cross-talk with other nucleic acids. Increasing evidence suggests that lncRNAs reshape the tumor microenvironment (TME), which accounts for tumor development and progression. At the same time, the insightful findings on lncRNAs in immune recognition and evasion in tumor-infiltrating immune cells raise concerns with regard to immuno-oncology. In this review, we describe the essential characteristics of lncRNAs, elucidate functions of immune components engaged in tumor surveillance, and present some instructive examples in this new area.
Keywords: lncRNA, cancer, tumor environment, immune surveillance, immuno-oncology
INTRODUCTION
In recent years, in both basic and clinical medical research, a popular and widely appreciated topic is elucidating the role of noncoding RNAs in human physiology and diseases. Decades ago, the major part of the genome, which does not encode proteins, was recognized as the “junk” DNA (Pennisi, 2012; McNally, 2017). Owing to the development of high-throughput sequencing technology, the GENCODE project has helped researchers to understand that ncRNAs cover over 90% of the human genome, and has annotated various kinds of ncRNAs, which promoted a widespread interest in long noncoding RNAs (Harrow et al., 2012; Frankish et al., 2019). The extensive studies of lncRNA have revolutionized our understanding of genetic and cellular molecule regulation in physiological and pathological phenomena.
An increasing number of studies have emphasized the view that lncRNAs are frequently involved in the process of cancer development. Controversy remains regarding the regulatory actions and effects of some lncRNAs in tumorigenesis. While in clinic translation, research on lncRNAs as a genetic screening marker or therapeutic target is ongoing (Do and Kim, 2018; Slack and Chinnaiyan, 2019). Meanwhile, immuno-oncology is becoming one of the most active fields in academic discovery. The abundant signal networks of immune cells, the multi-layered mechanisms of innate and adaptive immunity, and the numerous compositions of the tumor microenvironment (TME) add complexity to the explication of cancer immunity (Mayes et al., 2018; Weiden et al., 2018; Jones et al., 2019). We propose that, for immuno-oncology, besides the recognized protein-coding oncogenes and suppressors, studies on lncRNAs provide an important way to broaden our horizons in cancer immune biology.
In this review, we intend to summarize the definition and classification of lncRNAs considering their functions, to reveal the connections of lncRNAs with cancer immunity, and to highlight the relative translational research.
CHARACTERISTICS AND FUNCTIONS OF LNCRNA
lncRNAs are defined as the noncoding RNAs with a length of at least 200 nucleotides (nt). Compared with conventional protein-coding RNAs, lncRNAs are generally characterized as having lower abundance, more frequent nuclear location, and less evolutionary conservation (Ulitsky and Bartel, 2013; Ulitsky, 2016). For molecular structure, the mature polynucleotide strand is often 5’ capped, tailed with poly adenosine (Poly A) and/or spliced (Gruber and Zavolan, 2019). The functions of lncRNAs rely on their interactions with biomolecules, such as DNA (enhancer, promoter), proteins (transcription factor, enzyme) and other types of RNA (mRNA, miRNA) (Figure 1). Given their interactions with DNA, RNA, and proteins, several key technologies and tools are commonly used to identify and annotate their roles, such as ChiRP (Chu et al., 2012), RIP (Gagliardi and Matarazzo, 2016), RNA-FISH (Mahadevaiah et al., 2009), and PAR-CLIP (Spitzer et al., 2014). Notably, new evidence has convinced scientists that most transcripts of the annotated lncRNAs do not have direct biological functions (Uszczynska-Ratajczak et al., 2018). The functional activity of some transcripts is not related to their abundance in cells and the specific-sequence, which might be consistent with the above features. Given the discovery of bi-directional transcription initiation in promoters and enhancers, lncRNAs represent the major group of RNAs that are initiated at the DNA elements, which lacks encoding functions. According to the relative location to the coding-gene and the direction of transcription, lncRNAs are broadly classified as antisense, intronic, intergenic, sense overlapping, and bidirectional lncRNAs (Figure 2) (Harrow et al., 2012).
[image: Figure 1]FIGURE 1 | Functions of lncRNAs based on molecules interacted with. (A) lncRNAs recruit enzymes and transcription factors to involve in chromatin remodeling and transcription initiation. (B) lncRNAs regulate mRNA stability directly or indirectly. (C) lncRNAs bind with RNA binding protein and help with functions of the latter.
[image: Figure 2]FIGURE 2 | Locations of long noncoding RNAs in the genome. Green squares indicate protein coding genes in the genome, while red squares indicate noncoding RNA transcripts. Sense overlapping, antisense, intronic, intergenic, and bidirectional lncRNA loci was classified by different relative locations with protein coding genes.
COMPONENTS AND EVENTS OF CANCER IMMUNE RECOGNITION AND ESCAPE
The recent compelling achievements in cancer immune therapy are attributable to the persistent exploration of immunobiology during all stages of cancer development. It has been gradually appreciated that many, if not most, neoantigens from distinct cancer cells can be presented to T cells and set off a series of effects (Woo et al., 2015; Altorki et al., 2019). However, in observing individuals, the progression of cancer continues, arguing that the neoplasm finally escaped from the hunting of the immune system. This phenomenon involves the close cooperation of cells and molecules in the immune system.
The initial recognition of neoantigens starts with antigen exposure and uptake, which is accomplished by dendritic cells (DCs). The immigrated DCs present antigen peptides and promote the activation of adaptive immune cells, such as CD8+ T cells. The cascade activated CD8+ T cells flow back to the tumor microenvironment (TME), recognizing and attacking malignant cells. Simultaneously, other innate immune cells, also participate in the TME, including natural killer cells (NK cells), γδT cells, plasmacytoid DCs, macrophages, monocytes, and some myeloid cells (Ribas, 2015; Patel and Minn, 2018). Different kinds of innate immune cells comprise a great network to respond to the emergence of neoantigens.
Some macrophages are described as essential populations of cells in immune-oncology. The conventional recognized macrophages that are involved in the inflammatory response and act as antimicrobic and antitumor components of innate immunity are classified as M1 macrophages. M2 macrophages often have alternative activation, and function as immune modulators in Th2-related mechanisms and cancer development (Allavena et al., 2008; Mantovani and Locati, 2016). The term “tumor-associated macrophages” (TAMs) refers to macrophages existing in TME and share similar surface markers with M2 macrophages. Scientists have proposed that TAMs do not represent a subset of macrophages owing to their instability and dependence on tumors.
Myeloid-derived suppressor cells (MDSCs) comprise a group of myeloid cells generated in pathology, mainly cancer. The most remarkable proposed function of MDCSs is as a suppressor of T cell response. MDSCs are often closely involved in the progression of metastasis in different kinds of malignancies. Tumor cells secrete growth factors and chemokines to expand and recruit MDSCs, which play a role in protecting tumor cells from destruction by host immunity and physical injury, facilitate immune escape and support angiogenesis in neoplasms (Gabrilovich and Nagaraj, 2009; Talmadge and Gabrilovich, 2013; Veglia et al., 2018).
LATEST ACHIEVEMENTS IN LNCRNAS MODULATION IN IMMUNE-ONCOLOGY
Here, we retrieved all relative original studies in PubMed (www.ncbi.nlm.nih.gov/pubmed). The Medical Subject Headings (MeSH) terms used were “RNA, Long Noncoding” AND “Neoplasms” AND cell types, containing “Macrophages” (51 results), “Dendritic Cells” (5 results), “Killer Cells, Natural” (4 results),” Neutrophils” (6 results), “Myeloid-Derived Suppressor Cells” (8 results), “T-Lymphocytes” (49 results), “B-Lymphocytes” (20 results) and “Lymphocytes, Tumor-Infiltrating” (14 results). Ultimately, all results were checked artificially. We only enrolled the lncRNA research referring to the immune effects confirmed by cell and/or animal oncological experiments. Studies on lymphomas caused by immune cell development disorders were eliminated (Table 1; Figure 3).
TABLE 1 | Research on lncRNAs as regulators in cancer immunity.
[image: Table 1][image: Figure 3]FIGURE 3 | Mechanisms of lncRNAs related to different immune components in tumor microenvironment. LNMAT1, LINC00662, and HISLA regulate macrophages polariztion or tumor growth through chemokine, wnt pathway, or extracellular vesicles, respectively. HOTTIP stimulates tumor cells to secret IL-6 for inducing PD-L1 on the surface of tumor-associated neutrophils. LIMIT, LINC00473, NKILA, and lnc-EGFR modulate recognition and cytotoxicity of T cells to tumor cells. Myeloid-derived suppressor cells and tumor-associated dendritic cells assist tumor immune evasion by lnc-C/EBPβ, lncRNA XIST, and MALAT1.
Macrophages
In all articles retrieved, three classes of mechanisms of macrophages engaging in the immune modulation of tumor behavior were identified. Studies on macrophage polarization reported the most numerous RNA molecules. The epigenetic regulation implemented by lncRNAs influences the expression of CCL2, which is prominent in macrophage recruitment. The interaction of glucometabolism between TAM and cancer cells provides an interesting method for signaling communication via extracellular vesicles (EVs).
LINC00662 is identified as a tumor-promoting marker because of its involvement in patient’s prognosis in hepatocellular carcinoma (HCC). Its endogenous competing mechanism explains its behavior in cytoplasm. During competitive binding with miR-15a, miR-16, and miR-107, LINC00662 activates the expression and secretion of WNT3A. By the way of autocrine and paracrine, both in HCC cells and macrophages upregulate the Wnt/β-catenin pathway to promote cancer cell migration and macrophage polarization in TME, respectively (Tian et al., 2020a).
The lncRNA, LNMAT1, is highly expressed in tissue from lymph nodes of bladder cancer patients, which is significantly related to their prognosis and tumor metastasis. LNMAT1, as an intergenic gene, can dramatically enhance the transcription of CCL2, by recruiting hnRNPL to its promoter and mediatingH3K4 tri-methylation. The silenced cells demonstrate that CCL2 is the essential protein inducing LNMAT1-related lymph node metastasis. CCL2 enrolled macrophages can lead to TAM infiltration and lymph angiogenesis (Chen et al., 2018).
Lnc-BM also affects metastasis by CCL2 function of recruiting macrophages. A study of breast cancer brain metastases showed that the interaction between Lnc-BM and JAK activates the latter and results in phosphorylation of STAT3, of which the downstream proteins contain ICAM1 and CCL2. The consecutive action of Lnc-BM/JAK/STAT3 pathway prompts the vascular co-option and ultimately induces macrophages migration and penetration of the blood-brain barrier. Notably, the critical factors IL-6 and endostatin M, which trigger STAT3 phosphorylation, can in return be secreted by recruited macrophages. The mechanism shows a positive feedback loop in cytokines action (Wang et al., 2017).
HISLA is a myeloid-specific molecule, which is packaged in the EV secreted from TAMs of breast cancer cells. The extracellular vesicle has been reported as an efficient transporter in TME, carrying critical signaling molecules (Luga et al., 2012; Boelens et al., 2014). The transmission of HISLA from TAM to cancer cells restrains the hydroxylation via a reduction of the binding between PHD2 and HIF-1α, and stabilizes the latter (Semenza, 2012; Semenza, 2013). The relatively high level of the oxygen-sensing transcription factor, HIF-1α, enhances aerobic glycolysis and the capability of apoptosis resistance in breast cancer cells. Correspondingly, the accumulation of lactate up-regulates the abundance in cancer cells, which creates a positive feedback loop between interactions of TAMs and cancer cells, leading to the survival of cancer cells under stress and therapy. Finally, the resistance of chemotherapy was validated in a mouse model experiment (Chen et al., 2019).
Neutrophils
Tumor-associated neutrophils are cells in the TME that have gradually attracted attention, which can be recruited to regulate adaptive immunity through the PD-1/PD-L1 pathway (He et al., 2015). HOTTIP, a long noncoding RNA, promotes the secretion of IL-6 in ovarian cancer cells, maintaining high levels of PD-L1 on the surface of neutrophils. Consequently, the accumulating immune exhaustion inhibits the function of T cells and causing tumor cells to escape immune surveillance (Shang et al., 2019).
Dendritic Cells
MALAT-1 is a well-known lncRNA with a long history in epigenetic research (Ji et al., 2003). The latest studies report that MALAT1 expressed by tumor associated DCs is attributable to the epithelial-to-mesenchymal transition (EMT), invasion, and migration of tumor cells in colon cancer. Upregulation of MALAT-1 stimulates the expression of Snail, and subsequently activates the functions of CCL5. The downstream manner of CCL5 also refers to proliferation, angiogenesis, and chemotherapeutic resistance, as reported in other oncological studies (Kan et al., 2015; Aldinucci and Casagrande, 2018).
MDSCs
Studies have shown that MDSCs modulate immune responses in the TME. Lnc-C/EBPβ has been demonstrated as a suppressor in functional regulation of MDSCs. The functioning of lnc-C/EBPβ depends on a series of transcripts, including COX2, NOX2, NOS2, and Arg-1. The downstream targets of these molecules cover the secretion of IFN-γ, the distribution of CD4+ and CD8+ T cells, and the differentiation of MDSCs. Mechanically, the binding of lncRNA with C/EBPβ (located at the LIP isoform) obstructs the activation of the protein (Gao et al., 2018a).
Other researchers describe different effects of Lnc-C/EBPβ on the subset transformation of CD11b+Ly6ChiLy6G− monocytic MDSC (Mo-MDSC) and CD11b+Ly6Clow/negLy6G+ polymorphonuclear MDSC (PMN-MDSC). In vitro and in vivo experiments demonstrate that Lnc-C/EBPβ induces bias of PMN-promotion and Mo-suppression during development. This tendency occurs by a two-way method: One is the aforementioned bounding to LIP, and the other is interaction with WDR5 to stop the activation of H3K4me3 in the promoter of IL4i1. The distinct functions of the two subsets of MDSC lead to different influences on neighboring tumor cells (Gao et al., 2019).
Transgenic mouse model experiments showed that LncRNA XIST acts as a regulator of the CXCL12/CXCR4 axis. Higher levels of LncRNA XIST bind with miR-133a-3p and functioning as molecule sponge, liberating the block of RhoA by miRNA. These actions promote the EMT, recruitment of MDSCs and macrophages, and accumulation of antigen-presenting cells, contributing to tumorigenesis under a continuous inflammatory environment (Yu et al., 2019).
T Cells
In cancer immunosurveillance, cytotoxic T lymphocytes are dominant in the identification and destruction of cancer cells. However, for the existence of regulation factors, such as TNF, FasL, and TRAIL, activated T cells in TME often suffer immunological elimination, called activation-induced cell death (AICD) (Schietinger and Greenberg, 2014). NKILA, an lncRNA translated in T cells, sets off the activating threshold of AICD. Under the status of T cell activation, the Ca2+ related signal removes the deacetylase in area of NKILA promoter and up-regulates the transcription mediated by STAT1. Treatment of patient-derived xenografts (PDXs) of breast cancer with NKILA-CTLs injection has shown compelling efficiency in suppressing tumor growth. This study indicates the stirring potential strategies of immunotherapy of lncRNAs engineering (Huang et al., 2018).
The promotion of differentiation of regulatory T cells (Tregs) is also a subject of T cell studies in cancer immunity. Lnc-EGFR can combine with the target transcript EGFR in a sequence-specific manner and protect it from ubiquitination mediated by c-CBL. Stabilization of EGFR sets up the AP-1/NF-AT1 pathway, which consists of positive feedback enhancing the expression of EGFR. The modulation of lnc-EGFR was confirmed in both PDX and humans with HCC, and results in Treg differentiation, CTL suppression, and tumor growth (Jiang et al., 2017).
The co-stimulation signals between activated T cells and tumor cells have been proposed as a convincing target of immune therapy. LINC00473 has been identified as a regulator of programmed death-ligand-1 (PD-L1) in pancreatic cancer. The RNA molecule works as an ceRNA, buffering the levels of miR-195-5p and mRNA of PD-L1. The results demonstrated that silencing of LINC00473 contributes to enhanced expression of IFN-γ, Bax, and IL-4, and, simultaneously, decreases the levels of MMP-2, MMP-9, IL-10, and Bcl-2. Thus, LINC00473 induces a reduction of apoptosis and enhanced proliferation, invasion, and migration of cancer cells (Zhou et al., 2019).
Major histocompatibility complex-I (MHC-I) represents a type of molecule that presents antigens to CD8+ T cells, involving tumor antigen recognition. The lncRNA, inducing MHC-I and immunogenicity of tumor (LIMIT) acts as an accelerator in MHC-I generation. LIMIT can be stimulated by IFN-γ and cis-activate the guanylate-binding protein (GBP) gene cluster. GBPs can disrupt the interaction between HSP90 and HSF1, followed by transcriptional activation of MHC-I, but not PD-L1. This finding indicates a potential pan-cancer epigenetic target of immune therapy (Li et al., 2021).
Clinical Translational Research
Exploring the mechanisms of lncRNAs provides new insights into applications of the molecules as drugs and biomarkers. As this is still an emerging field, only a handful of lncRNA drugs have been approved, but there is accumulated experience with RNA drugs. Small interfering RNAs (siRNAs), antisense oligonucleotides (ASOs), and the CRISPR/Cas9 system are commonly used in drug design (Matsui and Corey, 2017; Chen et al., 2021a). Malat1, a well-studied lncRNA, was systemically knocked down using ASOs in a mouse mammary carcinoma model, and showed lower tumor burden and significant reduction in metastasis. Given the roles of the drugs acting on cancer immunity have not been well elucidated, and their efficacy and safety determined through lnRNAs primary studies will stimulate confidence for them to be tested in clinical trials (Arun et al., 2016). In the meantime, bioinformatics is used in an attempt to filter out the vital lncRNAs in cancer immunity of different kinds of malignancies (Wang et al., 2018; Sun J. et al., 2020; Wu Y. et al., 2020; Zhang et al., 2020b; Wang J. et al., 2021; Mao et al., 2021; Zhou et al., 2021), and the findings may help with biomarker construction or further mechanism research. In a clinical trial of efficacy biomarkers based on the phase 2 IMvigor210 cohort, the authors reported a novel lncRNA-based immune classification in cancer immunotherapy and recommended immunotherapy for the immune-active class.
CONCLUSION AND PERSPECTIVE
Research on the immunological modulation of lncRNAs in affecting cancer manners is an emerging area enriched by interactive innovation in multiple disciplines. As detailed in the review, lncRNAs engage in many critical events in the immunological balance of elimination or escape in tumor locations. For oncologists, much more attention should be paid to the interactions between cells rather than focusing on single cancer cells and doubling the difficulty. The major challenge to study on lncRNAs is that despite their importance, the current technologies are used to reveal their molecular mechanisms are quite technically difficult. Explaining the mechanism of lncRNA regulation requires the excellent ability to perform epigenetic and molecular biologic experiments. New technologies, for example, new sequencing methods that can directly sequence DNA, RNA, and RNA modifications as well as proteomics will shed light on their role in the transcription processes, immune modulation, and cancer progression. All this technological progress may enhance our understanding of lncRNAs in cancer and will give a better view of disease etiology and will help guide future diagnosis and ultimately therapeutic options. Nevertheless, the possibility of enhancing our understanding of immune surveillance and finding new therapeutic targets for cancer offers continuous motion of relative discovery.
AUTHOR CONTRIBUTIONS
Xi W conceived the idea of the review and wrote the paper. Xu W contributed to revision. MX and WS are responsible for ensuring that the descriptions are accurate and agreed by all authors.
FUNDING
This work was supported by National Natural Science Foundation of China (81972249, 81802367, 81802361), Shanghai Clinical science and technology innovation project of municipal hospital (SHDC12020102), Shanghai Clinical Research Plan of SHDC (SHDC2020CR4068), Shanghai Nova Young Medical Talents Funding Program, Shanghai Health Personnel (2020 No. 087), Fudan University's 2019 "Double First-class" Original Research Personalized Support Project (XM03190634), Shanghai Science and Technology Development Fund (18ZR1408000), Shanghai Science and technology development fund 19MC1911000), Clinical Research Project of Shanghai Municipal Health Committee (20194Y0348), and Shanghai Anticancer Association EYAS project (SACA-CY19B10).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aldinucci, D., and Casagrande, N. (2018). Inhibition of the CCL5/CCR5 Axis against the Progression of Gastric Cancer. Int. J. Mol. Sci. 19 (5), 1477. doi:10.3390/ijms19051477
 Allavena, P., Sica, A., Garlanda, C., and Mantovani, A. (2008). The Yin-Yang of Tumor-Associated Macrophages in Neoplastic Progression and Immune Surveillance. Immunol. Rev. 222, 155–161. doi:10.1111/j.1600-065X.2008.00607.x
 Altorki, N. K., Markowitz, G. J., Gao, D., Port, J. L., Saxena, A., Stiles, B., et al. (2019). The Lung Microenvironment: an Important Regulator of Tumour Growth and Metastasis. Nat. Rev. Cancer 19 (1), 9–31. doi:10.1038/s41568-018-0081-9
 Arun, G., Diermeier, S., Akerman, M., Chang, K.-C., Wilkinson, J. E., Hearn, S., et al. (2016). Differentiation of Mammary Tumors and Reduction in Metastasis uponMalat1lncRNA Loss. Genes Dev. 30 (1), 34–51. doi:10.1101/gad.270959.115
 Boelens, M. C., Wu, T. J., Nabet, B. Y., Xu, B., Qiu, Y., Yoon, T., et al. (2014). Exosome Transfer from Stromal to Breast Cancer Cells Regulates Therapy Resistance Pathways. Cell 159 (3), 499–513. doi:10.1016/j.cell.2014.09.051
 Cao, J., Dong, R., Jiang, L., Gong, Y., Yuan, M., You, J., et al. (2019). LncRNA-MM2P Identified as a Modulator of Macrophage M2 Polarization. Cancer Immunol. Res. 7 (2), 292–305. doi:10.1158/2326-6066.CIR-18-0145
 Chen, C., He, W., Huang, J., Wang, B., Li, H., Cai, Q., et al. (2018). LNMAT1 Promotes Lymphatic Metastasis of Bladder Cancer via CCL2 Dependent Macrophage Recruitment. Nat. Commun. 9 (1), 3826. doi:10.1038/s41467-018-06152-x
 Chen, F., Chen, J., Yang, L., Liu, J., Zhang, X., Zhang, Y., et al. (2019). Extracellular Vesicle-Packaged HIF-1α-Stabilizing lncRNA from Tumour-Associated Macrophages Regulates Aerobic Glycolysis of Breast Cancer Cells. Nat. Cel Biol 21 (4), 498–510. doi:10.1038/s41556-019-0299-0
 Chen, S., Shao, C., Xu, M., Ji, J., Xie, Y., Lei, Y., et al. (2015). Macrophage Infiltration Promotes Invasiveness of Breast Cancer Cells via Activating Long Non-coding RNA UCA1. Int. J. Clin. Exp. Pathol. 8 (8), 9052–9061. 
 Chen, Y., Li, Z., Chen, X., and Zhang, S. (2021a). Long Non-coding RNAs: From Disease Code to Drug Role. Acta Pharmaceutica Sinica B 11 (2), 340–354. doi:10.1016/j.apsb.2020.10.001
 Chen, Y., Tang, G., Qian, H., Chen, J., Cheng, B., Zhou, C., et al. (2021b). LncRNA LOC100129620 Promotes Osteosarcoma Progression through Regulating CDK6 Expression, Tumor Angiogenesis, and Macrophage Polarization. Aging 13 (10), 14258–14276. doi:10.18632/aging.203042
 Chu, C., Quinn, J., and Chang, H. Y. (2012). Chromatin Isolation by RNA Purification (ChIRP). J. Vis. Exp. 25 (61), 3912. doi:10.3791/3912
 Do, H., and Kim, W. (2018). Roles of Oncogenic Long Non-coding RNAs in Cancer Development. Genomics Inform. 16 (4), e18. doi:10.5808/GI.2018.16.4.e18
 Dong, F., Ruan, S., Wang, J., Xia, Y., Le, K., Xiao, X., et al. (2020). M2 Macrophage-Induced lncRNA PCAT6 Facilitates Tumorigenesis and Angiogenesis of Triple-Negative Breast Cancer through Modulation of VEGFR2. Cell Death Dis 11 (9), 728. doi:10.1038/s41419-020-02926-8
 Frankish, A., Diekhans, M., Ferreira, A.-M., Johnson, R., Jungreis, I., Loveland, J., et al. (2019). GENCODE Reference Annotation for the Human and Mouse Genomes. Nucleic Acids Res. 47 (D1), D766–D773. doi:10.1093/nar/gky955
 Gabrilovich, D. I., and Nagaraj, S. (2009). Myeloid-derived Suppressor Cells as Regulators of the Immune System. Nat. Rev. Immunol. 9 (3), 162–174. doi:10.1038/nri2506
 Gagliardi, M., and Matarazzo, M. R. (2016). RIP: RNA Immunoprecipitation. Methods Mol. Biol. 1480, 73–86. doi:10.1007/978-1-4939-6380-5_7
 Gao, Y., Shang, W., Zhang, D., Zhang, S., Zhang, X., Zhang, Y., et al. (2019). Lnc-C/Ebpβ Modulates Differentiation of MDSCs through Downregulating IL4i1 with C/EBPβ LIP and WDR5. Front. Immunol. 10 (1661), 1661. doi:10.3389/fimmu.2019.01661
 Gao, Y., Sun, W., Shang, W., Li, Y., Zhang, D., Wang, T., et al. (2018a). Lnc-C/Ebpβ Negatively Regulates the Suppressive Function of Myeloid-Derived Suppressor Cells. Cancer Immunol. Res. 6 (11), 1352–1363. doi:10.1158/2326-6066.CIR-18-0108
 Gao, Y., Wang, T., Li, Y., Zhang, Y., and Yang, R. (2018b). Lnc-chop Promotes Immunosuppressive Function of Myeloid-Derived Suppressor Cells in Tumor and Inflammatory Environments. J. Immunol. 200 (8), 2603–2614. doi:10.4049/jimmunol.1701721
 Gruber, A. J., and Zavolan, M. (2019). Alternative Cleavage and Polyadenylation in Health and Disease. Nat. Rev. Genet. 20 (10), 599–614. doi:10.1038/s41576-019-0145-z
 Harrow, J., Frankish, A., Gonzalez, J. M., Tapanari, E., Diekhans, M., Kokocinski, F., et al. (2012). GENCODE: the Reference Human Genome Annotation for the ENCODE Project. Genome Res. 22 (9), 1760–1774. doi:10.1101/gr.135350.111
 He, G., Zhang, H., Zhou, J., Wang, B., Chen, Y., Kong, Y., et al. (2015). Peritumoural Neutrophils Negatively Regulate Adaptive Immunity via the PD-L1/pd-1 Signalling Pathway in Hepatocellular Carcinoma. J. Exp. Clin. Cancer Res. 34, 141. doi:10.1186/s13046-015-0256-0
 Huang, D., Chen, J., Yang, L., Ouyang, Q., Li, J., Lao, L., et al. (2018). NKILA lncRNA Promotes Tumor Immune Evasion by Sensitizing T Cells to Activation-Induced Cell Death. Nat. Immunol. 19 (10), 1112–1125. doi:10.1038/s41590-018-0207-y
 Huang, J. k., Ma, L., Song, W. h., Lu, B. y., Huang, Y. b., Dong, H. m., et al. (2017). LncRNA‐MALAT1 Promotes Angiogenesis of Thyroid Cancer by Modulating Tumor‐Associated Macrophage FGF2 Protein Secretion. J. Cel. Biochem. 118 (12), 4821–4830. doi:10.1002/jcb.26153
 Ji, J., Yin, Y., Ju, H., Xu, X., Liu, W., Fu, Q., et al. (2018). Long Non-coding RNA Lnc-Tim3 Exacerbates CD8 T Cell Exhaustion via Binding to Tim-3 and Inducing Nuclear Translocation of Bat3 in HCC. Cel Death Dis 9 (5), 478. doi:10.1038/s41419-018-0528-7
 Ji, P., Diederichs, S., Wang, W., Böing, S., Metzger, R., Schneider, P. M., et al. (2003). MALAT-1, a Novel Noncoding RNA, and Thymosin β4 Predict Metastasis and Survival in Early-Stage Non-small Cell Lung Cancer. Oncogene 22 (39), 8031–8041. doi:10.1038/sj.onc.1206928
 Jiang, R., Tang, J., Chen, Y., Deng, L., Ji, J., Xie, Y., et al. (2017). The Long Noncoding RNA Lnc-EGFR Stimulates T-Regulatory Cells Differentiation Thus Promoting Hepatocellular Carcinoma Immune Evasion. Nat. Commun. 8 (1), 15129. doi:10.1038/ncomms15129
 Jones, P. A., Ohtani, H., Chakravarthy, A., and De Carvalho, D. D. (2019). Epigenetic Therapy in Immune-Oncology. Nat. Rev. Cancer 19 (3), 151–161. doi:10.1038/s41568-019-0109-9
 Kan, J.-Y., Wu, D.-C., Yu, F.-J., Wu, C.-Y., Ho, Y.-W., Chiu, Y.-J., et al. (2015). Chemokine (C-C Motif) Ligand 5 Is Involved in Tumor-Associated Dendritic Cell-Mediated Colon Cancer Progression through Non-coding RNA MALAT-1. J. Cel. Physiol. 230 (8), 1883–1894. doi:10.1002/jcp.24918
 Kondo, A., Nonaka, A., Shimamura, T., Yamamoto, S., Yoshida, T., Kodama, T., et al. (2017). Long Noncoding RNA JHDM1D-AS1 Promotes Tumor Growth by Regulating Angiogenesis in Response to Nutrient Starvation. Mol. Cel Biol 37 (18). doi:10.1128/MCB.00125-17
 Li, G., Kryczek, I., Nam, J., Li, X., Li, S., Li, J., et al. (2021). LIMIT Is an Immunogenic lncRNA in Cancer Immunity and Immunotherapy. Nat. Cel Biol 23 (5), 526–537. doi:10.1038/s41556-021-00672-3
 Li, Z., Zhang, J., Zheng, H., Li, C., Xiong, J., Wang, W., et al. (2019). Modulating lncRNA SNHG15/CDK6/miR-627 Circuit by Palbociclib, Overcomes Temozolomide Resistance and Reduces M2-Polarization of Glioma Associated Microglia in Glioblastoma Multiforme. J. Exp. Clin. Cancer Res. 38 (1), 380. doi:10.1186/s13046-019-1371-0
 Liang, Z.-x., Liu, H.-s., Wang, F.-w., Xiong, L., Zhou, C., Hu, T., et al. (2019). LncRNA RPPH1 Promotes Colorectal Cancer Metastasis by Interacting with TUBB3 and by Promoting Exosomes-Mediated Macrophage M2 Polarization. Cel Death Dis 10 (11), 829. doi:10.1038/s41419-019-2077-0
 Liu, J., Ding, D., Jiang, Z., Du, T., Liu, J., and Kong, Z. (2019). Long Non-coding RNA CCAT1/miR-148a/PKCζ Prevents Cell Migration of Prostate Cancer by Altering Macrophage Polarization. Prostate 79 (1), 105–112. doi:10.1002/pros.23716
 Luga, V., Zhang, L., Viloria-Petit, A. M., Ogunjimi, A. A., Inanlou, M. R., Chiu, E., et al. (2012). Exosomes Mediate Stromal Mobilization of Autocrine Wnt-PCP Signaling in Breast Cancer Cell Migration. Cell 151 (7), 1542–1556. doi:10.1016/j.cell.2012.11.024
 Mahadevaiah, S. K., Costa, Y., and Turner, J. M. A. (2009). Using RNA FISH to Study Gene Expression during Mammalian Meiosis. Methods Mol. Biol. 558, 433–444. doi:10.1007/978-1-60761-103-5_25
 Mantovani, A., and Locati, M. (2016). Macrophage Metabolism Shapes Angiogenesis in Tumors. Cel Metab. 24 (6), 887–888. doi:10.1016/j.cmet.2016.11.007
 Mao, X., Chen, S., and Li, G. (2021). Identification of a Ten-Long Noncoding RNA Signature for Predicting the Survival and Immune Status of Patients with Bladder Urothelial Carcinoma Based on the GEO Database: a superior Machine Learning Model. Aging 13 (5), 6957–6981. doi:10.18632/aging.202553
 Matsui, M., and Corey, D. R. (2017). Non-coding RNAs as Drug Targets. Nat. Rev. Drug Discov. 16 (3), 167–179. doi:10.1038/nrd.2016.117
 Mayes, P. A., Hance, K. W., and Hoos, A. (2018). The Promise and Challenges of Immune Agonist Antibody Development in Cancer. Nat. Rev. Drug Discov. 17 (7), 509–527. doi:10.1038/nrd.2018.75
 McNally, F. J. (2017). Competing Chromosomes Explain Junk DNA. Science 358 (6363), 594–595. doi:10.1126/science.aaq0200
 Patel, S. A., and Minn, A. J. (2018). Combination Cancer Therapy with Immune Checkpoint Blockade: Mechanisms and Strategies. Immunity 48 (3), 417–433. doi:10.1016/j.immuni.2018.03.007
 Pei, X., Wang, X., and Li, H. (2018). LncRNA SNHG1 Regulates the Differentiation of Treg Cells and Affects the Immune Escape of Breast Cancer via Regulating miR-448/Ido. Int. J. Biol. Macromolecules 118 (Pt A), 24–30. doi:10.1016/j.ijbiomac.2018.06.033
 Pennisi, E. (2012). ENCODE Project Writes Eulogy for Junk DNA. Science 337 (6099), 1159–1161. doi:10.1126/science.337.6099.1159
 Ribas, A. (2015). Adaptive Immune Resistance: How Cancer Protects from Immune Attack. Cancer Discov. 5 (9), 915–919. doi:10.1158/2159-8290.CD-15-0563
 Sang, L.-j., Ju, H.-q., Liu, G.-p., Tian, T., Ma, G.-l., Lu, Y.-x., et al. (2018). LncRNA CamK-A Regulates Ca2+-Signaling-Mediated Tumor Microenvironment Remodeling. Mol. Cel 72 (1), 71–83. doi:10.1016/j.molcel.2018.08.014
 Schietinger, A., and Greenberg, P. D. (2014). Tolerance and Exhaustion: Defining Mechanisms of T Cell Dysfunction. Trends Immunol. 35 (2), 51–60. doi:10.1016/j.it.2013.10.001
 Semenza, G. L. (2013). HIF-1 Mediates Metabolic Responses to Intratumoral Hypoxia and Oncogenic Mutations. J. Clin. Invest. 123 (9), 3664–3671. doi:10.1172/JCI67230
 Semenza, G. L. (2012). Hypoxia-inducible Factors: Mediators of Cancer Progression and Targets for Cancer Therapy. Trends Pharmacol. Sci. 33 (4), 207–214. doi:10.1016/j.tips.2012.01.005
 Shang, A., Wang, W., Gu, C., Chen, C., Zeng, B., Yang, Y., et al. (2019). Long Non-coding RNA HOTTIP Enhances IL-6 Expression to Potentiate Immune Escape of Ovarian Cancer Cells by Upregulating the Expression of PD-L1 in Neutrophils. J. Exp. Clin. Cancer Res. 38 (1), 411. doi:10.1186/s13046-019-1394-6
 Slack, F. J., and Chinnaiyan, A. M. (2019). The Role of Non-coding RNAs in Oncology. Cell 179 (5), 1033–1055. doi:10.1016/j.cell.2019.10.017
 Spitzer, J., Hafner, M., Landthaler, M., Ascano, M., Farazi, T., Wardle, G., et al. (2014). PAR-CLIP (Photoactivatable Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation). Methods Enzymol. 539, 113–161. doi:10.1016/b978-0-12-420120-0.00008-6
 Sun, C.-C., Zhu, W., Li, S.-J., Hu, W., Zhang, J., Zhuo, Y., et al. (2020a). FOXC1-mediated LINC00301 Facilitates Tumor Progression and Triggers an Immune-Suppressing Microenvironment in Non-small Cell Lung Cancer by Regulating the HIF1α Pathway. Genome Med. 12 (1), 77. doi:10.1186/s13073-020-00773-y
 Sun, J., Zhang, Z., Bao, S., Yan, C., Hou, P., Wu, N., et al. (2020b). Identification of Tumor Immune Infiltration-Associated lncRNAs for Improving Prognosis and Immunotherapy Response of Patients with Non-small Cell Lung Cancer. J. Immunother. Cancer 8 (1), e000110. doi:10.1136/jitc-2019-000110
 Sun, Y., and Xu, J. (2019). TCF-4 Regulated lncRNA-XIST Promotes M2 Polarization of Macrophages and Is Associated with Lung Cancer. OncoTargets Ther. 2, 8055–8062. doi:10.2147/OTT.S210952
 Talmadge, J. E., and Gabrilovich, D. I. (2013). History of Myeloid-Derived Suppressor Cells. Nat. Rev. Cancer 13 (10), 739–752. doi:10.1038/nrc3581
 Tao, S., Chen, Q., Lin, C., and Dong, H. (2020). Linc00514 Promotes Breast Cancer Metastasis and M2 Polarization of Tumor-Associated Macrophages via Jagged1-Mediated Notch Signaling Pathway. J. Exp. Clin. Cancer Res. 39 (1), 191. doi:10.1186/s13046-020-01676-x
 Tian, X., Ma, J., Wang, T., Tian, J., Zheng, Y., Peng, R., et al. (2018). Long Non-coding RNA RUNXOR Accelerates MDSC-Mediated Immunosuppression in Lung Cancer. BMC Cancer 18 (1), 660. doi:10.1186/s12885-018-4564-6
 Tian, X., Wu, Y., Yang, Y., Wang, J., Niu, M., Gao, S., et al. (2020a). Long Noncoding RNA LINC00662 Promotes M2 Macrophage Polarization and Hepatocellular Carcinoma Progression via Activating Wnt/β‐catenin Signaling. Mol. Oncol. 14 (2), 462–483. doi:10.1002/1878-0261.12606
 Tian, X., Zheng, Y., Yin, K., Ma, J., Tian, J., Zhang, Y., et al. (2020b). LncRNAAK036396Inhibits Maturation and Accelerates Immunosuppression of Polymorphonuclear Myeloid-Derived Suppressor Cells by Enhancing the Stability of Ficolin B. Cancer Immunol. Res. 8 (4), 565–577. doi:10.1158/2326-6066.CIR-19-0595
 Ulitsky, I., and Bartel, D. P. (2013). lincRNAs: Genomics, Evolution, and Mechanisms. Cell 154 (1), 26–46. doi:10.1016/j.cell.2013.06.020
 Ulitsky, I. (2016). Evolution to the rescue: Using Comparative Genomics to Understand Long Non-coding RNAs. Nat. Rev. Genet. 17 (10), 601–614. doi:10.1038/nrg.2016.85
 Uszczynska-Ratajczak, B., Lagarde, J., Frankish, A., Guigó, R., and Johnson, R. (2018). Towards a Complete Map of the Human Long Non-coding RNA Transcriptome. Nat. Rev. Genet. 19 (9), 535–548. doi:10.1038/s41576-018-0017-y
 Veglia, F., Perego, M., and Gabrilovich, D. (2018). Myeloid-derived Suppressor Cells Coming of Age. Nat. Immunol. 19 (2), 108–119. doi:10.1038/s41590-017-0022-x
 Wang, J., Shen, C., Dong, D., Zhong, X., Wang, Y., and Yang, X. (2021a). Identification and Verification of an Immune-Related lncRNA Signature for Predicting the Prognosis of Patients with Bladder Cancer. Int. Immunopharmacology 90, 107146. doi:10.1016/j.intimp.2020.107146
 Wang, L., Felts, S. J., Van Keulen, V. P., Scheid, A. D., Block, M. S., Markovic, S. N., et al. (2018). Integrative Genome-wide Analysis of Long Noncoding RNAs in Diverse Immune Cell Types of Melanoma Patients. Cancer Res. 78 (15), 4411–4423. doi:10.1158/0008-5472.CAN-18-0529
 Wang, Q.-M., Lian, G.-Y., Song, Y., Huang, Y.-F., and Gong, Y. (2019). LncRNA MALAT1 Promotes Tumorigenesis and Immune Escape of Diffuse Large B Cell Lymphoma by Sponging miR-195. Life Sci. 231, 116335. doi:10.1016/j.lfs.2019.03.040
 Wang, S., Liang, K., Hu, Q., Li, P., Song, J., Yang, Y., et al. (2017). JAK2-binding Long Noncoding RNA Promotes Breast Cancer Brain Metastasis. J. Clin. Invest. 127 (12), 4498–4515. doi:10.1172/JCI91553
 Wang, T., Cao, L., Dong, X., Wu, F., De, W., Huang, L., et al. (2020a). LINC01116 Promotes Tumor Proliferation and Neutrophil Recruitment via DDX5-Mediated Regulation of IL-1β in Glioma Cell. Cel Death Dis 11 (5), 302. doi:10.1038/s41419-020-2506-0
 Wang, X., Zhang, Y., Zheng, J., Yao, C., and Lu, X. (2021b). LncRNA UCA1 Attenuated the Killing Effect of Cytotoxic CD8 + T Cells on Anaplastic Thyroid Carcinoma via miR-148a/PD-L1 Pathway. Cancer Immunol. Immunother. 70 (8), 2235–2245. doi:10.1007/s00262-020-02753-y
 Wang, Y., Yang, L., Dong, X., Yang, X., Zhang, X., Liu, Z., et al. (2020b). Overexpression of NNT-AS1 Activates TGF-β Signaling to Decrease Tumor CD4 Lymphocyte Infiltration in Hepatocellular Carcinoma. Biomed. Res. Int. 2020, 1–11. doi:10.1155/2020/8216541
 Weiden, J., Tel, J., and Figdor, C. G. (2018). Synthetic Immune Niches for Cancer Immunotherapy. Nat. Rev. Immunol. 18 (3), 212–219. doi:10.1038/nri.2017.89
 Woo, S.-R., Corrales, L., and Gajewski, T. F. (2015). Innate Immune Recognition of Cancer. Annu. Rev. Immunol. 33 (1), 445–474. doi:10.1146/annurev-immunol-032414-112043
 Wu, K., Zhao, Z., Liu, K., Zhang, J., Li, G., and Wang, L. (2017). Long Noncoding RNA Lnc-Sox5 Modulates CRC Tumorigenesis by Unbalancing Tumor Microenvironment. Cell Cycle 16 (13), 1295–1301. doi:10.1080/15384101.2017.1317416
 Wu, S., Xu, R., Zhu, X., He, H., Zhang, J., Zeng, Q., et al. (2020a). The Long Noncoding RNA LINC01140/miR-140-5p/FGF9 axis Modulates Bladder Cancer Cell Aggressiveness and Macrophage M2 Polarization. Aging 12 (24), 25845–25864. doi:10.18632/aging.202147
 Wu, Y., Zhang, L., He, S., Guan, B., He, A., Yang, K., et al. (2020b). Identification of Immune-Related LncRNA for Predicting Prognosis and Immunotherapeutic Response in Bladder Cancer. aging 12 (22), 23306–23325. doi:10.18632/aging.104115
 Xie, C., Guo, Y., and Lou, S. (2020). LncRNA ANCR Promotes Invasion and Migration of Gastric Cancer by Regulating FoxO1 Expression to Inhibit Macrophage M1 Polarization. Dig. Dis. Sci. 65 (10), 2863–2872. doi:10.1007/s10620-019-06019-1
 Yan, K., Fu, Y., Zhu, N., Wang, Z., Hong, J.-l., Li, Y., et al. (2019). Repression of lncRNA NEAT1 Enhances the Antitumor Activity of CD8+T Cells against Hepatocellular Carcinoma via Regulating miR-155/Tim-3. Int. J. Biochem. Cel Biol. 110, 1–8. doi:10.1016/j.biocel.2019.01.019
 Yang, D., Liu, K., Fan, L., Liang, W., Xu, T., Jiang, W., et al. (2020). LncRNA RP11-361F15.2 Promotes Osteosarcoma Tumorigenesis by Inhibiting M2-like Polarization of Tumor-Associated Macrophages of CPEB4. Cancer Lett. 473, 33–49. doi:10.1016/j.canlet.2019.12.041
 Ye, Y., Guo, J., Xiao, P., Ning, J., Zhang, R., Liu, P., et al. (2020). Macrophages-induced Long Noncoding RNA H19 Up-Regulation Triggers and Activates the miR-193b/MAPK1 axis and Promotes Cell Aggressiveness in Hepatocellular Carcinoma. Cancer Lett. 469, 310–322. doi:10.1016/j.canlet.2019.11.001
 Ye, Y., Xu, Y., Lai, Y., He, W., Li, Y., Wang, R., et al. (2018). Long Non‐coding RNA Cox‐2 Prevents Immune Evasion and Metastasis of Hepatocellular Carcinoma by Altering M1/M2 Macrophage Polarization. J. Cel. Biochem. 119 (3), 2951–2963. doi:10.1002/jcb.26509
 Yu, X., Wang, D., Wang, X., Sun, S., Zhang, Y., Wang, S., et al. (2019). CXCL12/CXCR4 Promotes Inflammation-Driven Colorectal Cancer Progression through Activation of RhoA Signaling by Sponging miR-133a-3p. J. Exp. Clin. Cancer Res. 38 (1), 32. doi:10.1186/s13046-018-1014-x
 Zemmour, D., Pratama, A., Loughhead, S. M., Mathis, D., and Benoist, C. (2017). Flicr, a Long Noncoding RNA, Modulates Foxp3 Expression and Autoimmunity. Proc. Natl. Acad. Sci. USA 114 (17), E3472–E3480. doi:10.1073/pnas.1700946114
 Zhang, Y., Li, X., Zhang, J., and Liang, H. (2020a). Natural Killer T Cell Cytotoxic Activity in Cervical Cancer Is Facilitated by the LINC00240/microRNA-124-3p/STAT3/MICA axis. Cancer Lett. 474, 63–73. doi:10.1016/j.canlet.2019.12.038
 Zhang, Y., Zhang, L., Xu, Y., Wu, X., Zhou, Y., and Mo, J. (2020b). Immune‐related Long Noncoding RNA Signature for Predicting Survival and Immune Checkpoint Blockade in Hepatocellular Carcinoma. J. Cel Physiol 235 (12), 9304–9316. doi:10.1002/jcp.29730
 Zheng, T., Ma, G., Tang, M., Li, Z., and Xu, R. (2018). IL-8 Secreted from M2 Macrophages Promoted Prostate Tumorigenesis via STAT3/MALAT1 Pathway. Int. J. Mol. Sci. 20 (1), 98. doi:10.3390/ijms20010098
 Zheng, Y., Tian, X., Wang, T., Xia, X., Cao, F., Tian, J., et al. (2019). Long Noncoding RNA Pvt1 Regulates the Immunosuppression Activity of Granulocytic Myeloid-Derived Suppressor Cells in Tumor-Bearing Mice. Mol. Cancer 18 (1), 61. doi:10.1186/s12943-019-0978-2
 Zhou, L., Tian, Y., Guo, F., Yu, B., Li, J., Xu, H., et al. (2020). LincRNA-p21 Knockdown Reversed Tumor-Associated Macrophages Function by Promoting MDM2 to Antagonize* P53 Activation and Alleviate Breast Cancer Development. Cancer Immunol. Immunother. 69 (5), 835–846. doi:10.1007/s00262-020-02511-0
 Zhou, M., Zhang, Z., Bao, S., Hou, P., Yan, C., Su, J., et al. (2021). Computational Recognition of lncRNA Signature of Tumor-Infiltrating B Lymphocytes with Potential Implications in Prognosis and Immunotherapy of Bladder Cancer. Brief Bioinform 22 (3). doi:10.1093/bib/bbaa047
 Zhou, Q., Tang, X., Tian, X., Tian, J., Zhang, Y., Ma, J., et al. (2018a). LncRNA MALAT1 Negatively Regulates MDSCs in Patients with Lung Cancer. J. Cancer 9 (14), 2436–2442. doi:10.7150/jca.24796
 Zhou, W. Y., Zhang, M. M., Liu, C., Kang, Y., Wang, J. O., and Yang, X. H. (2019). Long Noncoding RNA LINC00473 Drives the Progression of Pancreatic Cancer via Upregulating Programmed Death‐ligand 1 by Sponging microRNA‐195‐5p. J. Cel Physiol 234 (12), 23176–23189. doi:10.1002/jcp.28884
 Zhou, Y.-x., Zhao, W., Mao, L.-w., Wang, Y.-l., Xia, L.-q., Cao, M., et al. (2018b). Long Non-coding RNA NIFK-AS1 Inhibits M2 Polarization of Macrophages in Endometrial Cancer through Targeting miR-146a. Int. J. Biochem. Cel Biol. 104, 25–33. doi:10.1016/j.biocel.2018.08.017
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Wang, Wang, Xu and Sheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


REVIEW

published: 29 November 2021

doi: 10.3389/fonc.2021.777849

[image: image2]


A Review on the Role of AFAP1-AS1 in the Pathoetiology of Cancer


Soudeh Ghafouri-Fard 1, Tayybeh Khoshbakht 2, Bashdar Mahmud Hussen 3, Mohammad Taheri 4,5* and Majid Mokhtari 6*


1 Department of Medical Genetics, School of Medicine, Shahid Beheshti University of Medical Sciences, Tehran, Iran, 2 Phytochemistry Research Center, Shahid Beheshti University of Medical Sciences, Tehran, Iran, 3 Department of Pharmacognosy, College of Pharmacy, Hawler Medical University, Erbil, Iraq, 4 Urology and Nephrology Research Center, Shahid Beheshti University of Medical Sciences, Tehran, Iran, 5 Institute of Human Genetics, Jena University Hospital, Jena, Germany, 6 Skull Base Research Center, Loghman Hakim Hospital, Shahid Beheshti University of Medical Sciences, Tehran, Iran




Edited by: 

Shiv K. Gupta, Mayo Clinic, United States

Reviewed by: 

Rezvan Noroozi, Jagiellonian University, Poland

Amin Safa, Complutense University of Madrid, Spain

*Correspondence: 

Mohammad Taheri
 mohammad_823@yahoo.com
 Majid Mokhtari
 majimokh@gmail.com

Specialty section: 
 This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology


Received: 15 September 2021

Accepted: 09 November 2021

Published: 29 November 2021

Citation:
Ghafouri-Fard S, Khoshbakht T, Hussen BM, Taheri M and Mokhtari M (2021) A Review on the Role of AFAP1-AS1 in the Pathoetiology of Cancer. Front. Oncol. 11:777849. doi: 10.3389/fonc.2021.777849



AFAP1-AS1 is a long non-coding RNA which partakes in the pathoetiology of several cancers. The sense protein coding gene from this locus partakes in the regulation of cytophagy, cell motility, invasive characteristics of cells and metastatic ability. In addition to acting in concert with AFAP1, AFAP1-AS1 can sequester a number of cancer-related miRNAs, thus affecting activity of signaling pathways involved in cancer progression. Most of animal studies have confirmed that AFAP1-AS1 silencing can reduce tumor volume and invasive behavior of tumor cells in the xenograft models. Moreover, statistical analyses in the human subjects have shown strong correlation between expression levels of this lncRNA and clinical outcomes. In the present work, we review the impact of AFAP1-AS1 in the carcinogenesis.
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Introduction

Actin filament-associated protein 1 antisense RNA 1 (AFAP1-AS1, NC_000004.12) is a long non-coding RNA (lncRNA) which contributes in the pathoetiology of several cancers (1). It is transcribed from AFAP1 gene locus on 4p16.1. It has two alternatively spliced variants. Its second exon overlaps with exons 14-16 of AFAP1 gene. The motor fiber-associated protein encoded by AFAP1 has been shown to organize a platform for joining a number of tumor-related proteins such as SRC and protein kinase C (2). This platform can influence the organization and activity of actin filaments, therefore participating in cytophagy, cell motility, invasive characteristics of cells and metastatic ability (3). Both AFAP1 and FAP1-AS1 participate in the carcinogenesis through modulation of related signaling pathways. AFAP1 has acknowledged roles in the pathogenesis of a number of cancers, namely breast (4) and prostate cancer (5), yet its expression has been found to decreased in gastric cancer samples (6). AFAP1-AS1 is mainly regarded as an oncogenic lncRNA (1). However, the oncogenic effect of this lncRNA is not necessarily exerted through AFAP1-dependent routes. A number of deletion type copy-number variants (CNVs) have been identified in AFAP1-AS1 coding gene through application of whole genome sequencing (7). AFAP1-AS1 has been shown to affect several aspects of carcinogenesis through modulation of expression of cancer-related miRNAs. Since it has been shown to be dysregulated in diverse types of cancer, this lncRNA is a putative marker for a wide variety of cancers. Functional impacts of AFAP1-AS1 in the carcinogenesis have been appraised through knock-down and over-expression studies in cell lines and animal models. Moreover, the impact of AFAP1-AS1 deregulation has been assessed in human samples. In the present review, we discuss the role of AFAP1-AS1 in the carcinogenesis based on the evidence from these three types of studies.



Cell Line Studies


Lung Cancer

AFAP1-AS1 has been found to be over-expressed in non-small cell lung cancer (NSCLC) cells H1975, PC-9, A549, and SPCA-1 compared with the human non-tumorigenic lung epithelial cell line BEAS-2B. Functional studies in these cells have confirmed the ability of this lncRNA in binding with and sequestering miR-139-5p, a down-regulated miRNA in NSCLC samples. AFAP1-AS1 silencing and miR-139-5p up-regulation could similarly inhibit proliferation, colony forming ability and chemoresistance of NSCLC cells, while increasing their apoptosis. The sequestering impact of AFAP1-AS1 on miR-139-5p leads to up-regulation of RRM2, a protein which has been demonstrated to increase chemoresistance of NSCLC cells via activation of EGFR/AKT pathway (8). Another study in NSCLC has shown up-regulation of FAP1-AS1 parallel with down-regulation of IL-12 and up-regulation of IL-10 and IFN-γ. Functionally, AFAP1-AS1 has been shown to induce activity of IRF7, RIG-I-like receptor signals and Bcl-2. Cumulatively, AFAP1-AS1 enhances migration and invasive properties of NSCLC cells through activating IRF7 and the RIG-I-like receptor signaling pathway (9). Moreover, the interaction between AFAP1-AS1 and EZH2 and subsequent recruitment of EZH2 to the promoter of p21 has been shown to repress expression of p21 in this type of cancer (10). AFAP1-AS1 has also been shown to enhance expression of AFAP1 in lung cancer cells. Expression of AFAP1-AS1 in lung cancer cells is regulated through CpG methylation marks in its promoter, since the DNA methyltransferase inhibitor agent decitabine has been demonstrated to activate AFAP1-AS1 expression. AFAP1-AS1 has been reported to increase expression levels of pro-invasive genes PPP1R13L, VASP and SPTAN1, while decreasing expression levels of a number of anti-metastatic genes such as STAT1, NF1, and FBN2 (11). Figure 1 summarizes the mentioned routes of participation of AFAP1-As1 in the pathogenesis of lung cancer.




Figure 1 | The oncogenic role of AFAP1-AS1 in lung cancer through modulation of expressions of RRM2, IRF7, p21 and PPP1R13L. The effects of AFAP1-AS1 on RRM2 expression is mediated through sponging miR-139-5p. This mode of action results in enhancement of cell proliferation, migration and invasiveness.



AFAP1-AS1 can also affect lung cancer through a variety of other mechanisms being summarized in Figure 2. For instance, AFAP1-AS1 has been shown to regulate expression of numerous members of the small GTPase proteins as well as those participating in the actin cytokeratin signaling. Thus, the promoting effect of AFAP1-AS1 on cancer metastasis is most probably exerted through modulation of actin filament integrity (12). GTPases harmonize several cellular processes, such as cell polarity, migration, and cell cycle transition, thus they can participate in the pathogenies of cancer (13). Moreover, cytokeratins as members of intermediate filament protein family have been shown to affect carcinogenesis. They can also been used as cancer biomarkers (14).




Figure 2 | The oncogenic role of AFAP1-AS1 in lung cancer metastasis.



AFAP1-AS1 can also enhance expression of HDGF through decreasing miR-545-3p levels in lung cancer cells. Thus, AFAP1-AS1 silencing could inhibit progression of lung cancer through influencing activity of miR-545-3p/HDGF axis (15). Finally, AFAP1-AS1 can interact with Smad nuclear interacting protein 1 (SNIP1), a protein which suppresses ubiquitination and subsequent destruction of c-Myc. This function of AFAP1-AS1 leads to over-expression of c-Myc, increase in ZEB1, ZEB2, and SNAIL levels, and enhancement of epithelial to mesenchymal transition (EMT) (16).



Breast Cancer

In breast cancer cells, AFAP1-AS1 silencing could decrease proliferation and migratory potential, and increase cell apoptosis. miR-497-5p has been recognized as a target of AFAP1-AS1 in breast cancer cells. Since this miRNA targets SEPT2, AFAP1-AS1 up-regulation results in up-regulation of SEPT2 (17). miR-145 is another target of AFAP1-AS1 in triple negative breast cancer cells (TNBC) MDA-MB-231 breast cancer cells. According to the results of luciferase reporter assay, miR-145 can directly target MTH1. Thus, the effects of AFAP1-AS1 in enhancement of proliferation and invasiveness of TNBC are exerted through miR-145/MTH1 axis (18). Moreover, in this type of cancer, AFAP1-AS1 can sequester miR-2110 to enhance expression of Sp1 (19). AFAP1-AS1 has also been shown to enhance EMT of TNBC cells via influencing Wnt/β-catenin signaling (20). Finally, AFAP1-AS1 has been found to have significant over-expression in trastuzumab-resistant breast cancer cells versus responsive cells. Expression of this lncRNA has been enhanced by H3K27ac at its promoter. Most notably, trastuzumab resistant cells have been shown to secrete AFAP1-AS1 into exosomes, thus disseminating trastuzumab resistance in other cells. The impact of exosomal AFAP1-AS1 in induction of trastuzumab resistance is exerted via its interaction with AUF1 and subsequent induction of ERBB2 translation (21). Figure 3 depicts the impact of AFAP1-AS1 in carcinogenesis and therapy resistance of breast cancer cells.




Figure 3 | The impact of AFAP1-AS1 in breast cancer progression and resistance to therapy. In addition to increasing cell proliferation and invasion, this lncRNA can increase expression of Her-2 protein, thus increasing resistance to trastuzumab.





Osteosarcoma

In MNNG/HOS and U2OS osteosarcoma cells, AFAP1-AS1 has been found to promote tumorigenesis via influencing RhoC/ROCK1/p38MAPK/Twist1 cascade (22). The AFAP1-AS1-mediated increase in Twist1 can enhance expression of N-cadherin and Vimentin, while diminishing E-cadherin levels, thus promoting EMT of osteosarcoma cells (22). Moreover, AFAP1-AS1 can sequester miR-497 and miR-4695-5p in these cells, therefore increasing expressions of IGF1R and TCF4, respectively (23, 24). The latter can activate Wnt-β catenin pathway and increase both proliferation and invasive abilities of osteosarcoma cells (24). Figure 4 depicts the oncogenic role of AFAP1-AS1 in osteosarcoma.




Figure 4 | The oncogenic role of AFAP1-AS1 in osteosarcoma is exerted through modulation of RhoC/ROCK1/p38MAPK/Twist1 cascade as well as sponging miR-497 and miR-4695-5p.





Gastric Cancer

Similarly, AFAP1-AS1 has an oncogenic role in gastric cancer. AFAP1-AS1 silencing has significantly suppressed proliferation and cell cycle transition in this kind of cancer. Besides, reduction in the levels of this lncRNA can inhibit invasive capacity through affecting EMT (25). Down-regulation of KLF2 is another mechanism by which AFAP1-AS1 enhances proliferative and migratory aptitudes of gastric cancer cells (26). AFAP1-AS1 silencing in gastric cancer cells has led to a significant increase in the levels of Bax, cleaved PARP, Caspase 3, and Caspase 9, while decreasing Bcl-2 level. AFAP1-AS1 silencing has also reduced p-AKT levels and enhanced expression of PTEN in gastric cancer cells. Taken together, AFAP1-AS1 regulates proliferation and apoptotic processes in gastric cancer cell through PTEN/p-AKT cascade (27). AFAP1-AS1 can also promote proliferation and metastatic ability of gastric cancer cell through sequestering miR-155-5p and enhancing expression of FGF7 (28). Figure 5 shows the oncogenic role of AFAP1-AS1 in gastric cancer.




Figure 5 | The oncogenic role of AFAP1-AS1 in gastric cancer is exerted through repression of KLF2, sponging miR-155-5p and enhancing activity of PTEN/p-AKT pathway.





Esophageal Cancer

AFAP1-AS1 have also been shown to bind with miR-26a, therefore influencing expression of its target gene, i.e. ATF2. Exosomes originated from M2 macrophages have higher expression of AFAP1-AS1 and ATF2 and reduced expression of miR-26a, compared with M1 macrophages. These exosomes could transfer AFAP1-AS1 to esophageal cancer cells, thus downregulating miR-26a and enhancing ATF2 levels in the recipeint cells. These expression changes affect phenotype of esophageal cancer cells (29). The regulatory role of AFAP1-AS1 on miR-498/VEGFA axis is another mechanism of participation of this lncRNA in the pathetiology of esophageal cancer (30).



Other Types of Cancers

In prostate cancer cells, AFAP1-AS1 has been shown to promote sequester miR-195-5p (31) and miR-512-3p (32), thus affecting malignnat behavious of these cells.

A number of other miRNAs, namely miR-423-5p (33), miR-320a (34), miR-107 (35) and miR-384 (36) have been found to be sequestered by AFAP1-AS1 in different cancer tissues (Figure 6).




Figure 6 | The oncogenic role of AFAP1-AS1 in nasopharyngeal carcinoma, laryngeal carcinoma, ovarian cancer and pancreatic cancer. In all types of mentioned cancers, AFAP1-AS1 can act as molecular sponge for tumor suppressor miRNAs.



Table 1 summarizes the results of studies which appraised oncogenic roles of AFAP1-AS1 in different tissues.


Table 1 | Outlines of papers which judged expression of AFAP1-AS1 in cell lines.






Animal Studies

Investigations, particularly those conducted in BALB/c nude mice models have verified the oncogenic roles of AFAP1-AS1 in different types of cancers. AFAP1-AS1 knock-down has consistently led to significant reduction in tumor size/weight, attenuation of tumor growth rate and enhancement of response of cancer cells to therapeutic modalities (Table 2). In NSCLC, AFAP1-As1 silencing not only reduces tumorigenicity, but also confers chemosensitivity (8). Moreover, its silencing can affect IRF7 and RIG-I-like receptor signals (9). In breast cancer, AFAP1-AS1 down-regulation can affect trastuzumab resistance (21).


Table 2 | Outlines of studies which tested function of AFAP1-AS1 in xenografts.





Clinical Studies

Except from a single low-sample size study in gastric cancer which reported down-regulation of AFAP1-AS1 in tumoral tissues versus nearby samples (6), other studies consistently reported over-expression of AFAP1-AS1 in different neoplastic tissues compared with non-neoplastic tissues of the same origin (Table 3). Even in the mentioned study, levels of AFAP1-AS1 were higher in patients who showed lymphatic or vascular invasion in comparison with those without these properties (6). Moreover, different statistical methods have been applied to assess correlations between expression level of AFAP1-AS1 and clinical outcomes, all of them reporting significant impact of up-regulation of this lncRNA on increasing malignant behaviors of tumors and decreasing patients’ survival. In pancreatic cancer, up-regulation of AFAP1-AS1 has been associated with lymph node involvement, perineural invasion, and poor clinical outcome. An in silico analysis of TCGA data of breast cancer patients has revealed AFAP1-AS1, as a differentially expressed lncRNA in basal tumors whose expression levels are associated with poor survival. Expression of this lncRNA has also been associated with hormone receptors status, HER2 expression, and PAM50 classification (81).


Table 3 | Outlines of studies that appraised levels of AFAP1- AS1 in clinical setting.



Tissue levels of AFAP1-AS1 could be used as a prognostic biomarker with the areas under ROC curves values of 0.86 and 0.93 for forecasting cancer progression in the periods of 6 and 12 months, respectively (66).

The ability of tissue levels of AFAP1-AS1 or its circulatory levels in differentiation of patients’ samples from control samples has been appraised in different types of cancers (Table 4). For instance, Li et al. have shown that over-expression of AFAP1-AS1 in serum samples of patients with NSCLC compared with normal controls can be used to distinguish these two sets of samples with an area under the curve (AUC) of 0.759. Combination of expression levels of this lncRNA with those of cyfra21-1 has increased AUC value to 0.860. Moreover, AFAP1-AS1 over-expression has been more prominent in patients with distant or lymph node metastasis, advanced clinical stage, and greater tumor burden (75). Serum levels of AFAP1-AS1 have also been shown to separate gastric cancer patients from controls with higher AUC value compared with conventional markers, i.e. CEA and CA19-9. Notably, serum levels of AFAP1-AS1 have been shown to be reduced following surgical treatment of patients (45).


Table 4 | Diagnostic value of AFAP1-AS1 in different cancers.





Discussion

AFAP1-AS1 has been found to be up-regulated in almost all kinds of malignant tissues. This lncRNA has multiple effects in the carcinogenesis process, most of them being exerted through AFAP1-independent manners. Most notably, AFAP1-AS1 can sequester a number of tumor suppressor miRNAs, thus releasing the targets of these miRNAs from inhibitory effects of miRNAs. miR-139-5p, miR-545-3p, miR-497-5p, miR-145, miR-2110, miR-4695-5p, miR-26a, miR-498, miR-155-5p, miR-195-5p, miR-512-3p, miR-423-5p, miR-545-3p, miR‐320a, miR-107, miR-384, miR-133a, miR‐146b‐5p, miR-103a-3p and miR-653-5p are among miRNAs which have been found to be sequestered by AFAP1-AS1 through functional studies in different types of cancer cells. Notably, the interaction between AFAP1-AS1 and miR-497 has been verified in breast cancer and osteosarcoma. Moreover, similar interaction has been verified between this lncRNA and miR-145 in breast cancer and oral squamous cell carcinoma.

In fact, AFAP1-AS1 has multiple binding sites for miRNAs, thus regulating expression of a wide array of miRNAs. It is not clear whether binding of this lncRNA with a certain miRNA affects its interactions with other miRNAs. The crosstalk between AFAP1-AS1 and miRNAs can regulate activity of signaling pathways, angiogenic processes as well as EMT.

AFAP1-AS1 can indirectly influence activity of some cancer-related pathways such as EGFR/AKT, Wnt/β-catenin, PTEN/p-AKT, RhoA/Rac2 and PI3K/AKT. The effects of this lncRNA on Wnt/β-catenin, EGF/AKT and PI3K/AKT are mediated through sponging miR-4695-5p, miR-139-5p and miR-103a-3p, respectively. However, its effects on other pathways might be exerted in an independent manner from miRNAs sponging.

Lung cancer, nasopharyngeal carcinoma, colorectal cancer and cholangiocarcinoma are among cancers in which the interaction between AFAP1-AS1 and AFAP1 has been verified. However, the results of these studies are conflicting. For instance, AFAP1-AS1 silencing has been shown to increase expression of AFAP1 in a single study in lung cancer cells (12), while another study in this type of cancer has shown its effect on enhancement of expression of AFAP1 (11). Moreover, in a single study in MCF-7 breast cancer cells, AFAP1-AS1 silencing has not affected AFAP1 levels or actin filament integrity (40). Therefore, future studies are needed to elaborate the mechanistical impacts of AFAP1/AFAP1-AS1 interactions.

AFAP1-AS1 can affect response of cancer cells to a variety of anti-cancer modalities ranging from conventional chemotherapeutics to targeted therapeutics such as trastuzumab. Therefore, measurement of expression levels of this lncRNA can guide clinical oncologists to find the most appropriate therapeutic option for each patient. AFAP1-AS1 can also affect EMT and stemness of cancer cells, thus promoting their metastatic ability and increasing the propensity to tumor recurrence.

From a prognostic point of view, AFAP1-AS1 levels have been associated with tumor depth, tumor differentiation, TNM stage and other determinants of patients’ survival, thus could be used as markers for prediction of clinical outcomes of patients with a variety of malignant conditions. Diagnostic application of AFAP1-AS1 has been appraised in several types of cancers, with the best results being obtained from studies in gastric and esophageal cancers.

Cumulatively, AFAP1-AS1 is a prototype of cancer-related lncRNAs that regulates carcinogenesis not only through modification of expression of its sense transcript, but also through a variety of other methods such as miRNA sequestering and epigenetically affecting expression of tumor suppressor genes.
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The tumor microenvironment is made up of a universe of molecular and cellular components that promote or inhibit the development of neoplasms. Among the molecular elements are cytokines, metalloproteinases, proteins, mitochondrial DNA, and nucleic acids, within which the ncRNAs: miRNAs and lncRNAs stand out due to their direct modulating effects on the genesis and progression of various cancers. Regarding cellular elements, the solid tumor microenvironment is made up of tumor cells, healthy adjacent epithelial cells, immune system cells, endothelial cells, and stromal cells, such as cancer-associated fibroblasts, which are capable of generating a modulating communication network with the other components of the tumor microenvironment through, among other mechanisms, the secretion of exosomal vesicles loaded with miRNAs and lncRNAs. These ncRNAs are key pieces in developing neoplasms since they have diverse effects on cancer cells and healthy cells, favoring or negatively regulating protumoral cellular events, such as migration, invasion, proliferation, metastasis, epithelial-mesenchymal transition, and resistance to treatment. Due to the growing number of relevant evidence in recent years, this work focused on reviewing, analyzing, highlighting, and showing the current state of research on exosomal ncRNAs derived from cancer-associated fibroblasts and their effects on different neoplasms. A future perspective on using these ncRNAs as real therapeutic tools in the treatment of cancer patients is also proposed.
Keywords: cancer, cancer-associated fibroblast, tumor microenvironment, exosomes, miRNAs, lncRNAs
INTRODUCTION
Malignant tumors consist of cancer cells and tumor-associated host cells (De Wever et al., 2014), the interaction between tumor microenvironment (TME) and tumor cells plays a key role in cancer progression (Dayan et al., 2012; Ali et al., 2015; Shah et al., 2015; Vered et al., 2015; Ringuette Goulet et al., 2018; Zhang Y.-F. et al., 2019; Dou et al., 2020; Wu et al., 2020). Remarkably, the dynamic interplay between cancer-associated fibroblasts (CAFs), cancer cells, and healthy cells has an essential role during tumor initiation and growth (Zhao et al., 2016; Li K. et al., 2020; Lv et al., 2020). In recent years, exosomes have gained relevance due to their regulatory role in the carcinogenesis of different neoplasms (Nilsson et al., 2009; Ramteke et al., 2015; Donnarumma et al., 2017; Seo et al., 2018; Zhang Y. et al., 2019; Lee et al., 2020). Exosomes are MHC class I- and class II-bearing nanovesicles of endocytic origin; their size is in the range of 30–100 nm (Admyre et al., 2007; Nilsson et al., 2009). Exosomes can participate in intercellular communication between cells that make up the TME by transmitting intracellular cargoes (Achreja et al., 2017; Qin et al., 2019), their content can be miscellaneous and include macromolecules such as cytokines (Mashouri et al., 2019), metalloproteinases (Shimoda et al., 2014), proteins (Mathivanan et al., 2010; Zhang Y.-F. et al., 2019; Zhao et al., 2020), mitochondrial DNA (mtDNA) (Sansone et al., 2017) and can be enriched with different types of RNAs, such as messenger RNAs (mRNAs) (Gener Lahav et al., 2019), microRNAs [miRNAs or miR-, single-stranded non-coding RNAs (ncRNAs) of 20 nucleotides in length that are endogenously expressed (Beermann et al., 2016)] (Théry, 2011; Nouraee et al., 2016; Qin et al., 2019), about this type of ncRNAs, Dragomir et al., in their work entitled “SnapShot: Unconventional miRNA Functions,” mention that miRNAs can regulate gene expression at the post-transcriptional level in a conventional way by binding to mRNAs, resulting in the disintegration of target mRNAs and inhibition of translation, additionally, the authors also highlight in an exceptional way that through various mechanisms, such as the activation of Toll-like receptors, the upregulation of protein expression, the targeting of mitochondrial transcripts, the direct activation of transcription, among others, miRNAs can carry out their regulatory functions in an unconventional way (Dragomir et al., 2018), and long non-coding RNAs (lncRNAs, transcripts that are longer than 200 nucleotides and do not harbor protein-coding signatures (Beermann et al., 2016)) (Zhou et al., 2021). Exosomes can be produced by immune system cells (Elashiry et al., 2021), epithelial cells (Han et al., 2017), tumor cells (Gu et al., 2012; Cheng et al., 2017; Ding et al., 2018; Chen et al., 2019; Hu and Hu, 2019; Amit et al., 2020; Jung et al., 2020; Yang et al., 2020) and CAFs (Herrera et al., 2018; Principe et al., 2018; Liu et al., 2020). CAFs are resident stromal cells of the TME; they have a promoting effect on carcinogenesis and progression of different neoplasms (Luga and Wrana, 2013; Huang et al., 2019; Sun and Fu, 2019) by transferring exosomes carrying ncRNAs to cells of the TME (Richards et al., 2017; Fiori et al., 2019) (Figure 1).
[image: Figure 1]FIGURE 1 | CAFs-derived exosomal miRNAs, their target mRNAs and effects on different neoplasms. Protumoral events in black, antitumor events in red. CAF: Cancer-associated fibroblast. EXO-miRNA: exosomal miRNA. Image created in BioRender.com.
For everything mentioned above, the present work is based on the recent findings on the protumoral and antitumoral effects of CAFs-derived exosomal miRNAs and lncRNAs; it focuses on analyzing and highlighting the importance of these ncRNAs in the genesis and progression of different cancers. At the same time, it shows the current situation of this new growing research area, and a future perspective on the use of these ncRNAs as real therapeutic tools in the treatment of cancer patients is also proposed.
EXOSOMES: INDUCING FACTOR IN THE FORMATION OF CAFS AND TUMOR MICROENVIRONMENT MODULATOR
Exosomes are among the most recognized inducers for generating CAFs (Li K. et al., 2020). CAFs are known as cells capable of secreting exosomes (You et al., 2019), and in turn, exosomes derived from cancer cells containing TGF-β can induce the generation of CAFs from stromal cells (Goulet et al., 2019). It has also been observed that exosomes derived from CAFs containing TGF-β activate the SMAD signaling pathway in cancer cells through a particular type of epithelial-mesenchymal transition (EMT), which increases their malignant behavior (Li et al., 2017), thus generating a loop between CAFs and exosomes. It has been shown that chronic lymphocytic leukemia cells-derived exosomes can transfer miR-146a to bone marrow-derived mesenchymal stem cells to generate CAFs; this is done by promoting EMT by targeting ubiquitin specific peptidase 16 (USP16) (Yang et al., 2020). Another cellular transition process in which exosomes are involved to originate CAFs is the endothelial-mesenchymal transition; this event was demonstrated by observing that melanoma-derived exosomes loaded with TGF-β induced the transition from human umbilical vein endothelial cells (HUVECs) to differentiated CAFs (Yeon et al., 2018). For their part, Baroni et al. demonstrated that triple-negative breast CAFs-derived exosomal miR-9 could generate a cell type with CAF-like properties in human breast fibroblasts, in which this miRNA enhanced the capacity for migration and invasion, as in breast cancer cell lines. Additionally, overexpression of this ncRNA in normal fibroblasts was able to promote tumor growth in a murine orthotopic xenograft model (Baroni et al., 2016).
It has also been observed that the exosomes produced by CAFs can modulate TME. For example, miR-21, which is packed in CAF-derived exosomes, induces the generation of monocytic myeloid-derived suppressor cells by activating STAT3 (Zhao et al., 2021). On a breast cancer model, exosomes produced by CAFs can also interfere with immunologic processes. In breast cancer cells treated with exosomes derived from CAFs, an increase of miR-92 was observed, which was essential for migration and invasion and correlated with the suppression of the immune cell function and the promotion of PD-L1 expression in these cells (Dou et al., 2020). Also, in the metastatic lung niche, a higher capacity to induce the transformation fibroblast into CAFs has been observed due to exosomal transport of miR-1247-3p from high-metastatic hepatocellular carcinoma cells; leading to a pro-inflammatory microenvironment promoted by CAFs, which secret IL-6 and IL8, among other cytokines (Fang et al., 2018).
Considering this evidence, the important reciprocal relationship between exosomes and CAFs in the latter’s self-generation and consequently in neoplasms’ development is manifest. This relationship could be explored in greater depth and considered a previous or potentiating stage of carcinogenesis to inhibit the exosomal release and block exosomal molecules essential for the initiation, establishment, and progression of different cancers.
CELLULAR EFFECTS OF CAFS-DERIVED EXOSOMAL MIRNAS AND LNCRNAS ON KEY EVENTS FOR GENESIS AND PROGRESSION OF NEOPLASMS
Migration and Invasion, Processes Upregulated by CAFs-Derived Exosomal ncRNAs
Migration and invasion of cancer cells are essential for the establishment of the malignant neoplasm. Sun et al. isolated CAFs from patients with oral squamous cell carcinoma (OSCC) and showed that in tongue squamous cell carcinoma CAL-27 cells, CAFs could promote these two events through the transfer of exosomal miR-382-5p, which facilitated the OSCC progression. Despite not having biologically determined the interaction, an analysis in silico predicted PTEN, YBX1, RUNX1, STC1, JAM2, and MMP16 as candidate target genes for this miRNA (Sun et al., 2019). Another exosomal miRNA that has been shown to promote cell migration and invasion is miR-1228; this small non-coding regulatory RNA was enriched in exosomes secreted by CAFs and could downregulate endogenous SCAI mRNA and protein level in osteosarcoma, contributing to carcinogenesis of this neoplasm (Wang J.-W. et al., 2019).
CAFs-derived exosomes can also carry lncRNAs; LINC00659 is an example of this; it was found enriched in CAFs-derived exosomes and was shown to have multiple effects on human colorectal cancer (CRC) cells, it was able to induce cell proliferation, migration, invasion, and EMT in vitro. Furthermore, it was determined that these events were promoted by directly interacting with the tumor suppressor miR-342-3p to increase ANXA2 expression in CRC cells (Zhou et al., 2021).
The protumoral effects exerted by various CAFs-derived exosomal miRNAs and lncRNAs enhance the migration and invasion of cancer cells and convert them into key pieces within the universe of participants in developing neoplasms.
CAFs-Derived Exosomal ncRNAs Promote Proliferation and Metastasis, Essential Malignant Characteristics for Tumor Progression
Among the multiple protumoral effects that CAFs-derived exosomal ncRNAs exert on cancer cells are the promotion of cell proliferation and metastasis. Chen et al. determined that CAFs isolated from samples of patients with invasive ductal carcinoma were capable of transferring exosomal miR-500a-5p to breast cancer cell lines, this miRNA bound to ubiquitin-specific peptidase 28 (USP28) promoting cell proliferation and metastasis in a nude mouse xenograft model (Chen et al., 2021). It has also been shown that miR-181d-5p can promote various protumoral cellular events in breast cancer cells, such as proliferation, invasion, and migration. If not enough, it can also induce EMT, antagonize apoptosis in vitro of breast cancer cells and promote tumor growth in nude mice xenografted with MCF-7 cells via downregulation of the transcription factors CDX2 and HOXA5 (Wang et al., 2020).
Another important effect carried out by CAFs exosomal ncRNAs is the reprogramming of metabolic pathways. Although to date, this aspect has not yet been studied in-depth, there is a report where a protumoral role is proposed for lncRNA SNHG3, which positively regulated pyruvate kinase isozymes M1/M2 (PKM) expression, inhibited mitochondrial oxidative phosphorylation, increased glycolysis, and proliferation of breast tumor cells through a mechanism similar to a molecular sponge for antitumoral miR-330-5p (Li Y. et al., 2020); this highlights the multifunctionality that CAFs-derived exosomal ncRNAs can exert on various processes related to carcinogenesis and tumor progression.
Considering the evidence reported, CAFs-derived exosomal miRNAs and lncRNAs can participate directly in tumor growth and the dissemination of cancer cells to other anatomical sites adjacent or far from the primary site, which could cause functional compromise of multiple organs and consequent serious complications in cancer patients.
Treatment Resistance Generated by CAFs-Derived Exosomal miRNAs and lncRNAs
CAFs are an important factor in generating tumor resistance to treatment (Fiori et al., 2019); this protumoral feature is associated with worsening cancer patients’ prognosis (Domvri et al., 2020; Huang et al., 2020). CAFs possess chemoresistance by innate nature and, it has been observed that in the presence of gemcitabine, a cytotoxic anticancer chemotherapy drug, they can transfer this characteristic to cancer cells. CAFs exposed to this antineoplastic drug could increase the release of miR-146a-loaded exosomes; in in vitro assays, this miRNA transmitted gemcitabine resistance to pancreatic cancer epithelial cell lines, promoting cell proliferation and survival. In the same work, it was shown that miR-146a is directly regulated by the promoter binding transcription factor, Snail, which acts as a chemoresistance-inducing factor, and that it was also found to be overexpressed in human pancreatic CAFs-derived exosomes (Richards et al., 2017). Recently, Gao et al. identified and characterized a subtype of CAFs which particularly has the presence of the cell surface protein CD63; these CD63+ CAFs are capable of secreting exosomes enriched in miR-22, which can bind to their targets, ER[image: image] and PTEN, and deregulate their expression, thus conferring tamoxifen resistance to breast cancer cells (Gao et al., 2020).
Gemcitabine and tamoxifen are not the only drugs for which CAFs-derived exosomal miRNAs generate resistance in cancer cells; in fact, a considerable number of reports show that the cytotoxic effect caused by cisplatin in cancer cells can be diminished or eliminated by the action of CAFs-derived exosomal ncRNAs. It has been shown that, in cisplatin-sensitive ovarian cancer cells, CAFs-derived exosomal miR-98-5p was capable of binding to cyclin-dependent kinase inhibitor 1A (CDKN1A) to inhibit its expression, which increased ovarian cancer cell proliferation and cell cycle entry, suppressed cell apoptosis, and promoted cisplatin resistance in vitro and in a xenotransplanted nude mouse model (Guo et al., 2019). The intrinsic resistance that CAFs have towards cisplatin also favors the progression of head and neck cancer (HNC). It has been observed that CAFs can transfer exosomal miR-196a to HNC cells, which generated cell survival, proliferation, and inhibition of apoptosis, also conferred cisplatin resistance by targeting CDKN1B and ING5, cell cycle inhibitor and tumor suppressor molecules, respectively. Additionally, high levels of exosomal miR-196a in plasma were clinically correlated with poor overall survival and chemoresistance in patients with HNC (Qin et al., 2019).
There is a great diversity between the protumoral effects generated by CAFs-derived exosomal miRNAs and lncRNAs; it has been shown that miR-522 is capable of inhibiting ferroptosis, a novel mode of non-apoptotic cell death induced by a build-up of toxic lipid peroxides (lipid-ROS) in an iron-dependent manner, in gastric cancer cells by targeting ALOX15 and blocking lipid-ROS accumulation. Additionally, assays performed in an orthotopic implantation model in nude mice to evaluate gastric tumor growth and chemosensitivity led the authors to suggest that CAFs-derived exosomes containing miR-522 promote a new mechanism of acquired chemoresistance to cisplatin through an intercellular pathway, comprising USP7, hnRNPA1, miR-522, and ALOX15 (Zhang H. et al., 2020).
On the other hand, it has been observed that miR-423-5p-loaded exosomes derived from CAFs can decrease the chemosensitivity of prostate cancer cells and increase the resistance of cells resistant to taxanes; in addition, it was shown that the inhibition of this miRNA enhanced the drug sensitivity of prostate cancer cells in a tumor xenograft model in nude mice. These protumoral events were favored due to the inhibitory effect of miR-423-5p on GREM2 and the impact exerted on the TGF-β pathway (Shan et al., 2020). In another type of neoplasm, in bladder cancer, it was found that miR-148b-3p can also induce resistance to treatment. Shan et al. validated PTEN as a target of miR-148b-3p; the negative dysregulation of PTEN promoted metastasis, EMT, and resistance to doxorubicin and paclitaxel both in in vitro assays using bladder cancer cells and in in vivo assays using a xenograft mouse model. These events were generated due to the tumor-promoting effects of miR-148b-3p via the Wnt/β-catenin pathway (Shan et al., 2021).
CAFs-derived exosomal miRNAs have also shown an inhibitory effect on the cytotoxic action that methotrexate exerts on the metabolism of colon cancer cells. In an in vivo model of colon cancer, it was shown that miR-24-3p induced resistance to this drug, favoring tumor growth under treatment of methotrexate by down-regulating the CDX2/HEPH axis (Zhang et al., 2021).
As mentioned previously, CAFs are also capable of secreting exosomal lncRNAs that promote tumor progression. Such is the case of exosomal lncUCA1, which conferred resistance to cisplatin in vulvar squamous cell carcinoma cells. Mechanistically, lncUCA1 functioned as a sponge for miR-103a, a miRNA with antitumoral function in various human cancers, this sequestration of miR-103a by lncUCA1 promoted the expression of WEE1 G2 checkpoint kinase (WEE1), a direct target of miR-103a, enhancing tumor growth and cisplatin resistance in a BALB/c nude xenograft model (Gao et al., 2021). Another CAFs-derived exosomal lncRNA with protumoral effect is H19, highly expressed in tumors generated in an azoxymethane (AOM)/dextran sodium sulfate (DSS) model of colitis-associated cancer, as well as in CRC samples from patients in different tumor-node-metastasis stages. Additionally, this lncRNA promoted the stemness of CRC stem cells, increased the frequency of tumor-initiating cells, and promoted the resistance of CRC cells to oxaliplatin both in vitro and in vivo. Mechanistically, H19 activated the β-catenin pathway by acting as an endogenous competitor for miR-141, a miRNA with antitumoral effect, in CRC cells (Ren et al., 2018).
These findings propose miRNAs and lncRNAs as important obstacles to achieving a successful chemotherapeutic treatment; subject to further studies confirming this evidence, the elimination or reduction of CAFs-derived exosomal ncRNAs that generate chemoresistance should be considered as a new oncological therapeutic strategy.
Exosomal miRNAs With Antitumoral Effects
miRNAs have generally been reported as protumoral molecules; however, some reports suggest that their silencing or elimination could favor tumor development. A feature shared between the antitumoral miRNAs is that they are significantly reduced in CAFs-derived exosomes. In vitro and in vivo studies carried out by Li et al. revealed that miR-148b could function as a tumor suppressor, the downregulation of this miRNA induced EMT, migration, invasion, and increased MMP-9 activity in endometrial cancer cell lines, as well as metastasis in a nude mouse model, additionally, DNA methyltransferase 1 (DNMT1) was determined as the target gene of miR-148b (Li et al., 2019). This enzyme has also been associated with tumorigenesis in breast cancer due to its indispensable role in the maintenance of mammary stem/progenitor cell and cancer stem cell maintenance (Pathania et al., 2015), and chemoresistance to cisplatin in human non-small cell lung cancer cell lines (Sui et al., 2015). Another study also carried out in endometrial cancer showed that the CAFs-derived exosomal miR-320a inhibited the proliferation of cell lines by direct targeting and downregulation of hypoxia-inducible factor 1-α (HIFα) (Zhang N. et al., 2020). This transcription factor has been strongly related to metastasis, angiogenesis, poor patient prognosis, and tumor resistance therapy (Masoud and Li, 2015). In another neoplasm typical of women, the CAFs-derived exosomal miR-4516 was isolated from tumor tissue obtained from a patient with invasive breast ductal carcinoma; this miRNA suppressed the proliferation of breast cancer cell lines by targeting FOSL1 (Kim et al., 2020).
The antitumoral effects that some miRNAs possess have not only been reported in gynecological cancers. In vitro and in vivo studies carried out in human hepatocellular carcinoma cell lines and in a nude mouse model, respectively, showed that miR-320a could function as an antitumoral miRNA, whose binding to PBX3 affected the protein expression of cyclin-dependent kinase 2 (CDK2) and MMP-2 due to the reduction of the phosphorylation of ERK1/2. In this way, the miR-320a/PBX3 axis suppressed essential events for cancer progression such as EMT, cell proliferation, migration, invasion, tumorigenesis, and metastasis (Zhang et al., 2017). miR-3188 is another miRNA that has an antitumoral effect; its loss of CAFs-derived exosomes contributed to the malignancy of HNC cells, increasing cell proliferation, migration, and invasion, and inhibited apoptosis by derepressing its target B-cell lymphoma 2 (BCL2) mRNA, this miRNA was also able to inhibit tumor growth in a BALB/c nude mice model (Wang X. et al., 2019).
Another of the few reports in which evidence is presented about the antitumoral effect of miRNAs is made by Li et al. It was observed that the overexpression of CAFs-derived exosomal miR-34a-5p suppressed the tumorigenesis of OSCC cells in an immunodeficient BALB/c mice subcutaneous tumor model. Additionally, in OSCC cell lines, it was shown that this miRNA is capable of binding directly to AXL, thus modulating the AKT/GSK-3β/β-catenin signaling pathway; this event reduced proliferation, migration, and invasion, and decreased nuclear translocation of β-catenin, which led to decreased expression of Snail, a transcription factor of MMP-2 and MMP-9, important for EMT (Li et al., 2018).
Considering the reported evidence of some miRNAs’ antitumoral effects in gynecological and non-gynecological cancers, these ncRNAs could become valuable tools to inhibit essential points in carcinogenesis and disease progression.
CAFS-DERIVED EXOSOMAL MIRNAS AND LNCRNAS AS CANDIDATES FOR THERAPEUTIC TOOLS AND BIOMARKERS
Given the importance of protumoral and antitumoral miRNAs and lncRNAs in processes such as cell proliferation, migration, invasion, EMT, metastasis, metabolism, resistance to treatment (Table 1), these exosomal ncRNAs derived from CAFs have been suggested as strong candidates that could be used as new targets or therapeutic tools in breast, ovarian, vulvar squamous cell, endometrial, head and neck, pancreas, oral squamous cell, gastric, bladder, colon, liver, prostate cancer, as well as biomarkers of clinical relevance; CAFs-derived exosomal ncRNAs can be considered cornerstones in neoplastic processes.
TABLE 1 | Cellular and tumor effects and mechanisms exerted by exosomal miRNAs and lncRNAs derived from CAFs in various cancers.
[image: Table 1]CONCLUSION AND PERSPECTIVES
Exosomes loaded with miRNAs and lncRNAs are a key communication pathway between CAFs and the different elements of the TME. Its relevance lies mainly in the promoter effect of protumoral and antitumoral events that modulate the genesis and the progression of various neoplasms. In the present work, the conventional effect of two types of exosomal ncRNAs derived from CAFs: miRNAs and lncRNAs, has been reviewed; this effect inhibits the translation by binding to its target mRNAs (Dragomir et al., 2018). Considering that cancer cells need different stimuli to form tumors and that CAFs, through the secretion of exosomal ncRNAs, among other mechanisms, can contribute significantly by favoring protumoral events, this type of extracellular vesicles derived from CAFs loaded with miRNAs and lncRNAs can be considered as a potential therapeutic target to prevent the development of cancer. Nevertheless, despite the increase in the last 5 years of strong evidence suggesting CAFs-derived exosomal ncRNAs as therapeutic targets, more studies are needed to confirm the protumoral or antitumoral effects exerted by the various miRNAs and lncRNAs. Probably like miRNAs, lncRNAs have unconventional effects on gene expression that are still awaiting to be studied.
Regardless of future studies, the translational way from the laboratory to the clinic has begun. At present, an extensive database of ncRNAs in extracellular vesicles called EVAtlas, a product of enormous work, is available (Liu et al., 2021). In the site http://bioinfo.life.hust.edu.cn/EVAtlas, different characteristics such as extracellular vesicle types and isolation methods, expression level, functions, related drugs, and target genes of seven types of ncRNA of human extracellular vesicles can be consulted, as well as the pathological or physiological condition, tissues, cells, and biological fluids from which they have been isolated. This great bioinformatic tool could be part of the foundations to transfer the findings found in vitro, ex vivo and, in silico on the modulating effects of exosomal ncRNAs, derived and not derived from CAFs in the development of neoplasms, towards therapeutic regimens that improve the prognosis of cancer patients.
Although it is true that it will not be an easy task to incorporate miRNAs and lncRNAs as targets or tools in cancer treatment schemes, their relevance should not be underestimated. In the analysis carried out by GLOBOCAN (Ferlay et al., 2019; Ferlay et al., 2020), the global incidence and mortality rates of different cancers show an increase as the years go by, highlighting the need for additional options than those currently available to help in the fight against neoplasms. Designing and performing safe clinical trials, in which miRNAs and lncRNAs are used as therapeutic tools, is a great challenge and it will be essential to consider them a new real therapeutic alternative that benefits oncological patients.
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Currently, it is well known that the tumor microenvironment not only provides energy support for tumor growth but also regulates tumor signaling pathways and promotes the proliferation, invasion, metastasis, and drug resistance of tumor cells. The tumor microenvironment, especially the function and mechanism of tumor-associated macrophages (TAMs), has attracted great attention. TAMs are the most common immune cells in the tumor microenvironment and play a vital role in the occurrence and development of tumors. circular RNA (circRNA) is a unique, widespread, and stable form of non-coding RNA (ncRNA), but little is known about the role of circRNAs in TAMs or how TAMs affect circRNAs. In this review, we summarize the specific manifestations of circRNAs that affect the tumor-associated macrophages and play a significant role in tumor progression. This review helps improve our understanding of the association between circRNAs and TAMs, thereby promoting the development and progress of potential clinical targeted therapies.
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Introduction

With the continuous development of high-throughput sequencing, a class of covalently closed RNA molecules with extensiveness, diversity, stability, and evolutionary conservation has come into view, known as circular RNA (circRNA) (1, 2). circRNA has a unique covalently closed loop structure and a specific tertiary structure and exhibits tissue- and developmental stage-specific expression, which plays an essential role in multiple cellular processes (3). Some circRNAs have been reported to be involved in tumor genesis, progression, and metastasis (4, 5), and circRNAs have been identified as important markers of various tumors (6–9). As a critical determinant of all stages of cancer development and progression, the tumor microenvironment (TME) is a complex ecosystem involving the coevolution of cancer cells and the surrounding matrix (10). A variety of cellular components in TME include immune cells [T cells, tumor-associated macrophages (TAMs), dendritic cells, mast cells, etc.], cancer-associated endothelial cells (CAE), cancer-associated fibroblasts (CAFs), and cancer stem cells (11, 12). Non-cellular counterparts include growth factors, cytokines, and extracellular matrix (ECM) (13). Other studies have shown that circRNAs play a variety of roles in the TME, promote or inhibit the immune system and angiogenesis, improve the permeability of endothelial cells, promote tumor metastasis, lead to ECM remodeling, and jointly support tumor progression (14, 15)—for example, CAFs can release circEIF3k under hypoxia, upregulate miR-214, and downregulate the programmed death ligand-1 (PD-L1) expression in colorectal cancer, thus inhibiting the progression of colorectal cancer (16). CAF-derived cytokines promote the progression and metastasis of hepatocellular carcinoma (HCC) by activating the circRNA–miRNA–mRNA axis in tumor cells (17). The high expression of cerebellar degeneration-related 1 antisense (circ-CDR1as) can enhance the penetration level of CAEs to promote tumor growth and metastasis (18). circRNAs may become the entry point of the entire ncRNA network, providing broad prospects for the clinical treatment of tumors (19).

Currently, circRNAs participate in the progression of tumorigenesis by acting on the TME and affecting the polarization of TAMs. However, the relationship and interactions of circRNAs and TAMs have not been systematically summarized. In this review, we will outline the specific manifestations of circRNAs affecting the tumor microenvironment as well as the latest findings suggesting that they participate in the metabolic reprogramming of tumor-associated macrophages and play an important role in tumor progression. Our review will improve the understanding of the relationship between circRNA and TAMs to promote the development and progress of potential clinical targeted therapies.


circRNAs

circRNAs are single-stranded RNAs with covalently closed circular structures with tissue/developmental stage-specific expression patterns (20–23), which are highly regulated by cis-acting elements and trans-acting factors (24–27). The covalently closed loops formed by circRNAs are produced by the back-splicing of the exon and/or intron sequences of the primary transcript and endow them with the inherent ability to resist the decay of extranuclear RNA (28). Back-splicing is catalyzed by the standard spliceosome mechanism, but protein factors and CIS-complementary sequences, especially Alu repeats, can regulate this process (29). Alu complementary-dependent base-pairing supports the connection of downstream splicing donor pairs with non-splicing upstream splicing receptors, and the contributed RNA is covalently closed (30). circRNAs exist in a wide range of species, ranging from viruses to mammals, and can function as transcriptional regulators, microRNA (miR) sponges, and protein templates (6, 31–33). Based on the diversity of source sequences, circRNAs can be divided into three categories: exonic circRNAs (EcRNA), exon–intron circRNAs (EIciRNAs), and circular intronic RNAs (ciRNAs) (8, 29, 34–36). However, a fourth tricRNA may be isolated, which corresponds to intronic circular tRNA (37). Most circRNAs are derived from pre-mRNA, while a small portion of intron-derived circRNAs are derived from pre-tRNA (36, 38).

Many studies have shown that circRNA has several characteristics, namely (22):

(1) Abundance and diversity: thousands of different circRNAs have been identified in eukaryotes through RNA-seq technology, and the complexity of the circRNA production mechanism leads to its diversity (29, 39). The enrichment of circRNA can also be found in saliva and blood (22).

(2) Stability: a unique ring structure makes circRNA resistant to ribonuclease, without 5′–3′ polarity and a polyadenylated tail, which results in higher stability than linear RNA (22).

(3) Conservation: circRNAs are highly conserved in different species (40).

(4) Specificity: circRNAs are usually specifically expressed in a tissue or developmental stage-specific manner (8, 41). The characteristics of circRNAs give them the following different functions:

(a) They have miRNA sponges, such as circRNA sex-determining region Y (cir-SRY) (42). (b) They interact with proteins and their expression, such as retinol-binding proteins and mannose-binding lectins (43).

(c) They have translation templates, such as circRNA zinc-finger protein 609 (circ-ZNF609) (44).

(d) They have transcription regulators, such as circRNA poly(A) binding protein-interacting protein 2 (circ-PAIP2) (45).

circRNAs are generated in the nucleus, but most of them are found in the cytoplasm—for example, circRNAs formed by exons are generally located in the cytoplasm (22), which suggests specific rules for circRNA transport or localization. Although most circRNAs are located primarily in the cytoplasm, ciRNAs and EIciRNAs are limited to the nucleus (23, 35, 46), which means that their role is in nuclear events, such as transcriptional regulation. ciRNAs regulate the transcription of their parental genes by promoting the elongation of polymerase II. The binding of circRNAs to proteins may depend not only on nucleotide sequences but also on the different secondary or tertiary structures of circRNAs (47). Abnormally regulated circRNAs play a suppressive or carcinogenic role in the initiation and progression of cancer, affecting a number of cellular functions, such as the maintenance of proliferation signals, promotion of cell migration and invasion, resistance to apoptosis, and induction of angiogenesis (48, 49). Meanwhile, circRNAs play an important regulatory role in diseases by interacting with disease-related miRNAs (50). Studies have shown that circRNAs are helpful for the treatment of osteoporosis, which is related to the differentiation of osteoclasts (51).

circRNAs, with a closed-loop structure and high stability, are gene expression regulators that play a variety of regulatory roles in transcription, splicing, and chromatin interactions (52). The differences in the formation process and shape of the four circRNAs as well as the characteristics and functions of circRNAs are shown in Figure 1 (53). circRNAs exhibit inherent conserved and environmental resistance stability due to their circular structure, presence in blood and peripheral tissues, and coexistence with exosomes and may be considered as potential biomarkers or therapeutic targets for a number of immune diseases (54). Most circRNA translation products have an impact on cancer progression or inhibition (49, 55), which leads to abnormal expression in various types of cancer (28), including colorectal cancer (56), hepatocellular carcinoma (5, 57, 58), gastric cancer (59, 60), acute promyelocytic leukemia (61), and breast cancer (62, 63). Listed in Table 1 is the relationship between some circRNAs and tumors, suggesting that circRNAs are mainly related to inflammatory responses, including the interaction between cytokines and chemokines, and are a potential disease marker that can be used as promising biomarkers for diagnosis, providing a new therapeutic target for tumor treatment (65, 66).




Figure 1 | Most ecircRNAs are primarily produced from two or three exons of reverse splicing, in which the 3′ splicing donor of the pre-mRNA is covalent to the 5′ splicing receptor. Intron circular RNAs include circular intron RNAs (ciRNAs), excision of group I introns, excision of group II introns, excision of lariat introns, and excision of tRNA introns. Exon–intron circular RNA is a circular RNA in which exons and introns exist simultaneously. Internal repetitive sequences may play an important role in its generation, possibly similar to ecircRNAs. Intergenomic circRNAs contain two intron circRNAs, flanked by GT-AC splicing signals, which act as splicing donors and acceptors of circRNAs and form a complete circRNA. The resulting intron ends are joined by RtcB ligase to form a stable circRNA, named tricRNA.




Table 1 | Some circRNA types in cancers.





TAMs

A tumor has a highly heterogeneous structure. Tumor cells interact with a variety of cells and factors, including immune cells and immune factors, to form a complex tumor immune microenvironment (67). The TME is a complex environment where tumor cells coexist with immune cells and other cells, blood vessels, signaling molecules, and the ECM and is the place where the immune system interacts with tumor cells (68). Exosomes are a component of the TME (69); they act as effective signaling molecules between cancer cells and surrounding cells that make up the TME (9, 70). Studies have found that circRNA molecules can be transferred to exosomes and are more abundant in exosomes than in cells, suggesting that they may be promising cancer biomarkers (9). Meanwhile, the TME can actively reprogram macrophage metabolism through the direct exchange of metabolites, cytokines, and other signaling mediators in cancer (71).

Macrophages are composed of many cell types with complex and delicate regulatory networks. The type, density, and location of macrophages, as well as other inflammatory infiltrates, have good prognostic value in various cancer types (72–74). Macrophages are key mediators of tissue homeostasis, while tumors upset this balance; macrophages can even become drivers of metastasis (72, 75). Macrophages are specialized phagocytes that differentiate from circulating classical monocytes after extravasation into tissues (76, 77) and express both activating and inhibiting receptors in the phagocytosis of opsonic or apoptotic cells (78). Macrophages can engulf a large number of pathogens and kill bacteria in cells (79–81). In addition to directly killing tumor cells, macrophages also serve as specialized antigen-presenting cells, which can present tumor cell-derived antigens on major histocompatibility complex (MHC) class I (82) and class II (83) molecules, thereby activating endogenous antitumor T cell responses, amplifying the therapeutic effect and reducing the risk of tumor cell escape due to antigen loss (84–86). TAMs are derived from bone marrow-derived monocytes and tissue macrophages that are recruited into and fill the TME, promoting the spread and diffusion of cancer cells (87–90). TAMs are key cells that generate immunosuppressive tumor microenvironments by producing cytokines, chemokines, and growth factors and triggering T cells to release inhibitory immune checkpoint proteins. TAMs can directly help tumor cells migrate through the paracrine ring between macrophages and tumor cells, which involves macrophages secreting epithelial growth factor (EGF) family ligands and tumor cells secreting CSF1, to improve the invasive characteristics of tumor cells (91).

Consistent with macrophages, TAMs are also highly plastic (92) and adapt to microenvironmental changes by regulating cell metabolism and reprogramming phenotypes (93, 94). TAMs enhance tumor progression by promoting genetic instability, angiogenesis, fibrosis, immunosuppression, lymphocyte rejection, invasion, and metastasis and promote the inflammatory environment by secreting cytokines, such as interleukin-17 (IL-17) and interleukin-23 (IL-23) (95, 96). Many studies have shown that TAM infiltration is closely related to tumor cell proliferation and can express a variety of cytokines that stimulate tumor cell proliferation and survival, including EGF, platelet-derived growth factor, transforming growth factor-β1, hepatocyte growth factor, and epidermal growth factor receptor (97, 98). Figure 2 shows that, once monocytes from peripheral blood are recruited into the tumor, the tumor environment rapidly promotes their differentiation into TAMs (96). Initially, monocytes and macrophages are recruited to the site of tumorigenesis. Under the guidance of different microenvironmental signals, macrophages can differentiate into two functional phenotypes, namely, classical activated macrophages (M1) and alternately activated macrophages (M2). In contrast to the antitumor effects of M1, M2 has anti-inflammatory and tumorigenic properties. M2 TAMs are predominant in progressive tumors and are important regulatory cells in the TME response (99, 100). The major event in the tumor microenvironment is the polarization of macrophages into the tumor-suppressor M1 or tumor-promoting M2 macrophages. Although there is considerable evidence that TAMs are predominantly M2-like macrophages, the mechanisms by which TAMs polarize into M1 and M2 macrophages remain unclear (101). TAMs exhibit the patterns of M1 and M2 macrophages, but these cells are known to have transcriptional profiles different from those of M1 or M2 macrophages (102). However, it is certain that TAMs are related to the occurrence and development of various tumors, such as breast cancer, prostate cancer, glioma, lymphoma, bladder cancer, lung cancer, cervical cancer, and melanoma (103–105). TAMs, which are abundant in most types of malignancies, can promote tumor angiogenesis, allowing cancer cells to escape from the tumor into the circulation and inhibit anti-tumor immune mechanisms (106, 107). Some studies have shown that CSF1, IL-4, IL-13, and IL-10 can promote the polarization of M1-like TAMs to M2-like TAMs in the TME (102). Under specific conditions, the transformation of M2-like TAMs into M1-like TAMs may lead to tumor regression (108). By releasing pro-inflammatory molecules, such as TNF-α and IFN-γ, activating TLR, and reducing anti-inflammatory factors (such as ARG1, TGF-β, and IL10), M1-like TAMs can promote the inflammatory response and antitumor activity of the TME (109). TAMs can antagonize, enhance, or mediate the antitumor effects of cytotoxic agents, tumor irradiation, antiangiogenic/vascular injury agents, and checkpoint inhibitors (73, 110–113).




Figure 2 | Macrophages in the tumor microenvironment become tumor-associated macrophages (M0) once exposed to tumor substances (MCSF), and M0 can differentiate into M1 and M2. When activated by interferon -γ and lipopolysaccharides, M1 macrophages show bactericidal activity and express high levels of CD86, inducible nitric oxide synthase, and pro-inflammatory cytokines, such as interleukin (IL-6), IL-12, IL-23, and tumor necrosis factor. M2 macrophages are activated by Th2 cytokines IL-4 and IL-13 as well as various parasite-related signals, which can be divided into four subtypes (M2a, M2b, M2c, and M2d). They are mainly involved in inhibiting type I inflammation and promoting tissue repair and healing responses.






The Relationship Between circRNAs and Macrophage Polarization

In primary tumors, TAMs have an M1-like phenotype and can eliminate certain immunogenic tumor cells (114). However, the TME can induce the M2-like polarization of TAMs, which is the cause of the formation of primary carcinoma (111, 115). Studies have demonstrated the relationship between circRNAs and macrophages—for example, circASAP1 can act as a competing endogenous RNA (ceRNA) of miR-326 and miR-532-5p to mediate TAM infiltration, and circRNA-CDR1as may be crucial for tumor tissue immunity and cell penetration, such as CD8+ T cells, activated natural killer (NK) cells, and M2 macrophages (116). circ-ASAP1 can mediate TAM osmosis by regulating the miR-326/miR-532-5P-CSF-1 pathway (117). There is no specific mechanism elucidated in this respect, which suggests that the next step is to study how circRNAs interact with tumor-associated macrophages. Studies have shown that circRNAs can regulate macrophage differentiation and polarization, while the pathways regulating macrophage polarization are not completely clear. Several molecules are involved in this process (Figure 3), such as interferon regulatory factor (IRF) and signal transducer and activator of transcription (STAT) (118, 119). Lipopolysaccharide stimulation (LPS) stimulates M1 macrophages by inducing STAT1-α and STAT1-β and interacting with the receptor TLR-4 (120). circPPM1F can play an active role in the LPS-induced activation of M1 macrophages through the circPPM1F–HUr–PPM1F–NF-κB axis (121), and circCdy can promote M1 polarization by inhibiting the entry of IRF4 into the nucleus (122). CSF-1, IL-4, IL-10, TGF-β, and IL-13 are conducive to the polarization of the M2 subgroup (123, 124). The overexpression of has-circ-0005567 inhibits the polarization of M1 macrophages and promotes the polarization of M2 macrophages (125). Compared with M2-type macrophages, circRNA-003780, circRNA-010056, and circRNA-010231 are upregulated in M1 macrophages. However, the expression of circRNA-003424, circRNA-013630, circRNA-001489, and circRNA-018127 is downregulated (126). Studies have shown that, in general, M1 is expressed in bones, the brain, and other adult tissues, and M2 is expressed in embryonic development stages, undifferentiated tissues, and tumors (127). circ-0048117 can regulate toll-like receptor 4 (TLR4) by acting as an miR-140 sponge to promote the polarization of M2 macrophages. Studies have confirmed that the activation of TLR4 on the surface of macrophages plays an important role in macrophage differentiation (128). TLR4 is strongly expressed in lung cancer TAMs and promotes the transformation of TAMs to M2-type macrophages by promoting the oxidative phosphatizing process in mitochondrial metabolism and inhibiting the glycolysis pathway (129). circRNA-0003528 promotes tuberculosis-associated macrophage polarization by upregulating the expression of cytotoxic T-lymphocyte-associated protein 4 (130).




Figure 3 | Tumor-associated macrophages can usually be divided into M1 type and M2 type. M1 macrophages are generally activated through interferon-γ and lipopolysaccharides, which mainly secrete pro-inflammatory factors and play a vital role in the early stage of inflammation. M2 macrophages are activated by Th2 cytokines, such as IL-4, IL-13, and the immune complex, express and inhibit the inflammatory factors, and play a role in inhibiting inflammatory response and tissue repair. circRNA can affect the mutual transformation between M1 and M2. circRNA-0003528 induces M1 macrophage polarization by activating CTLA4. circRNA-0048117 promotes the polarization of M1 to M2 macrophages by promoting the expression of TLR4. circ-Cdy can affect M1 polarization through IRF4. In M1 polarization, the expressions of circ-003780, circ-010056, and circ-010231 are upregulated, while the expressions of circ-003424, circ-013630, and circ-001489 are downregulated; the opposite is true for M2 polarization. circ-0005567 can inhibit M1 polarization and promote M2 polarization.



Although most studies have found that circRNAs are more closely related to M2 polarization, the specific mechanism between circRNAs and M2 is not clear. Under the influence of tumor-derived factors, TAMs can secrete a series of cytokines, including IL-10, TGF-β, and prostaglandin 2 (PGE2), to further inhibit T cell-mediated immune responses and establish a self-proliferative immunosuppressive TME (72, 74). These cytokines can also affect circRNA expression. Accordingly, interleukin-10 (IL-10) can also inhibit the function of a variety of immune cells and the expression of anti-inflammatory macrophages; additionally, IL-10 can induce Tregs. Besides these, the abnormally expressed extracellular circRNA may induce Treg cells and interact directly with immune factors to mediate immune activity and facilitate intercellular communication (131, 132). IL-10 produced by TAMs can inhibit the function of antigen-presenting cells and then block the function of T cell effects, such as cytotoxicity, to inactivate the anti-tumor response, which leads to the downregulation of circRNAs related to the tumor response, thus promoting tumor growth (133). It was found that the transformation from M2-like TAMs to M1-like TAMs can lead to tumor regression under specific conditions (134). The mutual regulation between M1-like and M2-like TAMs is achieved by signal axes, such as STAT1/STAT6 and IRF5/IRF4, which are very important for the occurrence, development, and cessation of tumor inflammation (135). This may be a potential target for the regulation of M1-like and M2-like TAM transformation in clinical cancer immunotherapy. Promoting the conversion of M2 macrophages to the M1 phenotype can become a tumor treatment method (136).

Complex interactions exist between circRNAs and key counterparts in the TME (137), which can affect a variety of physiological and pathological activities, including tumor angiogenesis (138, 139). CAE is arranged on the inner surface of tumor blood vessels and lymphatic vessels, which can support angiogenesis and tumor neovascularization (140), while circ-CDR1as is positively correlated with the CAE infiltration level (18). Endothelial cells are the key to tumor angiogenesis, and the effect of circRNA on endothelial cells can affect tumor progression (141, 142)—for example, circ-IAR can destroy the tight junctions between endothelial cells, increase the permeability of vascular endothelial cells, and promote tumor metastasis (143). Some circRNAs can induce the expression of PD-L1 in the TME and mediate the regulation of tumor immunity—for example, the upregulation of PD-L1 mediated by has-circ-0020397 can lead to the inhibition of apoptosis and the acquisition of tumor immune escape in the TME (144). In short, tumor development is generally related to M2 polarization, and circRNA is also more closely related to M2 polarization and can act with related factors in the TME. The transformation from M2 to M1 can promote tumor regression, which suggests that we can further study key targeted circRNAs to inhibit M2 polarization and promote the transformation from M2 to M1 to treat tumors.



circRNAs Are Associated With TAMs in Different Cancers

TAMs infiltrate most solid tumors in large numbers and contribute to tumor progression by stimulating proliferation, angiogenesis, and metastasis and providing anti-tumor immune barriers. Co-existing with circRNAs in the TME, TAMs may establish and reshape the extracellular matrix structure by allowing tumor cells to invade through the TME. circRNAs enable TAMs to interact with tumor cells or other stromal cells by secreting growth factors, cytokines, and chemokines (72, 76). Signals from tumor cells, lymphocytes, and stromal cells affect TAM function and diversity as well as the corresponding changes in circRNA expression (145, 146). circRNAs play a key role in the development and progression of human cancers such as lung, liver, breast, and colon cancers. Because of the large number of circRNAs, their functions may be complex and different from each other, so the functions and mechanisms of most circRNAs, such as has-circ-0014235, have not been fully identified, and little is known about the existence or effect of circRNA modification. The specific interactions between circRNAs and TAMs are also unknown. In TAMs, circPTK2 is mainly expressed in the tumor invasion frontier (M1-rich area) and stroma (M2-rich area). In contrast, circHIPK3 is mainly expressed in M2, located in the tumor nest and surrounding tumor invasion, suggesting that circRNA is closely related to tumor pathology and prognosis (147). Meanwhile, circRNAs have been found to be enriched in exosomes (4). circRNAs can specifically bind to tumor-specific miRNAs or mRNAs in exons and can be used as new tumor antigens to regulate the immune response (141). Some circRNAs can be detected in exosomes from the serum, urine, and tumors. Exosome circRNAs may be involved in cell growth, angiogenesis, epithelial–mesenchymal transformation, and targeted therapy (148, 149)—for example, circFBLIM1 carried by serum exosomes can be transferred to HCC cells, thereby promoting disease progression and suggesting that circRNA may be a biomarker of various diseases (150). In colorectal cancer, the exons secreted by M2 macrophages highly express miR-21-5p and miR-155-5p to regulate the migration and invasion of colorectal cancer cells (151). circ-BACH1 (has-circ-0061395) is significantly upregulated in HCC tissues, and p27 inhibition is regulated by HUR, which reduces circ-BACH1 to inhibit the proliferation and increase the apoptosis of HCC cells (152). Studies have shown that circASAP1 promotes the proliferation and invasion of HCC cells by regulating miR-326/miR-532-5p-MAPK1 signaling and regulates the infiltration of tumor-associated macrophages by regulating the miR-326/miR-532-5P-CSF-1 pathway (117).

High TAM infiltration is associated with a low overall survival rate in breast, gastric, oral, ovarian, bladder, and thyroid cancers but is not associated with low overall survival in colorectal cancer (CRC) (153). In bladder cancer, circPTK2 promotes the proliferation and migration of bladder tumor cells through the interaction of M2 tumor-associated macrophages (154), while circHIPK3 has been found in CRC by activating the downstream Bcl/Beclin 1 signaling pathway in the TME, thus promoting the growth and differentiation of TAMs (155). circRNA-002178 can act as a ceRNA and induce T cell depletion in lung adenocarcinoma by promoting PD-L1/PD1 expression in cancer cells with spongy miR-34 (156), which affects the polarization process of tumor-associated macrophages, as shown in Figure 3. Mutated p53 cancer cells can be re-transformed from macrophages to TAM through miR-1246 (157), which is beneficial for anti-inflammatory immunosuppression and the increased activities of TGF-β, while it also affects the expression of related circRNAs (158).

In TAMs, circ-0061395 competitively combines with miR-877-5p to improve the expression of PIK3R3 and promote the degree of malignancy of HCC cells. The inhibition of circWHSC1 in vitro can inhibit the proliferation and metastasis of HCC cells and inhibit tumorigenesis in vivo (159). Other studies have shown that circWHSC1, as a sponge for miR-142-3p, directly targets HOXA1, which inhibits the polarization of TAMs, while inhibiting miR-142-3p can improve the effects of circWHSC1 gene knockdown on the proliferation and metastasis of HCC cells. The overexpression of miR-142-3p inhibits the growth and motility of HCC cells, and the elevation of HOXA1 reverses this effect (160). The overexpression of circMCTP2 in gastric cancer can restore MTMR3 expression in gastric cancer cells to cisplatin through sponging miR-99a-5p, which also affects the process of macrophage reprogramming TAMs (161). Other studies have also shown that exosomal circRNA can promote cell growth and inhibit DNA damage (162). Experimental results have shown that circPPM1F can accelerate the activation of M1 macrophages and accelerate the apoptosis of islet cells in diabetic mice (121). Therefore, further studies of exosomal circRNAs will provide a new method for the diagnosis and targeted treatment of many diseases.



Conclusion and Prospect on circRNAs and TAMs

With the development of next-generation sequencing technology, an increasing number of circRNAs have been discovered. circRNAs are a novel class of non-coding endogenous RNAs with closed-loop characteristics. At present, there is no evidence that circRNAs are directly related to the differentiation of tumor-associated macrophages, but some studies have shown that they can be transformed into endogenous RNA to participate in the differentiation process. However, not all circRNAs are positively correlated with tumor-associated macrophages, and the specific correlation between them deserves further study. In general, M1 macrophages promote inflammatory responses against invading pathogens and tumor cells, while M2 macrophages tend to exhibit an immunosuppressive phenotype that is conducive to tissue repair and tumor progression. The abundance of TAMs in tumors is often related to the acquisition of tumor-specific pathological features, such as immunosuppression, neovascularization, invasiveness, metastasis, and poor response to treatment, which indirectly suggests that TAMs may have a tumor-promoting function. TAMs may affect the expression of circRNAs in various cancers, such as lung cancer, liver cancer, colon cancer, and gastric cancer.

Tumor-associated macrophages, especially those that infiltrate tumor tissues, secrete various cytokines according to their polarity and play an important role in the occurrence, invasion, and metastasis of tumors. circRNAs, on the other hand, can specifically adsorb miRNAs to be used as competitive endogenous RNAs. By enhancing exon expression, circRNAs interact with the TME to establish an immunosuppressive environment and promote tumor cell proliferation, anti-apoptosis, invasion, and migration. Unfortunately, the cause and function of circRNA are not entirely clear; this is also true for the role of the specific mechanism between circRNAs and TAMs. However, previous studies have shown that there is little correlation between the two. Further research will help us delve into the role of circRNA and TAMs in tumor growth. The dynamic balance and interaction between TAMs and tumor cells play an important role in the occurrence and development of tumors. circRNAs can also affect TAM differentiation by influencing the TME, thus further affecting tumor growth and development. It was found that the expression of circRNAs in tumor tissues is not absolutely upregulated or downregulated; it may be upregulated in lung cancer but downregulated in breast cancer. Such contradictions make it difficult to connect the polarization of TAMs with the expression of circRNAs, but they show a correlation. Studies on the relationship between circRNAs and TAMs are still at a superficial stage, and there are not enough studies to prove a clear logical relationship between them. circRNAs have many small molecular subtypes, and the TAM polarization process involves many small molecular substances. Perhaps an algorithm can be developed to study the pairwise collocation or mixed collocation between the two to further reveal the relationship between them; this is a direction for future research. Further studies on the relationship between circRNAs and TAMs can help elucidate the role of circRNAs in the nervous system, cancer development, innate immune response, and other biological environments and diseases. circRNA is expected to become a new tumor marker and potential target, providing a new direction for tumor diagnosis and targeted therapy.
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Background: Female breast cancer is currently the most frequently diagnosed cancer in the world. This study aimed to develop and validate a novel hypoxia-related long noncoding RNA (HRL) prognostic model for predicting the overall survival (OS) of patients with breast cancer.
Methods: The gene expression profiles were downloaded from The Cancer Genome Atlas (TCGA) database. A total of 200 hypoxia-related mRNAs were obtained from the Molecular Signatures Database. The co-expression analysis between differentially expressed hypoxia-related mRNAs and lncRNAs based on Spearman’s rank correlation was performed to screen out 166 HRLs. Based on univariate Cox regression and least absolute shrinkage and selection operator Cox regression analysis in the training set, we filtered out 12 optimal prognostic hypoxia-related lncRNAs (PHRLs) to develop a prognostic model. Kaplan–Meier survival analysis, receiver operating characteristic curves, area under the curve, and univariate and multivariate Cox regression analyses were used to test the predictive ability of the risk model in the training, testing, and total sets.
Results: A 12-HRL prognostic model was developed to predict the survival outcome of patients with breast cancer. Patients in the high-risk group had significantly shorter median OS, DFS (disease-free survival), and predicted lower chemosensitivity (paclitaxel, docetaxel) compared with those in the low-risk group. Also, the risk score based on the expression of the 12 HRLs acted as an independent prognostic factor. The immune cell infiltration analysis revealed that the immune scores of patients in the high-risk group were lower than those of the patients in the low-risk group. RT-qPCR assays were conducted to verify the expression of the 12 PHRLs in breast cancer tissues and cell lines.
Conclusion: Our study uncovered dozens of potential prognostic biomarkers and therapeutic targets related to the hypoxia signaling pathway in breast cancer.
Keywords: breast cancer, hypoxia, long noncoding RNA, prognosis, immune infiltration, nomogram
BACKGROUND
Female breast cancer surpassed lung cancer as the most frequently diagnosed cancer (representing 11.7% of total cases and 24.5% of female cancers) worldwide in 2020 (Sung et al., 2021). Despite recent advances in high-quality prevention, early detection, and treatment services, breast cancer is still the leading cause of cancer-related death for female patients (15.5%) (Loibl et al., 2021a). Thus, it is of great importance to identify novel prognosticators and develop a more precise prognostic model to help optimize the individual treatment for patients.
Tumor cells grow in and continuously interact with an incredibly complex and dynamic network called tumor microenvironment (TME). TME consists of noncellular components, such as extracellular matrix, growth factors, cytokines, enzymes, and hormones, as well as diverse types of cells, including endothelial cells, pericytes, immune inflammatory cells, and fibroblasts (Hanahan and Weinberg, 2011). Hypoxia, as one of the most important abnormal microenvironments that tumor cells are continuously exposed to, has a significant impact on tumor biology, leading to a higher phenotypic heterogeneity (Marusyk et al., 2012). The hypoxic tissue areas of many breast cancers are heterogeneously distributed within the tumor mass (Vaupel et al., 2004). Oxygen tension (pO2) measured in normal breast tissue exhibited a mean (and median) of 65 mm Hg (Vaupel et al., 2007), whereas for breast cancers in T1b–T4 stages, the median pO2 was 28 mm Hg (Vaupel et al., 1991). The hypoxic response is mainly ascribed to HIF. The HIF is a heterodimer comprising an inducible α subunit (HIF-α) and a constitutively expressed β subunit (HIF-β), which functions as a transcriptional factor that regulates the expression of genes involved in diverse biological characteristics of tumors (Wang et al., 1995). The levels of HIF-1α have been implicated as an independent prognostic factor for patients with breast cancer (Bos et al., 2003). The hallmarks of cancer, such as angiogenesis (Niu et al., 2020), invasion and metastasis (Bristow and Hill, 2008), evading immune destruction (Hsing et al., 2012) and reprogramming of energy metabolism (Samanta and Semenza, 2018), have been validated to be tumor supportive and associated with the hypoxic tumor environment of breast cancer.
LncRNAs are defined as RNA transcripts longer than 200 nucleotides in length, with no potential to encode proteins (Kopp and Mendell, 2018). Accumulating evidence suggests that lncRNAs play crucial roles in the occurrence and development of a large variety of cancers including breast cancer (Gao et al., 2020; Liu et al., 2021). During tumor hypoxia, hypoxia-inducible factors (HIFs) are upregulated and either positively or negatively regulate lncRNAs through hypoxia response elements within their promoters. Or vice versa, some lncRNAs can regulate the HIF signaling pathway directly or indirectly (Choudhry et al., 2016). Moreover, increasing evidence reveals the potential of lncRNAs as diagnostic or prognostic biomarkers (Bin et al., 2018; Qian et al., 2020; Chen Y. et al., 2021).
Though there was a similar study proposing a prognostic signature based on HRLs (Zhao et al., 2021), which served to stratify patients with early-stage breast cancer, we aimed to develop and validate a more comprehensive and reliable prognostic model for predicting the survival of all breast cancer patients. By means of both bioinformatic analysis and experimental validation, we were also meant to mine some potential tumor-supportive or tumor-suppressive lncRNAs to indicate the further research direction on their functions in breast cancer.
MATERIALS AND METHODS
Data Acquisition
We downloaded RNA sequencing data (1,109 breast cancer tissues and 113 matched normal tissues) and corresponding clinical and pathological information of patients with breast cancer from The Cancer Genome Atlas (TCGA) (https://gdc.cancer.gov/) database in March 2021. The clinical characteristics of the patients are listed in Table 1. A total of 200 hypoxia-related mRNAs were obtained from the Molecular Signatures Database V7.3 (Subramanian et al., 2005) (https://www.gsea-msigdb.org/gsea/msigdb/, M5891).
TABLE 1 | Baseline patients characteristics (n = 1,097).
[image: Table 1]Screening of Hypoxia-Related lncRNAs
Differentially expressed hypoxia-related mRNAs (DEHmRNAs) between the breast cancer and normal tissues were identified via the differential expression analysis using the R package “DEseq” with the threshold value set as |log2 fold change (FC)| >1 and adjusted p value of <0.05. Heatmap and volcano plots were drawn using the R packages “pheatmap” and “EnhancedVolcano,” respectively. The PPI (protein–protein interaction) network was constructed using the STRING version 11.0 Program (Szklarczyk et al., 2017). Further, we performed Gene Ontology (GO) functional enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis via the R package “clusterProfiler”. Finally, we identified the HRLs by Spearman correlation analysis of DEHmRNAs according to the criteria of |Correlation Coefficient| > 0.4 and p < 0.001. The mRNAs–lncRNAs network were constructed via Cytoscape 3.8.2.
Construction of a Hypoxia-Related lncRNA Prognostic Model
Univariate Cox regression analysis was used to identify prognostic hypoxia-related lncRNAs via the R package “survival” with p < 0.05 as the criteria. Heatmap and box plot were drawn using the R packages “pheatmap” and “ggplot2,” respectively. Spearman’s rank correlation was performed to assess the correlation among these genes using the R package “corrplot.” Then, we randomly divided patients into a training set and a testing set in the ratio of 1:1 using the R package “caret.” The R package “glmnet” was used to perform least absolute shrinkage and selection operator (LASSO) Cox regression analysis in the training set to generate a coefficient for each hypoxia survival-related lncRNA. Then, the risk score for each sample was calculated based on the formula: Risk Score (RS) = [image: image]. Coef means the coefficient of lncRNAs associated with survival, and Exp means the expression of lncRNAs. Hence, breast cancer samples were divided into a high-risk group and a low-risk group according to the median risk score.
Validation of the Model
Kaplan–Meier survival analysis was conducted to investigate the differences in OS and DFS between high- and low-risk groups using the R packages “survival” and “survminer,” no matter whether we classified the patients into different groups based on their clinicopathological characteristics. Receiver operating characteristic (ROC) curves and area under the curve (AUC) were used to evaluate the sensitivity and specificity of this prognostic model via the R package “survivalROC.” Additionally, we used “survival” R package to perform univariate and multivariate Cox regression analyses so as to estimate the prognostic value of the model constructed. Finally, we formulated a nomogram using the R package “rms,” which could assign points for independent prognostic factors to predict 1-, 3-, 5-, and 10-year OS of individual patients with breast cancer (Sui et al., 2020). Meanwhile, we calculated the concordance index (C-index) using “survcomp” and constructed calibration curves to evaluate the predictive power of the nomogram.
Drug Sensitivity Analysis
We used the R package “pRRophetic” to predict the differences in chemosensitivity from tumor gene expression levels for some chemotherapy drugs, which was decided by the half-maximal inhibitory concentration (IC50), between high- and low-risk groups based on our prognostic model (Geeleher et al., 2014).
Gene Set Enrichment Analysis
We performed gene set enrichment analysis (GSEA) (version 4.1.0, https://www.gsea-msigdb.org/gsea/index.jsp) to identify the related differential biological function and pathways between high- and low-risk groups as separated by the prognostic model using the following gene sets: Hallmark, GO, KEGG and BioCarta. Each analysis included 1,000 random permutations. The statistical significance level was set to be p < 0.05 and the false discovery rate as < 0.25. The plots were drawn using the R package “ggplot2.”
Immune Cell Infiltration Analysis
The CIBERSORT(Floberg et al., 2021), CIBERSORT-ABS(Yuan et al., 2021), TIMER (tumor immune estimation resource) (Jiang et al., 2021), xCELL (Sui et al., 2020), quanTIseq (Subramanian et al., 2005), EPIC (extended polydimensional immunome characterization) (Yeo et al., 2020), MCPcounter (Dienstmann et al., 2019) algorithms were used to further analyze the differences in immune cell infiltration between high- and low-risk groups. The immune score for each single sample was calculated using the R package “estimate.” Additionally, we calculated the correlation between infiltrating immune cells and risk scores using Spearman’s rank correlation with the criteria of p < 0.05. Subsequently, 11 immune checkpoints were selected from the previous literature (Marin-Acevedo et al., 2018).
RNA Extraction and Real-Time Quantitative PCR
Total RNA was extracted from 11 breast cancer tissues, paired adjacent normal tissues, and breast cell lines including MCF10A and MDA-MB-231 (under normoxia or hypoxia conditions) cell lines. RT-qPCR experiments were performed as previously described. The primers used in this study were shown in Supplementary Table S1. The mRNA quantification of the 12 PHRLs was based on the 2–∆∆Ct method and the expression levels were plotted by using ACTB as the reference gene.
Statistical Analysis
Data were processed using Perl language (version 5.26.1) and analyzed using R software (version 1.3.1073). The Wilcoxon test was applied to compare gene expression, risk scores, drug sensitivity (IC50), and immune cell infiltration scores between two independent groups. Univariate Cox regression and LASSO Cox regression analyses were applied to identify the most useful lncRNAs to build a prognostic model. Survival analysis was conducted using the Kaplan-Meier method and log-rank tests. The chi-square test was used to compare the relationship between risk and immune score level and other categorical clinicopathological factors. Correlation analysis was assessed by Spearman’s rank correlation. Statistical significance was set at p < 0.05 or 0.001 for diverse analysis.
RESULTS
Identification of Differentially Expressed Hypoxia-Related mRNAs in Breast Cancer
We obtained 200 hypoxia-related mRNAs from the Molecular Signatures Database V7.3 (HALLMARK_HYPOXIA, M5891), which were previously validated to be hypoxia-regulated in multiple kinds of cancer including breast cancer (Wang et al., 2009; Xia and Kung, 2009; Leithner et al., 2014). By comparing their expression levels between 1,109 breast cancer tissues and 113 normal tissues using the R package “DEseq,” we identified 46 DEHmRNAs (Supplementary Table S2). The heatmap and volcano plot are shown in Figures 1A,B. A PPI network showed that almost all proteins encoded by the aforementioned genes interacted with each other except SRPX and TPBG (Figure 1C). Further, we performed KEGG (Figure 1D) and GO (Figures 1E–G) analyses to investigate the biological function of 46 DEHmRNAs. The top 3 most enriched KEGG pathways were “HIF-1 signaling pathway”, “Glycolysis/Gluconeogenesis”, and “Carbon metabolism”.
[image: Figure 1]FIGURE 1 | Differential expression and functional annotation of DEHmRNAs in breast cancer. (A) Heatmap and (B) volcano plot of DEHmRNAs between breast cancer tissues and normal tissues (HTSeq-Counts data from TCGA, “DESeq”). (C) A PPI network of DEHmRNAs. (D) KEGG pathway and (E–G) GO function enrichment analysis of DEHmRNAs.
Screening of Hypoxia-Related lncRNAs and Construction of a Co-Expression Network
Co-expression analysis between DEHmRNAs and lncRNAs based on Spearman’s rank correlation was performed to screen out 166 HRLs according to the criteria of |Correlation Coefficient| >0.4 and p < 0.001 (Supplementary Table S3), of which 46 were significantly upregulated and 41 were downregulated (Supplementary Figure S1 and Supplementary Table S4). Based on the mRNA–lncRNA co-expression pattern, we constructed a network to show the relationships among them (Supplementary Figure S2).
Development of Hypoxia-Related lncRNA Prognostic Model
By matching the sample IDs in the expression matrix and clinical information profile, we collected 1,090 samples for subsequent analysis after excluding 19 samples. We performed univariate Cox regression analysis to identify 20 PHRLs significantly associated with survival (p < 0.05) (Figure 2A). The differential expression of these 20 PHRLs is shown in Figures 2B,C. Most of them were notably correlated with each other (Figure 2D). Then, we randomly divided these 1,090 patients with breast cancer into two groups in the ratio of 1:1: a training set (n = 546) and a testing set (n = 544). LASSO-penalized Cox regression was performed in the training set, and finally a prognostic model was developed, which consisted of seven risk lncRNAs and five protective lncRNAs on the basis of the coefficient value (Figures 2E–G). We calculated the risk scores for all samples using the following formula: Risk score = (0.309031851 × Exp of TDRKH-AS1) + (0.213481355 × Exp of AC011978.2) + (0.170772984 × Exp of AC110995.1) + (0.051734285 × Exp of OTUD6B-AS1) + (0.046646469 ×Exp of YTHDF3-AS1) + (0.019875191 × Exp of AL512380.1) + (0.019087737 × Exp of MIR4435-2HG) + (–0.037067764 × Exp of HSD11B1-AS1) + (–0.063799579 × Exp of LINC02084) + (–0.162152639 × Exp of TRG-AS1) + (–0.399031951 × Exp of AL451085.3) + (–0.886350422 × Exp of AL109955.1). All the patients were further separated into high- and low-risk groups according to the median risk score in the training set.
[image: Figure 2]FIGURE 2 | Development of a hypoxia-related lncRNA prognostic model. (A) Forest plot showed the hazard ratio (HR, 95% CI) and the p value of 20 PHRLs by univariate Cox regression analysis. Heatmap (B) and box plot (C) showed the expression level of the 20 PHRLs in breast cancer tissues compared with normal tissues (Wilcoxon test). (D) Spearman rank’s correlation analysis based on the expression of the 20 PHRLs. (E and F) LASSO-penalized Cox regression was performed to filter out 12 optimal PHRLs. (G) 12 PHRLs and their coefficients. *p < 0.05, **p < 0.01, and ***p < 0.001.
Validation of the Prognostic Model
We performed Kaplan–Meier survival analysis to investigate whether there any differences in survival outcomes existed between the high and low-risk groups. The results shown in Figure 3A indicated that in the training set, patients in the high-risk group had shorter median OS compared with those in the low-risk group (log-rank test, p = 4.385e-08). This significant difference can also be seen in both the testing set and the total set (p = 0.0026 in the former, p = 8.537e-10 in the latter) (Figures 3B,C). Then we built time-dependent ROC curves for the three sets. The AUC for 1-, 3-, 5-, and 10-year OS was 0.734, 0.727, 0.741, and 0.786 in the training set and 0.681, 0.637, 0.612, and 0.749 in the testing set, respectively (Figure 3D). In the total set, it was 0.707, 0.691, 0.684, and 0.769 (Figures 3E,F). Additionally, we compared the DFS of 984 patients with breast cancer. As expected, the patients in the high-risk group had significantly shorter median DFS than those in the low-risk group when the best cut point of the risk score was set as 1.55 (Figures 3G–I).
[image: Figure 3]FIGURE 3 | Validation of the predictive ability of the hypoxia-related lncRNA prognostic model. Kaplan–Meier survival analysis revealed the differences in survival outcomes between high- and low-risk groups in the training (A), testing (B), and total sets (C). Time-dependent ROC analysis for evaluating the sensitivity and specificity of this prognostic model in the training (D), testing (E), and total sets (F). (G) Survival curves of DFS between high- and low-risk groups. (H and I) The best cutpoint of the risk score for (G).
We next visualized risk score distribution, survival status, and PHRLs expression in all three sets. The plots showed that, whether in the training (Figures 4A,D), testing (Figures 4B,E), or total Figures 4C,F) set, patients in the high-risk group had poorer survival and higher risk scores compared with those in the low-risk group. The heatmaps manifested the differential expression pattern of PHRLs between the high- and low-risk groups (Figures 4G–I).
[image: Figure 4]FIGURE 4 | Risk score distribution, survival status, and 12 PHRLs expression. (A,D,G) Training set. (B,E,H) Testing set. (C,F,I) Total set.
We excluded 305 patients with incomplete clinical and pathological information to further test the independent predictive ability of the risk model. In order to ensure the accuracy of the following analyses, we compared the difference in clinicopathological factors of breast cancer patients between training (n = 383) and testing (n = 402) sets (Supplementary Table S5). As expected, there was no significant difference between the two sets randomly sampled. Then, we performed univariate and multivariate Cox regression analyses. The results showed that the risk score was significantly associated with OS (p ≤ 0.001) after adjustment for age, stage, TNM stage, ER/PR status, and HER2 status in the training (Figures 5A,D), testing (Figures 5B,E), and total sets (Figures 5C,F), suggesting that the risk score could act as an independent prognostic factor.
[image: Figure 5]FIGURE 5 | Identification of the risk score as an independent prognostic factor by Cox regression analysis. (A,D) Training set. (B,E) Testing set. (C,F) Total set.
Moreover, we divided patients in the total set into multiple groups according to their clinicopathological characteristics and then used Kaplan–Meier survival analysis to verify the prognostic value of the risk model for them. The results shown in Figures 6A–M indicated that the prognosis of patients in the high-risk group was significantly worse than that of the patients in the low-risk group. It is worth noting that this model was applicable to patients with breast cancer of three different molecular subtypes [HR-positive/luminal, HER2-positive, or triple-negative breast cancer (TNBC)]. By comparing the risk scores of patients in different groups, we found that patients over 65 years and those with higher clinical stage had higher risk scores while patients with TNBC had lower risk scores (Supplementary Figure S3).
[image: Figure 6]FIGURE 6 | Survival curves of OS between high- and low-risk groups for patients classified in different ways. (A–C) Patients with HR-positive/luminal breast cancer, HER2-positive breast cancer, or TNBC. (D,E) Patients aged ≤65 or >65 years. (F,G) Patients with clinical stage I–II or III–IV. (H,I) Patients with T1–2 or T3–4. (J,K) Patients with M0 or M1. (L,M) Patients with N0 or N1–3.
Establishment and Validation of a Nomogram and Drug Sensitivity Analysis
The independent prognosticators, including age, stage, ER, PR, HER2 status, and risk score, were used to establish a nomogram for the total set, which could assign a point for each subgroup of these prognosticators. Then, we could calculate the total points to predict the 1-, 3-, 5-, and 10-year OS. As shown in Figure 7A, a 54-year-old patient with clinical stage II, risk score of 10.02, and TNBC had a total point of 236 and predicted 1-, 3-, 5-, and 10-year OS of 93.8, 70.3, 49.7, and 7.2%, respectively. The C-index was 0.816 (95% CI 0.760–0.873) in the training set (n = 383), 0.800 (95% CI 0.725–0.874) in the testing set (n = 402), and 0.797 (95% CI 0.746–0.848) in the total set (n = 785). Moreover, we constructed calibration curves for three sets to predict 5-year OS, which validated the great repeatability and reliability of the established nomogram (Figures 7B–D). Intrinsic and acquired resistance to chemotherapy remains a major challenge in effective breast cancer treatment. Hence, we calculated the differences in drug sensitivity, which was decided by IC50 between high- and low-risk groups. As predicted, patients in the high-risk group had lower chemosensitivity to paclitaxel (p = 2.3e-13), docetaxel (p = 3.8e-07), and doxorubicin (not significant) compared with those in the low-risk group (Figures 7E–G).
[image: Figure 7]FIGURE 7 | Establishment and validation of a nomogram for predicting the OS of patients with breast cancer along with the drug sensitivity analysis. (A) A nomogram considering multiple independent prognosticators, including age, stage, ER, PR, HER2 status, and risk score for predicting the 1-, 3-, 5-, and 10-year OS of patients in the total set. Calibration curves of the nomogram predicting 5-year OS in the training set (B), testing set (C), and total set (D). (We did not show the nomograms of the training set and the testing set.) Drug sensitivity of patients in high- and low-risk groups to paclitaxel (E), docetaxel (F), and doxorubicin (G) in the total set. ***p < 0.001.
Functional Annotation in High- and Low-Risk Groups by GSEA
We performed GSEA using the gene sets, including Hallmark (Figure 8A), GO (Figure 8B), KEGG (Figure 8C), and BioCarta (Figure 8D), to identify the related differential biological function and pathways between high- and low-risk groups. Remarkably, multiple immune-related signaling pathways were enriched in the low-risk group, such as inflammatory response, interferon gamma response, TNFA signaling via NFκB, T cell activation, regulation of natural killer cell mediated immunity, T cell differentiation, T cell receptor signaling pathway, B cell receptor signaling pathway, IL12 pathway, Th1Th2 pathway, NKT pathway, and so on. Based on the GSEA results, we would like to further explore the difference in immune infiltration between the groups.
[image: Figure 8]FIGURE 8 | Functional annotation in high- and low-risk groups by GSEA. The GSEA results based on the gene sets, including Hallmark (A), GO_BP (B), KEGG (C), and BioCarta (D). BP, Biological process.
Immune Cell Infiltration Analysis
With the CIBERSORT algorithm, we compared the differential infiltration levels of 22 kinds of immune cells for each sample between the high- and low-risk groups. As shown in Figure 9A, plasma cells (p < 0.001), resting NK cells (p = 0.049), M0 macrophages (p < 0.001), M2 macrophages (p < 0.001), and neutrophils (p < 0.001) were significantly enriched in the high-risk group while the proportions of naïve B cells (p < 0.001), CD8+T cells (p < 0.001), regulatory T cells (Tregs) (p < 0.001), and activated NK cells (p = 0.004) were significantly higher in the low-risk group. To validate the observed differences, we divided the patients into high- and low-immune score groups according to the median immune score. We then compared the risk scores between them (Wilcoxon test). Obviously, patients with high immune scores had lower risk scores (p < 0.001) (Figure 9B). Consistently, the immune scores of patients in the high-risk group were lower than those of patients in the low-risk group (p < 0.001) (Figures 9C,D). Additionally, we calculated the correlation between infiltrating immune cells and risk scores and exhibited it in a bubble chart (p < 0.05) (Figure 9E). Immune checkpoints are immunomodulators of both stimulatory and inhibitory pathways (Pardoll, 2012). We obtained 11 immune checkpoints from the previous literature (Marin-Acevedo et al., 2018) and then compared their expression level between the high- and low-risk groups. Most of them (GITR, OX40, CD137, CD40LG, CD28, CD278, CTLA4, VSIR, and CD223) were dramatically downregulated in the high-risk group (Figures 9F,G).
[image: Figure 9]FIGURE 9 | Differential immune features between risk groups. (A) CIBERSORT algorithm results demonstrated the differential infiltration levels of 22 kinds of immune cells for each sample in TCGA between the high- and low-risk groups (Wilcoxon test). (B) Comparison of immune scores of patients between the high- and low-risk groups (Wilcoxon test). (C) Comparison of risk scores of patients between the high- and low-immune score groups (Wilcoxon test). (D) A comprehensive heatmap integrating the expression of 12 PHRLs and the distribution of multiple clinicopathological factors (HER2, PR, ER, TNM, stage, age, and immune score) between the high- and low-risk groups (chi-square test). (E) A bubble chart exhibited the correlation between infiltrating immune cells and risk scores using CIBERSORT, CIBERSORT-ABS, TIMER, xCELL, quanTIseq, EPIC, and MCPcounter algorithms (Spearman’s rank correlation). (F,G) Heatmap and box plot showed the expression of 11 immune checkpoints in the high- and low-risk groups (Wilcoxon test). *p < 0.05, **p < 0.01, and ***p < 0.001.
Validation of the Expression of the 12 PHRLs in Breast Cancer Tissues and Breast Cell Lines
To verify the differential expression of the 12 PHRLs, 11 breast cancer tissues and the corresponding adjacent normal tissues were collected for RT-qPCR assay. Two lncRNAs were significantly overexpressed in tumor tissues while six were significantly underexpressed (Figure 10). We further explored the expression of the 12 PHRLs in MCF10A (normoxia, 21%O2), MDA-MB-231 (normoxia, 21%O2), and MDA-MB-231 (hypoxia, 1%O2). The results were shown in Figure 11. We next carried out the Kaplan–Meier survival analysis for the 12 PHRLs using GEPIA2 database (http://gepia2.cancer-pku.cn/) except AL512380.1 for its median expression being zero (Figure 12). Based on the transcriptomic data from TCGA and the Genotype-Tissue Expression (GTEx) database, we analyzed the differential expression of the 12 PHRLs between breast cancer tissues or TNBC tissues and normal breast tissues (Supplementary Figures S4 and S5). Taken together, we could also draw a conclusion that TDRKH-AS1, MIR4435-2HG, HSD11B1-AS1, TRG-AS1, and AL451085.3 were valuable prognostic indicators for patients with breast cancer.
[image: Figure 10]FIGURE 10 | The expression of 12 PHRLs in 11 breast cancer tissues and paired normal tissues. (A)TDRKH-AS1, (B) AC011978.2, (C) AC110995.1, (D) OTUD6B-AS1, (E) YTHDF3-AS1, (F) AL512380.1, (G) MIR4435-2HG, (H) HSD11B1-AS1, (I) LINC02084, (J) TRG-AS1, (K) AL451085.3 and (L) AL109955.1.
[image: Figure 11]FIGURE 11 | The expression of 12 PHRLs in breast cell lines. (A)TDRKH-AS1, (B) AC011978.2, (C) AC110995.1, (D) OTUD6B-AS1, (E) YTHDF3-AS1, (F) AL512380.1, (G) MIR4435-2HG, (H) HSD11B1-AS1, (I) LINC02084, (J) TRG-AS1, (K) AL451085.3 and (L) AL109955.1. hyp: hypoxia (1% O2) treatment for 24 h.
[image: Figure 12]FIGURE 12 | Kaplan-Meier survival analysis of breast cancer patients based on the expression of PHRLs using GEPIA2 database. (A) TDRKH-AS1, (B) AC011978.2, (C) AC110995.1, (D) OTUD6B-AS1, (E) YTHDF3-AS1, (F) MIR4435-2HG, (G) HSD11B1-AS1, (H) LINC02084, (I) TRG-AS1, (J) AL451085.3 and (K) AL109955.1.
DISCUSSION
Breast cancer remains the most common cancer worldwide, with continuously increasing incidence and various factors affecting its development (Bray et al., 2015; Loibl et al., 2021b). Hypoxic areas are distributed heterogeneously throughout the tumor mass and surrounding environment. The crosstalk between tumor cells and the local microenvironment contributes to carcinogenesis, metastasis, and chemoresistance and even determines clinical outcomes. Over the past decade, an increasing number of lncRNAs have been verified to play crucial roles under hypoxia TME in breast cancer. For example, lncRNA BCRT1, which is transcriptionally regulated by HIF-1α under hypoxic conditions, promoted breast cancer cell proliferation and progression (Byrne et al., 2020). Interestingly, another study showed that hypoxia-induced lincRNA-P21 promoted the Warburg effect to increase ATP generation by regulating HIF-1α transcriptional activity in breast cancer (Yang et al., 2014). Most of these studies focused on the role of lncRNAs in the occurrence and development of breast cancer.
Although several articles concerning prognostic models in breast cancer have been published (Li et al., 2020; Pei et al., 2020; Zhao et al., 2021), in this study, we selected a well-recognized gene set “HALLMARK_HYPOXIA” which consists of 200 canonical hypoxia-related mRNAs to perform a differential expression analysis between breast cancer tissues and normal tissues and obtained 46 DEHmRNAs. The co-expression analysis was performed to screen out 166 HRLs. Using these HRLs, we finally constructed a novel prognostic model for patients with breast cancer, which consisted of 12 PHRLs: TDRKH-AS1, AC011978.2, AC110995.1, OTUD6B-AS1, YTHDF3-AS1, AL512380.1, MIR4435-2HG, HSD11B1-AS1, LINC02084, TRG-AS1, AL451085.3, and AL109955.1 (RBM38-AS1). The PHRLs above were totally different from those four of Zhao et al.’s: AL031316.1, AC004585.1, LINC01235, and ACTA2-AS1. The principle reason for this difference is the different hypoxia-related gene sets we chose, which led to only 13 overlapped DEHmRNAs and 34 overlapped HRLs between our study and theirs in the co-expression network (Supplementary Table S6). Nevertheless, the KEGG analysis for the 46 DEHmRNAs we filtered out verified the accurate and strong correlation with hypoxia. Moreover, our prognostic model could divide the patients with breast cancer into high- and low-risk groups more effectively in both training and testing sets and was found to have greater prognostic value by multiple verification methods. The AUCs for 1-, 3-, 5-, and 10-year OS in three sets were calculated to evaluate the predictive accuracy. Beside OS, the difference in DFS between high- and low-risk patients was also significant. It’s also worth noting that our prognostic model was applicable to all breast cancer patients with different clinical stages or molecular subtypes (HR-positive/luminal, HER2-positve, or TNBC) while Zhao et al.’s model applied only to early-stage breast cancer patients. When we compared the risk scores of patients in different groups, we found that patients over 65 years or those with later clinical stage had higher risk scores while patients with TNBC had lower risk scores. There may be two reasons accounting for this result: For one thing, among the 208 patients over 65 years in TCGA breast cancer database, only 21 of them were with TNBC; for another, there were merely 23 TNBC patients among a total of 178 patients with late stage (stage III or stage IV). This seems to indicate that the roles of age and clinical stage as clinicopathological factors outweigh the role of molecular subtypes to predict the survival of patients in the current study, which has also been proved by previous studies (Ferguson et al., 2013; O'Brien et al., 2018). The nomogram established in the present study, which took the clinicopathological factors (HER2, PR, ER, stage, and age) and risk scores into consideration, could precisely predict the OS of patients with breast cancer. The drug sensitivity analysis showed that patients in the high-risk group may be more likely to be resistant to chemotherapy drugs including paclitaxel, docetaxel, and doxorubicin. Though we failed to retrieve ideal GEO datasets including all the 12 PHRLs for independent validation, the validation process above was still sufficient to underscore the utility of our model in predicting the prognosis of breast cancer patients.
Among the 12 PHRLs, AC011978.2, AC110995.1, YTHDF3-AS1, AL512380.1, HSD11B1-AS1, AL451085.3, and AL109955.1 have not been reported to date. TDRKH-AS1 was reported to promote colorectal cancer (CRC) progression through the Wnt/β-catenin signaling pathway (Jiao et al., 2020). In addition, its differential expression with copy number alteration was positively associated with longer OS in lung adenocarcinoma (Wang L. et al., 2019). OTUD6B-AS1 was demonstrated to indicate poor prognosis in ovarian cancer, clear cell renal cell carcinoma (ccRCC), and breast cancer (as an immune-related lncRNA) while its overexpression inhibited ccRCC proliferation (Wang G. et al., 2019; Li and Zhan, 2019; Ma et al., 2020). Similarly, OTUD6B-AS1 played a tumor-suppressive role in thyroid carcinoma (Wang Z. et al., 2020), bladder carcinoma (Wang Y. et al., 2020), and CRC (Cai et al., 2021; Wang et al., 2021). In contrast, in hepatocellular carcinoma (HCC), OTUD6B-AS1 could enhance cell proliferation and invasion ability via the GSKIP/Wnt/β-catenin signaling pathway (Kong et al., 2020). MIR4435-2HG has been verified to be tumor supportive in multiple forms of cancer including breast cancer (Chen D. et al., 2021). Linc02084, as a low-risk immune-related lncRNA in ccRCC(Sun Z. et al., 2020), could also be used to construct a classifier for predicting early recurrence in HCC after curative resection (Lv et al., 2018). TRG-AS1 acted as a molecular sponge to stimulate tongue squamous cell carcinoma (He et al., 2020), HCC (Sun X. et al., 2020), and glioblastoma (Xie et al., 2019) progression. By means of both bioinformatic analysis and experimental validation, our research also indicated that TDRKH-AS1, MIR4435-2HG, HSD11B1-AS1, TRG-AS1, and AL451085.3 were likely to play tumor-supportive or tumor-suppressive roles in the development and progression of breast cancer and may be valuable independent prognostic indicators for patients with breast cancer.
Immune escape has emerged as a key mechanism for breast cancer progression and a crucial step in the preinvasive-to-invasive transition (Gil Del Alcazar et al., 2020). The hypoxic areas in solid tumors are highly infiltrated with immunosuppressive cells, such as tumor-associated macrophages (TAMs), myeloid-derived suppressor cells, and Tregs (Noman et al., 2014). Liang et al. showed that hypoxia-induced exosomal lncRNA BCRT1 contributed to M2 phenotype polarization of TAMs and enhanced its tumor-promoting function (Liang et al., 2020). Ben-Shoshan et al. revealed that hypoxia induced the differentiation of nonspecific CD4+ T cells into functionally active Foxp3 + CD4+CD25+ Treg cells to initiate an anti-inflammatory program via HIF-1α(Ben-Shoshan et al., 2008). Neutrophils with HIF2A gain of function displayed a reduction of apoptosis both ex vivo and in vivo (Thompson et al., 2014). The presence of CD8+ T cells in breast cancer is a reliable predictor of clinical outcome and treatment response (Ali et al., 2014; Byrne et al., 2020). By univariable analysis, Denkert et al. found that high tumor-infiltrating lymphocytes predicted longer disease-free survival in patients with HER2-positive breast cancer and TNBC treated with neoadjuvant therapy (Denkert et al., 2018). Our GSEA results showed that multiple immune-related signaling pathways were significantly enriched in the low-risk group. To validate these findings, we performed immune cell infiltration analysis. Obviously, patients with high immune scores had lower risk scores, indicating better prognosis, in line with the findings of Bruni et al. (2020), Jiang et al. (2019), Mlecnik et al. (2016), and Savas et al. (2016). Naïve B cells, CD8+T cells, activated NK cells, and Tregs were significantly enriched in the low-risk group, which was also partially consistent with the aforementioned previous findings. Considering the importance of immune checkpoint inhibitor–based immunotherapies, we further investigated the differences in the expression of 11 immune checkpoints between the high- and low-risk groups. We found that the expression GITR, OX40, CD137, CD40LG, CD28, CD278, CTLA4, VSIR, and CD233 were downregulated in the high-risk group, which corroborated the results of the study of Hu et al. that upregulated immune checkpoint genes were positively associated with high immune infiltration and favorable prognosis in patients with invasive breast carcinoma (Hu et al., 2020). The immune cell infiltration analysis based on our prognostic model suggests that patients in the low-risk group (with high prevalence of tumor-infiltrating cells lymphocytes, elevated immune-related signaling, and high mRNA expression levels of immune checkpoints) may benefit from immune checkpoint inhibitors while patients in the high-risk group (with low prevalence of tumor-infiltrating cells lymphocytes, downregulated immune-related signaling, and low mRNA expression levels of immune checkpoints) may not. Whether and how the PHRLs influence the immune microenvironment of breast cancer still remains to be explored.
CONCLUSION
In conclusion, we developed a novel prognostic model consisting of 12 hypoxia-related lncRNAs and an integrative nomogram that could predict the OS accurately and effectively for patients with breast cancer. Furthermore, we analyzed the immune cell infiltration conditions and drug sensitivity between high- and low-risk breast cancer classified based on the prognostic model. Our study uncovered dozens of potential prognostic biomarkers and therapeutic targets concerning the hypoxia signaling pathway in breast cancer.
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The development of various therapeutic interventions, particularly immune checkpoint inhibitor therapy, have effectively induced tumor remission for patients with advanced lung cancer. However, few cancer patients can obtain significant and long-lasting therapeutic effects for the limitation of immunological nonresponse and resistance. For this case, it’s urgent to identify new biomarkers and develop therapeutic targets for future immunotherapy. Over the past decades, tumor microenvironment (TME)-related long non-coding RNAs (lncRNAs) have gradually become well known to us. A large number of existing studies have indicated that TME-related lncRNAs are one of the major factors to realize precise diagnosis and treatment of lung cancer. Herein, this paper discusses the roles of lncRNAs in TME, and the potential application of lncRNAs as biomarkers or therapeutic targets for immunotherapy in lung cancer.
Keywords: lncRNA, non-small cell lung cancer, immunotherapy, tumor microenvironment, biomaker
INTRODUCTION
Lung cancer ranks the most important leading cause of cancer-related deaths globally (Bray et al., 2018; Nasim et al., 2019). Non-small cell lung cancer (NSCLC) accounts for more than 80% of all lung cancers (Bender, 2014). Despite the improvements of NSCLC treatment in traditional therapies, the overall cure and survival rates for NSCLC remain low, particularly in metastatic diseases (Siegel et al., 2020). Existing research suggests that combination treatment options (using immunotherapies or targeted therapies) may be the ultimate curative option. Hence, it is quite essential to investigate the precise molecular mechanism and biomarkers to promote the effectiveness of treatment, especially immune checkpoint inhibitors (ICIs).
ICIs reactivate dysfunctional and/or exhausted T cells by targeting immune checkpoints including cytotoxic T lymphocyte related protein 4 (CLTA-4), programmed cell death protein 1 (PD-1), or its ligand, PD-L1. To date, ICIs have altered treatment paradigm in multiple indications such as melanoma, NSCLC, renal cell carcinoma (RCC) and so on (Pardoll, 2012; Hoos, 2016; Papaioannou et al., 2016; Munn and Jain, 2019; Xin Yu et al., 2019). However, the treatment response of ICIs remains unsatisfactory, and the objective response rate (ORR) for ICIs alone is only about 15–25%, and even lower in pancreatic carcinoma, triple negative breast cancer, and colorectal cancer with microsatellite stability (MSS) (Gao et al., 2019). Most patients still face the dilemmas of primary/acquired resistance of ICIs. A great number of studies have investigated the resistance mechanisms that limit the efficacy of ICIs such as disability of neoantigen presentation, activation of T cell, the impaired formation of T cell memory and the dysregulation of tumor microenvironment (TME) (Gajewski et al., 2013; Hegde et al., 2016; Jenkins et al., 2018; Yi et al., 2019; Schoenfeld and Hellmann, 2020). TME, comprised of the interaction between tumor cells, tumor-associated stromal cells as well as extracellular matrix, has been considered to be of great significance in activating the effect of ICIs. Notably, identifying abnormal TME and treatment-related biomarkers are not only the important means of antitumor therapy, but also of immune efficiency improvement (Gao et al., 2019).
LncRNAs, the most frequently expressed nonprotein-coding RNAs, have at least 200 nucleotides and are usually located in the cell nucleus, cytoplasm and exosomes where they interact with various molecules like DNA, RNA, proteins and so forth (Atianand and Fitzgerald, 2014). Multiple pathophysiological processes through the epigenetic, transcriptional and post-transcriptional regulation of gene are regulated by lncRNAs, of which lncRNAs include at least five categories including intergenic lncRNAs, intronic lncRNAs, antisense lncRNAs, sense lncRNAs and bidirectional lncRNAs (pseudogenes and retrotransposons) (Rinn and Chang, 2012). In TME, lncRNAs can directly or indirectly affect the growth of tumor cells, and play a nonnegligible role in the regulatory recircuit of the immune cells, promoting recruitment of immunosuppressive cells such as Tregs, M2-type macrophages and myeloid-derived suppressor cells (MDSCs), down-regulating the expression of adhesion molecules on endothelial cells, as well as up-regulating of immune checkpoints (PD-1/PD-L1 and CTLA4), which could contribute to tumor development and resistance to drugs or radiotherapy (Fu et al., 2021; Taheri et al., 2021). Specifically, lncRNAs are new emerging therapeutic targets and important prognostic biomarkers in multiple cancers including lung cancer (Tokgun et al., 2020). Accumulating studies have identified that lncRNAs are essential mediators of intercellular communication between tumor and stromal cells in local and distant microenvironment of lung cancer.
In this review, we focus on describing how lncRNAs derived from tumor cells, immune cells or exosomes regulate the TME in lung cancer to promote tumor progression, emphasizing the role of these lncRNAs in tumor cells, lymphoid immune cells, macrophages, cancer-related fibroblasts, tumor vasculature and other components of TME (Figure 1).
[image: Figure 1]FIGURE 1 | Interaction of lncRNAs with tumor microenvironment (TME) regulating lung cancer development.
LNCRNAS AFFECT LYMPHOID IMMUNE CELLS
Existing research has reported that lymphoid immune cells within tumors have two-sided (positive and negative) effects on tumorigenesis and tumor progression (Joyce and Pollard, 2009). LncRNAs as important regulator molecules influence the activity and sensitivity of tumor-infiltrating T cells. Duan et al. conducted lncRNA profiling to screen for differentially expressed lncRNAs related to CD8+ T cells and activated memory CD4+ T cells in NSCLC (Duan et al., 2020). A total of 90 DElncRNAs (differential expression lncRNA) showed different expression patterns in CD8+ T immune cells, and 48 DElncRNAs were associated with activated memory CD4+ T cells. The enrichment pathway analyses revealed that differentially expressed lncRNAs were mainly involved in cytokine–cytokine receptor interaction as well as viral protein interaction with cytokine–cytokine receptor, suggesting that T cell-specific lncRNAs mediated an immune response during NSCLC progression. This study provided a cursory but comprehensive indication of the vital role of lncRNAs in influencing the biological function of T lymphoid cells in lung cancer. Specifically, a study reported that a large proportion of CTLs/Th1 cells underwent apoptosis in NSCLC, a process that could be further facilitated by anti-CD3, while the proportion of Th2 cells/Treg cells were relatively low in TME, suggesting CTLs/Th1 cells were more sensitive to activation-induced cell death (AICD) than Tregs/Th2 cells. Further analysis indicted that STAT1-mediated transcription of NKILA caused AICD of CTLs/Th1 cells by suppressing NF-κB which was upregulated in Tregs/Th2 cells compared with CTLs/Th1 cells (Huang et al., 2018). Tang et al. also observed that the propotion of Th2 was high in peripheral blood of NSCLC, and the proportion of CTLs/Th1 cell was lower than that in normal control. LncRNA NEAT1 was also reported to be upregulated in lung cancer tissues with high TILs. NEAT1 negatively regulated CD8+ T cells in lung cancer cells via increasing CXCL10, CCL5, and IFN-β expression, which directly induced cGAS/STING Signaling, to suppress immune response (Ma et al., 2020). In addition, signaling from SOX2-OT/miR-30d-5p/PDK1 contributed to apoptosis of CD8+ T cells, which in turn promoted immune escape of NSCLC (Chen et al., 2021). The direct interaction between SChLAP1 and AUF1 antagonized the binding between AUF1 and PD-L1 mRNA 3′-UTR, resulting in improving PD-L1 mRNA stability and expression, thereby attenuating CTLs function (Du et al., 2021). Collectively, lncRNAs control lung cancer development and metastasis by affecting T cell function in TME, and targeting lncRNA may alter the activity of CTLs, thereby enhancing the effectiveness of immunotherapy.
LNCRNAS IN CANCER STEM CELLS
Cancer stem cells (CSCs) are regarded as a population of tumor cells characterized by abilities to self-renew or to differentiate into cancer non-stem progenies, and therefore often involved in the resistance to cancer therapies, tumorigenesis, epithelial-to-mesenchymal transition (EMT) and tumor metastases (Clarke and Fuller, 2006; Zhao, 2016). CD44, CD133, OCT-4, Bmi-1, ALDH1, ABCG2 and KLF4 are common CSC biomarkers that are specifically and highly expressed on the cell surface. For example, Prior researches elucidated the determinants about the resistance to cancer treatments including growth features associated with slow division and quiescence (Vidal et al., 2014; Ajani et al., 2015), ATP-binding cassette (ABC) transporters expression levels involved in elimination of drugs (Abdullah and Chow, 2013), and the presence of increased detoxification of endogenous and exogenous aldehyde substrates via the aid of aldehyde dehydrogenases (ALDHs) (Sládek, 2003; Ahmed Laskar and Younus, 2019). As a pivotal component of the TME, the maintenance of CSCs as well as the growth and progression of tumors are inseparable from the cancer microenvironment, together with various regulatory factors. To date, lncRNAs involved in both CSCs biological functions and cancer development have received considerable research attention (Schwerdtfeger et al., 2021). Here we have reviewed relevant literatures to summarize the functions.
In regulating tumorigenesis, lncRNA HOTAIR was reported to exert pro-cancer effects by inducing CSCs and EMT formation under the direct regulation of STAT3 under cigarette smoke exposure (Liu et al., 2015). The relationship between stemness and EMT programs has been reviewed in previous literature (Wilson et al., 2020). DUXAP10 was obviously upregulated in Cd-induced lung cancer cells. DUXAP10 knockdown induced the stemness markers including KLF4, KLF5 and Nanog downregulation, weakened the capacity of spheres formation and reduced the number of stem cells marked by CD133 via inhibiting the Hedgehog signaling pathway signal, which was involved in Cd carcinogenesis in lung cells (Lin et al., 2021). As for resistance to cancer therapies, Liu et al. revealed that lncRNA HOTAIR could cause cisplatin resistance via inducing stem cell-related biomarkers β-catenin and KLF4, especially directly regulating KLF4, to promote stemness (Liu et al., 2016). Similarly, LINC01224 is obviously upregulated in NSCLC cells and associated with NSCLC radioresistance. LINC01224 knock-down dramatically promotes the abilities of self-renew by regulating the expression of ZNF91 and therefore suppresses the irradiation sensitivity of NSCLC (Fu et al., 2021). In terms of EMT and metastasis, FOXF1-AS1 acted as a protective factor and interacted with PRC2 components EZH2 to hinder self-renewal of NSCLC CSCs and reduce the number of stem-like cells, thus leading to impaired EMT capacity of tumor cells (Miao et al., 2016). LncTCF7 overexpression increased NSCLC sphere formation and expression of specific markers (EpCAM, Sox2, Oct4 and Nanog). Further study of the molecular mechanism of TCF7 regulation of CSC revealed that TCF7 may exhibit oncogenic activity by regulating EpCAM via competitively binding miR-200c, which stimulated invasive activity and enhanced the self-renewal capacity of CSCs (Wu and Wang, 2017). The interaction with LINC00662 and its RNA binding protein Lin28 can elevate CSCs stemness and invasion ability of tumor cells, contributing to the poor prognosis of NSCLC (Gong et al., 2018). The expression of LINC01123 is up-regulated in LUAD. Mechanistically, LINC01123 could precipitate miR-449b-5p to release NOTCH1, thereby promoting downstream NOTCH1 signaling and resulting in accelerating LUAD cell stemness and EMT (Zhang et al., 2020). More LncRNAs affecting CSC properties are summarized in Table 1. Taken together, all these data elucidate that dysregulation of lncRNAs affects CSCs traits and tumor invasion, and could be potential targets of tumor immunotherapy.
TABLE 1 | LncRNAs and their respective molecules or pathways involved in theTME.
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Macrophages, most of which derived from blood monocytes, are involved in EMT and are present in almost all tissues such as hepatic Kupffer cells (KCs) or brain microglia (Varol et al., 2015). According to the different mechanisms of action, macrophages are roughly divided into classically activated macrophages known as “killer” macrophages (M1) activated by IFN-γ, TNF-α as well as lipopolysaccharide (LPS) and alternatively activated macrophages known as “repair” macrophage (M2) activated by IL-4, IL-10 or IL-13 (Li et al., 2019). Basic studies have indicated that in mouse models, high levels of MHC II molecules are expressed in tumor-associated macrophages (TAMs) with the hallmark of M1 during the early stages of tumor development. However, the advanced stage of tumor is mainly characterized by low-level MHC II molecules of M2, which indicates that an M1-to-M2 transformation is present in tumor progress (Mantovani et al., 2002; Wang et al., 2011). Obviously, the accumulation of macrophages is related to tumor angiogenesis, tumor invasion and immunosuppression (Condeelis and Pollard, 2006). LncRNAs expression has been implicated in many cellular and developmental processes like cell proliferation and apoptosis (Batista and Chang, 2013; Heward and Lindsay, 2014). Prior reports have suggested that lncRNAs are also involved in regulating macrophage polarization (Huang et al., 2016).
In recent years, it has been shown that lncRNAs originating from tumor cells are involved in the polarization of TAMs and result in tumor progression. Tumor cell-derived FGD5-AS1 via exosomes transportation promotes upregulation of M2 polarization markers (CD163, CD206, ARG1) and downregulation of M1 macrophage markers iNOS and IL-2 in NSCLC (Lv et al., 2021). Sun et al. summarized that the upregulated lncRNA XIST promoted macrophage conversion to M2 characterized by the deletion of specific makers like IL-10 and CD163, to affect tumor invasion and migration of lung cancer (Sun and Xu, 2019). GNAS-AS1 inhibits miR-4319 expression, and consequently activates N-terminal EF-hand calcium binding protein 3 (NECAB3) in THP-1-differentiated macrophages. Therefore, GNAS-AS1 increases the number of M2 macrophage and consequently promoting NSCLC cell growth and metastasis (Li Z. et al., 2020). Moreover, tumor-derived exosomal SOX2 overlapping transcript also play an important role in modulating the polarization of TAMs in NSCLC though regulating SOX2/miR-627-3p/Smads axis (Zhou et al., 2021). Taken together, lncRNAs directly or indirectly regulate the polarization of TAMs to affect lung cancer progression and metastasis, but the specific regulatory mechanism controlling the macrophages M2 polarization in lung cancer needs to be further studied.
LNCRNAS PROMOTE BY REGULATING IMMUNE SUPPRESSIVE CELLS
Studies have shown that the interactions between non-tumor cells exposed to the tumor microenvironment and tumor cells contribute to tumor progression and metastasis. In addition, T cells in tumors are often dysregulated and unable to generate specific responses to tumor cells in a timely manner. Immunosuppressive cells, including regulatory T cells (Tregs) usually expressing CD4, CD25 and FOXP3 markers (T cells that are not immunosuppressive) and MDSC, can contribute directly or indirectly to immunosuppression, which are reviewed in detail below.
Myeloid-Derived Suppressor Cells
Myeloid-derived suppressor cells (MDSCs) express two specifical markers, CD11b and Gr1, and represent a heterogeneous population of myeloid origin that are activated and proliferated by growth factors and cytokines released by tumor cells. Once MDSCs are activated, they accumulate in lymphoid organs and tumors and exert immunosuppression on T cells. Currently, the cellular mechanisms by which MDSCs have been shown to be involved in immunosuppressive activity are: 1) inhibition of CTL cells activation and proliferation in an MHC-restricted or unrestricted and antigen-specific manner (Nagaraj et al., 2007; Zou et al., 2021); 2) indirectly affects T cell activation via the induction of Treg proliferation and benefiting from TGF, IL-10 production (Serafini et al., 2008); 3) Stimulation of macrophage conversion to M2 by secreting IL-10 and down-regulation of IL-12 that promotes M1 generation (Sinha et al., 2007); 4) interaction with type II iNKT, which promotes tumor progression through IL-13 production, thereby inducing aggregation of MDSCs (Zou et al., 2021). Of note, MDSCs have immunosuppressive activity only when activated. The molecules that can activate MDSCs include two main categories: 1) tumor-derived soluble factor (TDSF), which inducing the proliferation of MDSCs though activating STAT3 to stimulate the proliferation of myeloid cells and inhibit the differentiation of mature myeloid cells, including VEGF, SCF, GM-CSF, G-CSF, IL-6, IL-10, IL-12, MMP9 and CCL2 (Talmadge, 2007; Marigo et al., 2008); 2) soluble factors released by activated T cells and tumor-derived stromal cells, such as IFN-γ, TLRs ligands, IL-4, IL-13 as well as TGF-β, are responsible for the activation of different transcription factors such as STAT6, STAT1 and NFγB (Gabrilovich and Nagaraj, 2009). Recently, it has been shown that lncRNAs affect lung cancer progression by regulating the immunosuppressive function of MDSCs in TME. Tian et al. discovered that HOTAIRM1 is obviously downregulated in MDSCs and its expression reduces in peripheral blood of lung cancer. Overexpression of HOTAIRM1 can positively target HOXA1 and induce subsequent reduction of the immunosuppression function of MDSCs, as well as increase the number of Th1/CD8+ cytotoxic T lymphocyte cells (CTLs), thereby sustaining improving the antitumor immune response (Tian et al., 2018a). Moreover, they also observed that the expression of lncRNA RUNXOR is higher in the blood of lung cancer patients than the levels in healthy samples, while decreases after surgery. Further detection suggested that RUNXOR can promote the activation of MDSCs and decrease the proportion of Th1/CTL cells by regulating RUNX1 mRNA expression (Tian et al., 2018b). A study on lncRNA MALAT1 indicated that MALAT1 directly affected MDSCs differentiation in lung cancer (Zhou et al., 2018). Some studies are more detailed. Zheng et al. identified that the expression level of lncRNA Pvt1 was upregulated in G-MDSCs following induction of IL-6 and GM-CSF. In contrast, when Pvt1 was knocked down, Arg1 activity and ROS production were significantly reduced and the ability of G-MDSCs to suppress T cells turned weak. In mice injected with Lewis lung carcinoma cells, they found that the number of CTLs/Th1 cells increased compared with the normal treatment group. The function of G-MDSCs was obviously upregulated under hypoxic conditions though targeting HIF-1α, and inhibition of HIF-1α by YC-1 apparently reduced Pvt1 expression in G-MDSCs (Zheng et al., 2019). Owing to the diverse phenotype of MDSCs, MDSCs tend to be classified into CD11b+Ly6G+Ly6Clow polymorphonuclear MDSCs (PMN-MDSCs) and CD11b+Ly6G+Ly6Chi monocytic MDSCs (M-MDSCs) in mice (Youn et al., 2008). A latest study revealed that LncRNA AK036396 had a fairly high level of expression in PMN-MDSCs, whereas knockdown of AK036396 repressed Arg1 activity in vitro and CD244 expression leading to reduction of immunosuppressive effects of PMN-MDSCs (Sagiv et al., 2015). At the mechanistic level, the researchers found that lncRNA AK036396 could interact with Fcnb through abrogating its ubiquitination to enhance its stability in the cytoplasm of myeloid cells, to enhance the immunosuppression of PMN-MDSCs and attenuate Th1/CTL cells responses, and ultimately accelerating tumor progression (Tian et al., 2020). These studies have demonstrated that lncRNAs play a significant role in the aggregation and activation of MDSCs. However, the role and regulatory mechanism during tumor progression of these lncRNAs within MDSCs in lung cancer awaits further exploration.
Treg Cells
Regulatory T cells (Tregs), as a major subset of infiltrating CD4+ T cells in TME, specifically express the master transcription factor FOXP3 (Sakaguchi et al., 2020), and have been found to suppress anti-tumor immune responses in diverse ways, including: 1) targeting TGF-β, thus inhibits the anti-tumor effects promoted by CD4+ cells, CD8+ cells, and NK cells (Konkel and Chen, 2011; Sun et al., 2020); 2) disrupting metabolism by scavenging cytokines such as IL-2, or producing immunosuppressive adenshakes by extracellular enzymes CD39 and CD73 (Spolski et al., 2018); 3) inhibiting the maturation and function of DC; 4) dissolved by granulase A or B and perforation induced CD8+ lymphocytes. Several studies involving humans and mice have shown that extrinsic tissue and tumors in different tissues contain the largest Tregs, and that the absence of Treg cells can significantly improve anti-tumor immunity. A few studies reported that lncRNA affects tumor progression by regulating the biological behaviors and function of Tregs. Sun et al. identified a novel lncRNA, LINC00301, that can promote the accumulation of Tregs and decrease CD8+ T cell in NSCLC upon targeting TGF-β1 (Sun et al., 2020). Moreover, lncRNA C5orf64 expression is positively correlated with NSCLC survival, but negatively associated with Tregs levels (Pang et al., 2021).
THE ROLE OF LNCRNA IN CANCER-ASSOCIATED FIBROBLASTS
Cancer-associated fibroblasts (CAFs), as one of major components in TME that derive from the differentiation of quiescent fibroblasts by activation of various external factors like cytokines/chemokines, growth factors, hypoxia factors, lncRNAs and so on, participate in the entire cancer developmental process, from tumor initiation to progression, including carcinogenesis, proliferation, migration, EMT, drug resistance, metabolic reprogramming, angiogenesis and immunosuppression (Wu et al., 2017; Shoucair et al., 2020; Yang et al., 2021). Growing studies also reveal that lncRNAs also play a nonnegligible role in cancer cells and CAFs by shuttling via exosomes and directly within CAFs or cancer cells. But, the roles of lncRNAs in CAFs during lung cancer progression indeed remain unclear and are poorly studied. Teng et al. had attempted to identify differentially expressed lncRNAs between CAFs and normal fibroblasts in NSCLC using lncRNA profiling analysis with the intention of selecting important biomarkers working in TME. They found that upregulated lncRNAs were involved in important cancer-related regulatory pathways such as NOD-like receptor signaling (Teng et al., 2019). The roles and mechanisms of action of individual lncRNAs in CAFs of lung cancer are starting to be realized.
THE TUMOR VASCULATURE IS SUPPORTED BY LNCRNAS
In physiological environment, angiogenesis maintains a relatively dynamic homeostasis and is strictly controlled by pro-angiogenesis and anti-angiogenesis regulators (Ribatti et al., 2007). Hypoxia and acidosis in tumor bed are often attributed to a large consumption of oxygen and nutrients and an active metabolism under a disproportionate blood supply (Kerbel, 2008; Sun, 2012). In this case, it continues to induce the production of large amounts of pro-angiogenic factors in TME (Ronca et al., 2017). Meanwhile, various angiogenic factors such as Vascular endothelial growth factor (VEGF) (Ferrara et al., 2003), angiopoietin (ANGPT) (Fagiani and Christofori, 2013) and basic fibroblast growth factor (bFGF) (Zheng et al., 2018) also increase and have immunosuppressive functions. As a result, the balance of pro- and anti-angiogenesis is disturbed in cancer, leading to a shift to angiogenesis and immunosuppressive microenvironment (Ribatti et al., 2007). Some evidence has shown that lncRNAs act on tumor progression by regulation of VEGF in lung cancer. A report (Chen et al., 2020) showed that LINC00173.v1 is upregulated in lung squamous cell carcinoma (SQC) tissues and is negatively associated with SQC prognosis. Knockdown of LINC00173.v1 suppresses VEGFA expression, thus attenuating vascular endothelial cell proliferation and migration, as well as tumorigenesis of SQC cells. Mechanistic evidence has exhibited that LINC00173. v1 exerts these functions by sponging miR-511-5p as a ceRNA. Hou et al. (2021) reported that lncRNA EPIC1 is significantly upregulated in NSCLC tissues and cells. EPIC1 silence represses Ang2 -Tie2 signaling pathway-related proteins, thereby inhibiting HUVECs (human umbilical vein endothelial cell) proliferation and channel forming abilities. lncRNA LINC00667 induces eukaryotic translation initiation factor 4A3 (EIF4A3) expression and secretion, and consequently activates the mRNA and protein levels of VEGFA. Therefore, LINC00667 promotes angiogenesis of NSCLC cells and consequently results in NSCLC tumor growth and metastasis (Yang et al., 2020). Knockdown of lncRNA F630028O10Rik in lung cancer increases VEGFA and VEGFR2 expression by sponging miR-223-3p, which means that F630028O10Rik could inhibit tube formation in vascular endothelial cells, thus further influencing angiogenesis in lung cancer (Qin et al., 2020). Besides, lncRNAs, MCM3AP-AS1 (Li X. et al., 2020) and PVT1 (Mao et al., 2019) also play a key role in accelerating angiogenesis in lung cancer, respectively. These researches provide a rationale for using the anti-angiogenic effects of lncRNAs as a therapeutic option for lung cancer. Yet, the effect on tumor angiogenesis for lncRNAs still awaits further investigation.
LNCRNAS AS PROGNOSTIC BIOMARKERS
Diagnosis and therapies using lncRNAs are being developed. For example, the investigators have conducted clinical settings to identify lncRNA biomarkers from the plasma to facilitate detection of early lung cancer (NCT03830619). Studies have suggested that lncRNAs not only interact with the TME, but closely correlate with cancer prognosis. We extracted a number of gene expression profiles of lncRNAs in Lung adenocarcinoma from the TCGA database (N = 468). Based on the best cutoff value of gene expressions, we performed Kaplan-Meier survival analysis to validate the association between part of lncRNAs mentioned above and prognosis of lung cancer using the R package “Survminer”. As illustrated in Figure 2, the key lncRNAs exhibit good performance in prognostic prediction of lung cancer (p < 0.05). For instance, FDG5-AS1, HOTAIR, NKILA and LINC00662 are regarded as risk factors for survival of lung cancer (Liu et al., 2015; Gong et al., 2018; Huang et al., 2018; Lv et al., 2021), while C5orf64, DHRS4-AS1 and FOXF1-AS1 are protective factors. These genes have important effects on lung cancer (Miao et al., 2016; Yan et al., 2020; Pang et al., 2021). As far as these lncRNAs are concerned, although there is no specific clinical application in lung cancer to date, they are still potential for the comprehensive treatment and diagnosis of lung cancer.
[image: Figure 2]FIGURE 2 | Kaplan-Meier curves of overall survival (OS) between low- and high-expression groups of lncRNAs in the TCGA cohort.
CONCLUSION AND FUTURE PERSPECTIVES
Lung cancer is a highly malignant tumor that poses a serious threat to human health and life. There is a lack of effective means to identify early-stage lung cancer, leading to high mortality and failure of comprehensive interventions. Meanwhile, with advances in immunotherapy, the role of TME in the lung cancer diagnosis and prognostic is becoming increasingly critical. Components of TME interacting with lncRNA have been shown to contribute to immunomodulation and cancer progress. Hence, we summarized recent advancement involving lncRNAs and their roles in the crosstalk between components of TME including infiltrated immune cells, CSCs, immune suppressive cells, macrophage, CAFs and part of the underlying molecular mechanisms. So far, only a small number of lncRNAs have been well elucidated in tumor-mesenchymal crosstalk, and in-depth studies are worthwhile to identify more lncRNAs and their specific biological functions and mechanisms of involvement. A deeper understanding of the role played by lncRNAs in the tumor microenvironment may greatly facilitate further discovery of potential biomarkers and the development of novel targeted therapies for the treatment of lung cancer. To date, the pressing issue has been the in-depth and systematic elucidation of the regulatory determinant mechanism of lncRNAs.
In conclusion, the important regulatory roles of lncRNAs in the TME have been gradually described; however, the clinical applications of lncRNAs still need to be further explored. Along with further research, tumor-associated lncRNAs crosstalk will open a new era of anti-tumor therapy.
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Long noncoding RNAs (lncRNAs) are a class of noncoding transcripts characterized with more than 200 nucleotides of length. Unlike their names, some short open reading frames are recognized for them encoding small proteins. LncRNAs are found to play regulatory roles in essential cellular processes such as cell growth and apoptosis. Therefore, an increasing number of lncRNAs are identified with dysregulation in a wide variety of human cancers. SNHG7 is an lncRNA with upregulation in cancer cells and tissues. It is frequently reported with potency of promoting malignant cell behaviors in vitro and in vivo. Like oncogenic/tumor suppressor lncRNAs, SNHG7 is found to exert its tumorigenic functions through interaction with other biological substances. These include sponging target miRNAs (various numbers are identified), regulation of several signaling pathways, transcription factors, and effector proteins. Importantly, clinical studies demonstrate association between high SNHG7 expression and clinicopathological features in cancerous patients, worse prognosis, and enhanced chemoresistance. In this review, we summarize recent studies in three eras of cell, animal, and human experiments to bold the prognostic, diagnostic, and therapeutic potentials.
Keywords: SNHG7, non-coding RNA, lncRNA, cancer, biomarker
INTRODUCTION
Initially based on the central dogma of molecular biology lasting for decades, sequential flow of cell genetic information was defined through RNAs, which encoded proteins, and so messenger RNA (mRNA) were considered mediators of template DNA and downstream proteins (Crick, 1970). However, exceptions were gradually made, and RNAs that did not directly encode any protein or polypeptide were identified. Transfer RNAs (tRNA), ribosomal RNAs (rRNAs), and small nuclear and nucleolar RNAs (snRNAs and snoRNAs, respectively) were recognized as groups of non-protein-coding RNAs (ncRNAs) with functions in the translation of coding mRNAs and modification or processing of other RNAs (Hombach and Kretz, 2016). Nowadays, we know that a minority of large genomes in complex eukaryotic organisms encode protein or polypeptide strands, and a majority [for instance, 98% in humans (Elgar and Vavouri, 2008)] does not encode for amino acids. This great proportion, formerly called “junk DNA,” however, is mainly [e.g., two thirds of the mammalian genomes (Mattick, 2001)] transcribed to thousands of RNA transcripts, including various types of known ncRNAs that are demonstrated to be involved in critical cellular processes through conducting regulatory functions (Najafi et al., 2022). By employment of high-throughput technologies, such as RNA-seq, identification of novel ncRNAs is accelerated, and new members are being introduced constantly (Taheri et al., 2021). Although the role of ncRNAs is not yet clear, however, their involvement in essential life processes have caused them to be the architects of complexity in eukaryotes (Mattick, 2001). The number of functional ncRNAs are growing, and several show regulatory roles on gene expression.
The size of the transcript is the main discriminating parameter used for classification of ncRNAs. Based on a size limit, ncRNAs are divided in two short and long classes. MicroRNAs (miRNAs), rRNAs, tRNAs, and snRNAs/snoRNAs are several described subclasses of short ncRNAs with a total length shorter than 200 nucleotides (Amin et al., 2019). Among them, miRNAs are studied more broadly compared with others, an increasing number identified in mammalian cells, and also a number are reported with altered expression in various human diseases.
Long noncoding RNAs (lncRNAs) are the second class of ncRNAs with characteristic length of >200 nucleotides. Thousands of lncRNA-related genes have been identified in the human genome and corresponding transcripts reported in large quantities by a large number ranging from 10,000 to 60,000 in human cells (Guttman et al., 2009; Iyer et al., 2015). They have been identified in a wide variety of eukaryotic species, and several show conserved sequences among different organisms suggesting evolution pressure (Ramírez-Colmenero et al., 2020). A number of exclusive properties have made lncRNAs different compared with regular mRNAs. These remarkable differences include characteristic biogenesis, localization, structure, and roles (Quinn and Chang, 2016). Unlike protein-coding RNAs, lncRNAs are mainly transcribed from regulatory and noncoding sequences such as promotors, enhancers, and introns. Furthermore, they could be generated from shared sequences with other transcripts (Al-Tobasei et al., 2016) although some researchers consider lncRNAs as noises or byproducts of transcription (Gao et al., 2020). Unlike their names, some short open reading frames are recognized for them that encode for small proteins (Hartford and Lal, 2020). According to the location of transcription, lncRNAs are classified into intronic and intergenic. Structurally, lncRNAs can be found in linear and circular forms, which are mainly referred to as the former structures; however, circular RNAs also have been found with regulatory functions and roles in pathogenesis of various human cancers (Rahmati et al., 2021; Sayad et al., 2021). LncRNAs show specific expression in cell-, tissue-, and developmental stage–specific manners (Sarropoulos et al., 2019). Their biogenesis is also forced to more strict regulation relative to protein-coding transcripts that, along with their conservation among species, suggests critical regulatory functions for lncRNAs (Dahariya et al., 2019). Several strategies, including ribonuclease P cleavage, processing by ribonucleoproteins, and circularization via backsplicing, play a role in biogenesis of lncRNAs (Dahariya et al., 2019). Same as mRNAs, lncRNAs undergo post-transcriptional modifications on processing such as capping and polyadenylation at 5ˊ and 3ˊ ends, respectively, splicing and base modifications (Sarropoulos et al., 2019). They are mainly located at the nucleus exerting their epigenetic and gene expression regulatory functions via altering the histone modifications or transcription control through several mechanisms, including scaffold, signal, guide, and decoy (Zhang et al., 2019a; Dahariya et al., 2019). Through these ways, lncRNAs in interactions with DNA, proteins, and other RNAs, play a role in various biological phenomena, such as cell differentiation and reprogramming, organ development, immune responses, and cell cycle control (Statello et al., 2021).
Accordingly, a set of lncRNAs is found to be deregulated in various human disorders. An association between expression level of these transcripts and pathogenesis in major health conditions confirms critical roles of lncRNAs in essential health-affecting processes. Among an increasing number of pathogenic lncRNAs, a handful, such as XIST, MALAT1, HOTAIR, H19, ANRIL, and MEG3, are the best known and most often found transcripts. Playing a role particularly in cancer development and progression, differentially expressed lncRNAs in cancer tissues are functionally subdivided into two group of oncogenic and tumor suppressors.
Small nucleolar RNA host gene 7 (SNHG7) is among the oncogenic lncRNAs with progressive effects in multiple human cancers although a single study suggests tumor suppressor function for SNHG7 in pituitary adenoma (Xue and Ge, 2020). Its corresponding gene, located on chromosome 9q34.3, encodes a 2157-base-pair-long transcript. SNHG7 was reported for the first time in 2013 by Chaudhry in X-ray-treated lymphoblastoid cells (Chaudhry, 2013). Rather than regulation of transcription factors, translation, or stability of mRNAs involved in several diseases such as cardiac fibrosis, hepatic fibrosis, and cardiac hypertrophy in addition to helping fracture repair (Chen et al., 2019a; Jing et al., 2019; Yu et al., 2019; Wang et al., 2020a), SNHG7 is found to be overregulated in cancer tissues compared with healthy tissues in a wide variety of human malignancies, including bladder, prostate, gastric, colorectal, and pancreatic cancers (Li et al., 2018a; Zhong et al., 2018a; Cheng et al., 2019a; Han et al., 2019; Zhang et al., 2020a). This upregulation also is demonstrated to accelerate cancer progression. It is shown that SNHG7 is negatively regulated by insulin-like growth factor 1 (IGF1) signaling at the post-transcriptional level through the MAPK pathway to control cell proliferation (Boone et al., 2020). In cell and animal studies, SNHG7 is shown with oncogenic roles in accordance with clinicopathological features and also diagnostic and prognostic values in cancerous patients. In this review, we have gathered recent findings on the oncogenic roles of this lncRNA in three levels of cell, animal, and human studies with a focus on clinical results predicting SNHG7 as a novel biomarker for different types of human cancers.
Cell Line Studies
Through study of SNHG7 knockdown or overexpression in cancer cell lines, it is demonstrated that expression of this oncogenic lncRNA promotes malignant features of the cells in vitro. This universal finding, although opposite effects have been described for SNHG7 at least in two distinct experiments (Pei et al., 2020; Huang et al., 2020), is reported for a broad spectrum of cancer cell types, such as breast, colorectal, bladder, gastric, liver, etc. Proliferation and colony formation experiments have unveiled increased cell and colony numbers in cancer cells in response to SNHG7 simulated excess expression compared with baseline conditions. Accordingly, reduced apoptosis consistent with elevated tumor cell growth hypothesizes the role of this lncRNA in cancer progression. Migratory and invasive potentials of cancer cells also show enhancement in Transwell and Matrigel assays, respectively. Conferring chemoresistance or desensitization has been concluded from cellular studies in which increased sensitivity of cancer cells to conventional chemotherapy agents and/or radiotherapy is seen on SNHG7 knockdown. For example, in two distinct experiments, enhanced sensitivity of breast cancer cells to Adriamycin and Trastuzumab is shown when SNHG7 is silenced or its target sponged miRNA (miR-34a or miR-186, respectively) is overexpressed (Li et al., 2020a; Zhang et al., 2020b). Knockdown studies employing RNA silencing confirm the overexpression experiment results by reversing the SNHG7 impacts on malignant cells behaviors. Via making a network, lncRNAs are known to affect expression of a specific target miRNA. Dual luciferase reporter and RNA immunoprecipitation (RIP) assays confirm the association between SNHG7 and target miRNA consistent with bioinformatics predictions. These interactions seem to be conducted via complementary sequences as binding sites on miRNA for SNHG7. This regulatory effect is mainly repressive, and expression levels in quantitative real-time polymerase chain reaction (qRT-PCR) reveal a negative correlation between both. It is hypothesized that through downregulation of the target miRNA, SNHG7 as a competing endogenous RNA (ceRNA) or sponger exerts its regulatory impacts on downstream transcription factors playing a role in some signaling pathways (Figure 1). Activation of an oncogenic signaling pathway demonstrates why these lncRNAs are considered to have tumor promoting potentials. A handful of evidence on the acceleration of the cell cycle in response to SNHG7 overexpression or arrest in a phase under knockdown conditions suggests indirect enhancing influences of this lncRNA on cell proliferation and differentiation, which consequently, leads to cancer progression. For instance, She et al. (2018) find that SNHG7 upregulates the Fas apoptotic inhibitory molecule 2 (FAIM2) through sponging miR-193b in non-small cell lung cancer (NSCLC) cells. In silico investigations demonstrate binding sites for miR-193b on the SNHG7 sequence. FAIM2 is a membrane protein; shows antiapoptotic activity; is upregulated in several cancers; and is already known to promote tumor cell proliferation, migration, and invasion in lung cancer cells (She et al., 2016). Repression of proapoptotic proteins, such as Bax, and SIRT1-associated pyroptosis also benefits reduced tumor cell death (Xu et al., 2019; Chen et al., 2020a). Thus, it is not surprising to see repressed apoptosis frequently reported on SNHG7 overexpression, which means steady growth of cancer cells. Enhanced glycolysis through upregulation of lactate dehydrogenase A (LDHA) in the tumor microenvironment is another finding on SNHG7 overexpression, which can help the cancer cell economy (Zhang et al., 2019b; Pei et al., 2021). SNHG7 also causes arrest in the G1/G0 phase of the cell cycle (Wang et al., 2017a; Xu et al., 2018); regulates signaling pathways, such as Wnt/β-Catenin and AKT/mTOR pathways; and represses tumor suppressors, such as P15 and P16 (Wang et al., 2017b; Li et al., 2020b; Chi et al., 2020; Du et al., 2020). Furthermore, an elevated neovascularization rate following SNHG7 overexpression is consistent with tumor progression conditions (Li et al., 2018b). Playing a role in regulation of cellular processes, signaling pathways, transcription factors, and particularly via sponging miRNAs, SNHG7 is described as an oncogenic lncRNA with upregulation in various types of cancer cells (Figure 2).
[image: Figure 1]FIGURE 1 | SNHG7 promotes carcinogenesis via sponging miRNAs and consequently upregulating several transcription factors. Through repression of target miRNAs, including miR-449a, miR-181a-5p, miR-193b, and miR-485-5p, SNHG7 causes increased expression of TGIF2, mTOR, FAIM2, and WLS factors, which consequently promote malignant features of cancer cells and enhanced carcinogenesis in non-small cell lung carcinoma. SNHG7 also plays a role in progression of several other cancers, including nasopharyngeal, pancreatic, and hepatocellular carcinoma.
[image: Figure 2]FIGURE 2 | Signaling pathways and cellular processes are affected by SNHG7 to enhance tumor progression in cancer cells. Through sponging miR-34a, SNHG7 activates several signaling pathways, such as Notch-1 and PI3K/Akt/mTOR in breast and colorectal cancer, respectively. Other pathways, such as Wnt/b-catenin and K-ras/ERK/cyclinD1, are also affected via other target miRNAs. The effect of SNHG7 on enhancement of glycolysis through upregulation of lactate dehydrogenase A (LDHA) has beneficial effects for cancer cells metabolism.
Animal Studies
Xenograft animal experiments with inoculation of cancer cells into nude mice try to simulate the cancer conditions in an animal model. BALB/C nude mice are used to evaluate the effect of lncRNA upregulation and/or downregulation in vivo. Cancer cells transfected with a vector expressing small heterogenous RNA (shRNA) for overexpression or small interfering RNA for knockdown of the lncRNA along with a vector expressing a control scrambled sequence are injected into the flank of nude mice to establish the xenograft mouse model. Size and volume of the tumor created in the mice is then calculated to compare the tumor growth after sacrificing the animals. Using immunohistochemistry for detection of Ki-67 as a proliferation marker in excised tumor tissues, it is feasible to assess the implanted tumor cell proliferation. Xenograft animal experiments in a number of studies demonstrate that SNHG7 knockdown suppresses tumor growth via decreasing tumor size in vivo, whereas faster tumor growth is reported for SNHG7-overexpressing implanted cells compared with control animals. This effect is reported for SNHG7 silencing in various cancer models (Table 1). Decreased tumor metastasis or repression of some carcinogenic signaling pathways, such as the Notch pathway, is also reported in other animal studies (Sun et al., 2019). For instance, several studies assess the role of SNHG7 knockdown on hepatocellular carcinoma (HCC) growth in xenograft mice (Yang et al., 2019; Yao et al., 2019; Xie et al., 2020; Zhao et al., 2021). Yang et al. (2019) demonstrate lower tumor volume and percentage of Ki-67-stained HCCLM3 cells and less lung metastasis of HCCLM3 cells in an SNHG7 knockdown mice group compared with the control group. Additionally, Yao et al. (2019) show that the expression of the metastasis-associated protein matrix metalloproteinase-9 (MMP-9) is increased in SNHG7-overexpressing HepG2 implanted cells, suggesting a mechanism for enhancing the effect of SNHG7 on tumor metastasis. Collectively, promoted tumor growth on SNHG7 overexpression and/or suppressed tumor proliferation on SNHG7 knockdown is reported in a body of studies. These results, along with cellular findings, confirm the oncogenic role of SNHG7, and the knockdown achievements may suggest therapeutic potentials for anticancer therapies.
TABLE 1 | Effects of SNHG7 on tumor growth and metastasis in animal studies.
[image: Table 1]Human Studies
Consistent with cellular findings, enormous expression assessments using qRT-PCR analysis demonstrate elevated SNHG7 expression in tissues retrieved from cancerous patients compared with healthy adjacent tissues. Increased SNHG7 tissue expression is frequently found to be associated with worse clinicopathological features, which are used in clinical classification and staging of human malignancies. Importantly, patients with more advanced clinicopathological characteristics are predicted to have worse prognosis and severe outcomes. These include larger tumor size, more advanced clinical stage, poor histologic grade, deeper tumor invasion, and lymph node metastasis in accordance with high SNHG7 expression in the affected patients (Zeng et al., 2019; Pang et al., 2020; Zhu et al., 2021). This value is also shown in malignancies with broad and different features and in meta-analyses pooling data of tens of studies (Yu et al., 2021a; Yi et al., 2021; Yu et al., 2021b). For example, in acute myeloid leukemia (AML), an association between SNHG7 and SNHG12 lncRNAs and specific clinical/molecular features, including white blood cell (WBC) counts and mutations in IDH1, RUNX1, and NPM1 genes, shows high value of SNHG7 in correlation with extensive features (Shi et al., 2020). These demonstrations suggest that elevated SNHG7 expression predicts poor clinicopathological characteristics. In other words, high SNHG7 expression can predict worse outcomes following poor clinicopathological determinants. In accordance with clinicopathological findings, SNHG7 also shows correlation with prognostic parameters. Survival analysis using a Kaplan–Meier curve indicates shorter survival time in overall survival (OS) and disease-free survival (DFS) for patients with high SNHG7 expression relative to those with low levels. This finding is reported for various human cancers, for which survival analysis is conducted (Table 2). For example, in three distinct studies that reported survival analyses in HCC patients, among a total of 150 patients, poorer OS time was reported separately for the patients with elevated tissue SNHG7 expression in comparison to those with low levels (Yang et al., 2019; Zhao et al., 2021; Yao et al., 2019). Additionally, recurrence is predicted to happen in shorter durations and higher rates among patients with high SNHG7 expression (Zhang et al., 2020c). Interestingly, Cox regression analyses confirm the predictive value of SNHG7 as an independent prognostic factor among cancerous patients. This is particularly reported in several district experiments on human malignancies such as gastric cancer, cervical cancer, HCC, and liver metastasis following hepatectomy in CRC patients (Table 2) (Zeng et al., 2019; Zhang et al., 2020a; Zhang et al., 2020c; Shen et al., 2020). As for diagnostic values, an area under curve (AUC) of 0.84 in the receiver operating characteristic (ROC) curve is reported for SNHG7 in CRC patients (Hu et al., 2019). Importantly, SNHG7 is demonstrated as a potential therapeutical target as it is identified in several studies to lead to enhanced chemoresistance to several anticancer agents such as Cisplatin, Trastuzumab, and Folfirinox in the cancer cells (Chen et al., 2019d; Li et al., 2020a; Zhang et al., 2020b; Dai et al., 2020; Cheng et al., 2021; Pei et al., 2021). Also, metformin with anticancer properties is found to exert its effects in sensitization to Paclitaxel via regulation of SNHG7/miR-3127-5p-mediated autophagy in ovarian cancer cells (Yu et al., 2020). In another study, metformin is demonstrated to suppress growth of hypopharyngeal cancer cells through epigenetic silencing of SNHG7 (Wu et al., 2019). Taken together, human studies suggest SNHG7 lncRNA with promising diagnostic, prognostic, and therapeutic potentials in various types of cancer.
TABLE 2 | Clinical prognostic importance of SNHG7 in human cancers.
[image: Table 2]DISCUSSION
LncRNAs are a group of ncRNA transcripts defined with a length of >200 nucleotides. Although not elucidated, however, a number of regulatory functions are described for lncRNAs. They are involved in controlling several biological processes, such as cell cycle and proliferation. Accordingly, dysregulation of lncRNAs is identified in a number of human malignancies, suggesting diagnostic and therapeutic potentials. SNHG7 is an lncRNA that has been studied as an oncogenic transcript in a handful of cellular and animal experiments. It is upregulated in cancer cells and tissues retrieved from cancerous patients. SNHG7 is shown to be predominantly localized in the cytoplasm, where it serves as a ceRNA to sponge miRNAs and control expression of downstream targets (Hu et al., 2020). In vitro experiments frequently demonstrate a promoted malignant phenotype of cancer cells on SNHG7 overexpression, whereas its knockdown reverses tumor cell proliferation, migration, and invasion and enhances apoptosis. These regulatory effects are thought to be conducted through an axis of action affecting translation and stability of several transcription factors and signaling pathways mediated by sponging target miRNAs. Not a single one, but plenty of miRNAs are identified to be sponged by SNHG7 (see Table 3). Xenograft animal studies confirm the oncogenic role of SNHG7 as tumor growth and metastasis of grafted cancer cells are promoted, whereas SNHG7 knockdown represses them (see Table 1). For a reported association between upregulated SNHG7 expression and worse clinicopathological characteristics in cancerous patients, clinical studies support oncogenic features of SNHG7. Eventually, Kaplan–Meier survival and Cox univariate and multivariate analyses suggest SNHG7 as a potential prognostic and diagnostic biomarker for human malignancies. Importantly, knockdown experiences and also the contributing role of SNHG7 in chemoresistance suggest it as a potential therapeutic target, which can benefit the anticancer therapies.
TABLE 3 | An overview to the oncogenic influences of SNHG7 in cell studies of different types of cancer.
[image: Table 3]Exosomal lncRNAs show high stability and concentrations and, thus, can be detected in body fluids (Tellez-Gabriel and Heymann, 2019). Regarding changes in expression levels of lncRNAs and their high diagnostic values, this makes them appropriate candidates for diagnosis and prediction of prognosis in human cancers (Qian et al., 2020). Several methodologies, including ultracentrifugation, are used to isolate exosomes and then detect the RNAs within. Although, due to low costs and higher accessibility, qRT-PCR is routinely used, high-throughput technologies such as next generation sequencing (NGS) and microarrays have facilitated detection of lncRNAs (Yamada et al., 2018). LncRNAs show acceptable values as diagnostic and prognostic biomarkers for several human cancers (Qian et al., 2020). In this review, we outline the cellular, animal, and clinical studies indicating that this lncRNA is almost universally upregulated in cancer tissues, promotes malignant features of cancer cells, and has prognostic value in various malignancies; however, it seems that SNHG7 diagnostic accuracy in discrimination of human malignancies requires further investigation. Additionally, major limitations of detection methods, such as the impossibility of detecting the amplicon size, limit the number of lncRNAs that can be simultaneously detected, and nonspecific binding, which restricts the clinical application of commonly used qRT-PCR, requires more time to take the lncRNAs into the clinical setting (Jensen, 2012). Finally, there is no CRISPR-based genome editing or siRNA-based method approved or tested for suppression of SNHG7.
In conclusion, regarding a considerable number of studies that reveal oncogenic role of SNHG7 in human cancers and its prognostic value, SNHG7 is suggested as a potential cancer biomarker for human malignancies. Further investigations and more time are required for SNHG7 clinical applications in detection, prediction of prognosis, and treatment of human malignancies.
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Background

Circular RNAs (circRNAs) have been recently proposed as hub molecules in various diseases, especially in tumours. We found that circRNAs derived from ribonuclease P RNA component H1 (RPPH1) were highly expressed in colorectal cancer (CRC) samples from Gene Expression Omnibus (GEO) datasets.



Objective

We sought to identify new circRNAs derived from RPPH1 and investigate their regulation of the competing endogenous RNA (ceRNA) and RNA binding protein (RBP) networks of CRC immune infiltration.



Methods

The circRNA expression profiles miRNA and mRNA data were extracted from the GEO and The Cancer Genome Atlas (TCGA) datasets, respectively. The differentially expressed (DE) RNAs were identified using R software and online server tools, and the circRNA–miRNA–mRNA and circRNA–protein networks were constructed using Cytoscape. The relationship between targeted genes and immune infiltration was identified using the GEPIA2 and TIMER2 online server tools.



Results

A ceRNA network, including eight circRNAs, five miRNAs, and six mRNAs, was revealed. Moreover, a circRNA–protein network, including eight circRNAs and 49 proteins, was established. The targeted genes, ENOX1, NCAM1, SAMD4A, and ZC3H10, are closely related to CRC tumour-infiltrating macrophages.



Conclusions

We analysed the characteristics of circRNA from RPPH1 as competing for endogenous RNA binding miRNA or protein in CRC macrophage infiltration. The results point towards the development of a new diagnostic and therapeutic paradigm for CRC.





Keywords: circRNA, RPPH1, ceRNA network, RBP, M2 macrophages, Immunomodulatory



Introduction

Colorectal cancer (CRC) is the most common malignant tumour of the digestive tract. CRC cases diagnosed each year exceed 1.9 million globally and account for 935,000 cancer-related deaths annually (1). Patients with advanced CRC have few treatment options, poor prognosis, and high mortality rates. Chemotherapy, targeted therapy, and immunotherapy are the most commonly used methods to treat advanced CRC. However, patients are prone to drug resistance, which often leads to treatment failure (2). Therefore, it is vital to elucidate the pathogenesis of CRC to develop and utilise new drugs.

Circular RNAs (circRNAs) are circular transcripts that are more stable than their linear counterparts; they lack the termini by which certain RNAses bind, conferring them resistance to degradation by pH and enzymatically catalysed hydrolysis. CircRNA can adsorb miRNAs (3) and proteins (4), and, intriguingly, some circRNAs even have translation functions (5). Emerging research has shown circRNAs’ important role in various biological processes in tumour cells, especially in colon cancer. Peng et al. (6) suggested that circCUL2 mediates the miR-142-3p/ROCK2 axis to induce autophagy activation and regulate cisplatin sensitivity. Meanwhile, circPTK2 is well expressed in CRC tissue and cells and is associated with metastasis, making it a novel therapeutic target for metastatic colorectal cancer (7). Although studies have clarified the involvement of circRNAs in the biological processes in tumour cells, the role of circRNAs in immunoregulation remains unclear.

Macrophages take on two opposing roles: M1 macrophages are pro-inflammatory, whereas M2 macrophages are anti-inflammatory. M1 cells can swallow atypical or tumour cells and have a positive effect on the resilience of the immune system to tumour infiltration. Conversely, after induced polarisation to the M2 form, macrophages can help tumour cells to escape immune surveillance, promoting the proliferation and metastasis of tumour cells (8). Several studies have shown that M2 and tumour-associated macrophages (TAMs) are related to the poor prognosis of colon cancer patients and may promote tumour progression and metastasis (9, 10). Details of the polarisation process of macrophages and the mechanisms by which they aid tumour cells in immune system evasion remain undetermined.

Ribonuclease P NRA component H1 (RPPH1), a non-coding RNA (ncRNA) found on chromosome 14, plays a key role in several human tumours. Wu et al. (11) demonstrated that RPPH1 promotes non-small-cell lung cancer progression and resistance to standard cis-platinum drugs by targeting the WNT2B signalling axis miR-326. RPPH1 expression was also suggested to be associated with prognosis and further interfered with tumour suppressor factor p21 in gastric cancer (12). Moreover, Liang et al. (13) demonstrated that RPPH1 overexpression mediates macrophage M2 polarisation to promote colorectal cancer metastasis. CD44v6, the sixth variant exon of the CD44 gene, has been reported to contribute to CRC progression (14, 15). NCAM1, a surface biomarker of natural killer (NK) cells, is also known as CD56 (16). Gharagozloo (17) reported that patients with metastatic colorectal cancer had significantly lower CD56+ NKT cell counts in the peripheral blood than did healthy individuals.

Here, we aimed to further investigate the role of RPPH1 in the molecular background of CRC by identifying circRNAs deriving from this gene and assessing the association between macrophages and targeted genes. In total, eight circRNAs derived from RPPH1 were identified; their expression in CRC cells was assessed, and bioinformatics tools were used to predict their interactions.



Methods


Datasets of CRC

The circRNA expression profiles (GSE126094) (18) were downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). The miRNA and mRNA expression data for CRC were obtained from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/). The colon cancer mutation data were also downloaded from TCGA database.



Differentially Expressed circRNAs, miRNAs, and mRNAs

The differentially expressed (DE) circRNAs and DEmRNAs were screened in CRC patients and healthy individuals using the Bioconductor Limma package (version 3.48.1) (19). The thresholds of adjusted p < 0.05 and |log FC > 1| were used to identify DEcircRNA from GSE126094 and DEmRNA from TCGA colorectal cancer datasets. The starBase v2.0 online web server (http://starbase.sysu.edu.cn/) (20) was used to analyse DEmiRNA from TCGA colon cancer datasets.



Establishment of circRNA–miRNA–mRNA Network

CircRNA was visualised using the CSCD2.0 database (http://gb.whu.edu.cn/CSCD2/#). We first predicted the target-absorbed miRNAs of eight circRNAs using the circBank database (21); we then verified these prediction results and visualised the binding sites of miRNA adsorption using the circMIR1.0 software. We screened miRNAs with expression differences in the TCGA colon cancer datasets and found those that overlapped with the targeted miRNA. Next, the miRNA-forecasted mRNA and overlapping portions between the DEmRNAs were chosen to establish an miRNA–mRNA network related to CRC tumorigenesis. The MiRWalk (22) database, a comprehensive online target predition tool, was used for the prediction of miRNA-targeted mRNA. To ensure more reliable results, a score of >0.95 for miRNA–mRNA pairs present in both the miRDB and miRTarbase miRNA-target prediction datasets were chosen for further study. Finally, we used Cytoscape software (version 3.6.0) (23) to visualise the competing endogenous RNA (ceRNA) network.



Construction of Protein–Protein Interaction Network and Identification of the Hub Genes

We constructed a protein–protein interaction (PPI) network via the STRING database (https://string-db.org/) (24) based on the DEmRNA in the ceRNA network. We set a score of >0.4 to filter the criterion in this PPI network. The intersections between the adjacent nodes determined to be ≥5 using R software were regarded as hub genes. Subsequently, we established a secondary circRNA–miRNA–mRNA subnetwork according to the identified hub genes.



Survival and Drug Sensitivity Analysis of the Hub Genes

To cross-validate the reliability of hub genes, the Xiantao search tool (https://www.xiantao.love/) was used to compare six hub genes by difference analysis and paired difference analysis derived from the TCGA database. The PrognoScan (http://www.prognoscan.org/) database was used to analyse the overall survival (OS) derived from the GEO database. The correspondence between hub genes and sensitivity to drugs was explored using the online search tool GSCALite (25).



Construction of circRNA–Protein Regulatory Network

We used the RBPmap tool (http://rbpmap.technion.ac.il/) to study the interaction between these circRNAs and RBPs (26). This tool takes custom RNA sequences as input and provides a list of RBP binding sites and assigns them probability values.



Relationship Between Targeted Genes and Immune Cells

We used the GEPIA2 server (http://gepia2.cancer-pku.cn/) to analyse the relationship between the expression of the four genes and the state of immune cell infiltration. Then, the XCELL, TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCP-COUNTER, and EPIC algorithms were used to further evaluate the macrophage immune infiltration of CRC with TIMER2 (http://timer.cistrome.org/) (27).



Cell Culture and qRT-PCR Assays

Six CRC cell lines, namely, Caco-2, HCT-116, HT-29, SW-480, SW-620, and DLD-1, and normal intestinal mucosal epithelial cells (NCM-460) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium with 10% fetal bovine serum. Total RNA was extracted from CRC cell lines and reverse transcribed into cDNA with random primers, following the manufacturers’ instructions. The amplified region of the primer design included the circRNA looped linker region. The main benefit of this approach is that it ensures the specificity of the primer. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression was used as an internal reference to normalise circRNAs and mRNA, and U6 expression was used as internal reference for miRNAs. Table 1 and Supplementary Table S1 described the circRNA, miRNA, and mRNA primers. Excel software was used for PCR data analysis, and GraphPad was used for mapping. First, the quantification cycle (Cq) mean of the internal reference gene in the sample was calculated, and then, the Cq difference (ΔCq) between the target gene and internal reference gene was determined. Furthermore, the 2^−ΔΔCq formula was used to calculate the expression level. Finally, based on the expression level of NCM-460 cells, the relative expression level of the target genes in other colon cancer cell lines were calculated.


Table 1 | Primers for circular RNA (circRNA) amplification.






Results


Differentially Expressed circRNAs, miRNAs, and mRNAs in Colon Cancer

The total number of 321 DEcircRNAs (179 upexpressed and 142 downexpressed) in GSE126094 was identified (Figure 1A). Eight co-upregulated circRNAs (hsa_circ_0000511, hsa_circ_0000512, hsa_circ_0000514, hsa_circ_0000515, hsa_circ_0000517, hsa_circ_0000518, hsa_circ_0000519, and hsa_circ_0000520) originating from the RPPH1 gene were identified (Figure 1B). Figure 1C shows eight circRNA-binding sites that potentially competitively bind to miRNA and RBPs. circMIR1.0 predicted the miRNAs bound by circRNAs and the corresponding binding regions (Figure 2A). Since eight circRNAs had the same nucleic acid sequences in multiple regions, their predicted miRNAs were mostly similar. Six downregulated miRNAs were identified in TCGA colon datasets containing 450 colon cancer and eight normal samples (hsa-miR-1296-5p, hsa-miR-296-5p, hsa-miR-326, hsa-miR-328-3p, hsa-miR-1306-5p, and hsa-miR-1976) (Figures 2B–G). A total of 7,877 DEmRNAs (5,590 upexpressed and 2,287 downexpressed) were authenticated from the TCGA colon cancer datasets.




Figure 1 | Differentially expressed circular RNAs (circRNAs) from RPPH1 in colorectal cancer (CRC). (A) Volcano plots for differentially expressed circRNAs (DEcircRNAs) in CRC from the GSE126094 dataset. (B) Heatmap of the eight differentially expressed circRNAs from the RPPH1 gene. (C) Interaction patterns of the eight circRNAs based on CSCD2.






Figure 2 | Targeted sponge miRNA with eight circular RNAs (circRNAs). (A) The position and quantity of miRNA adsorption via circMIR1.0 software. (B–G) Six targeted sponge miRNAs with different expression levels in colorectal cancer (CRC) from starBase v2.0. (B) hsa-miR-1296-5p, (C) hsa-miR-296-5p, (D) hsa-miR-326, (E) hsa-miR-328-3p, (F) hsa-miR-1306-5p, (G) hsa-miR-1976.





CircRNA–miRNA–mRNA and PPI Networks

Cytoscape v3.6.0 was used to analyse and establish a circRNA–miRNA–mRNA network based on regulated and differentially expressed ceRNAs. The network included 8 circRNAs, 6 miRNAs, and 162 mRNAs (Figure 3). As described in Figure 4, to show the interaction of target genes in CRC, we constructed a PPI network based on the STRING database to include 151 differentially expressed genes predicted to be regulated by miRNAs.




Figure 3 | The circular RNA (circRNA)–miRNA–mRNA network in the colorectal cancer (CRC) by Cytoscape v3.6.0. The red and blue nodes represent upregulation and downregulation, respectively.






Figure 4 | Protein–protein intersection (PPI) network analysis of differentially expressed mRNA (DEmRNA) involved in the competing endogenous RNA (ceRNA) network.





Hub Gene and ceRNA Subnetwork

Genes from the PPI network in the STRING database, with adjacent differential gene interaction nodes ≥ 5 were regarded as hub genes potentially related to CRC: WNT5A, POLA1, SYP, NCAPG, NCAM1, and CD44 (Figure 5A). The ceRNA subnetwork, containing eight circRNAs, five miRNAs, and six mRNAs, as was established, is indicated in Figure 5B (hsa_circ_0000511\hsa-miR-296-5p\NCAM1, hsa_circ_0000511\hsa-miR-296-5p\CD44, hsa_circ_0000511\hsa-miR-1976\SYP, hsa_circ_0000512\hsa-miR-296-5p\NCAM1, hsa_circ_0000512\hsa-miR-296-5p\CD44, hsa_circ_0000512\hsa-miR-1976\SYP, hsa_circ_0000514\hsa-miR-296-5p\NCAM1, hsa_circ_0000514\hsa-miR-296-5p\CD44, hsa_circ_0000514\hsa-miR-1976\SYP, hsa_circ_0000515\hsa-miR-296-5p\NCAM1, hsa_circ_0000515\hsa-miR-296-5p\CD44, hsa_circ_0000515\hsa-miR-1976\SYP, hsa_circ_0000515\hsa-miR-1306-5p\NCAPG, hsa_circ_0000515\hsa-miR-326\WNT5A, hsa_circ_0000515\hsa-miR-1296-5p\POLA1, hsa_circ_0000517\hsa-miR-1306-5p\NCAPG, hsa_circ_0000517\hsa-miR-326\WNT5A, hsa_circ_0000517\hsa-miR-1296-5p\POLA1, hsa_circ_0000518\hsa-miR-1306-5p\NCAPG, hsa_circ_0000518\hsa-miR-326\WNT5A, hsa_circ_0000518\hsa-miR-1296-5p\POLA1, hsa_circ_0000519\hsa-miR-1296-5p\POLA1, and hsa_circ_0000520\hsa-miR-1296-5p\POLA1).




Figure 5 | Selecting hub genes and constructing circular RNA (circRNA)–miRNA–hub gene subnetwork. (A) Selecting hub genes: WNT5A, POLA1, SYP, NCAPG, NCAM1, and CD44 by analysing the protein–protein interaction (PPI) network. Adjacent differential gene interaction nodes are ≥5. (B) Reconstructing a circRNA–miRNA–hub gene subnetwork based on the circRNA–miRNA–mRNA network and hub genes.





Survival Analysis and Resistance of the Hub Genes

The Xiantao search tool was used to compare six hub genes by difference analysis and paired difference analysis derived from the TCGA database, and PrognoScan was used to analyse the overall survival (OS) derived from the GEO database. As shown in Figure 6A, CD44 expression was significantly higher in CRC patients than in the control (healthy individals). CD44-positive patients had a shorter survival than did CD-negtive patients in the GSE12945 dataset. The hub genes POLA1, NCAPG, and WNT5A were well expressed in CRC patients and had similar prognosis results in the GSE17536 dataset (Figures 6B, E, F). In contrast, Figures 6C, D show that the hub genes NCAM1 and SYP were expressed at lower levels in colon cancer patients than in the control. From the GSE17536 dataset, patients with lower expression levels of POLA1, NCAPG, and WNT5A had better survival than those with higher expression levels. In some instances, the expression levels of NCAM1 and SYP inhibited CRC progression. Subsequently, we performed a drug sensitivity (IC50) evaluation of the expression levels of the targeted-network genes and found that a higher correlation represented a higher drug resistance. The expression levels of POLA1 and NCAPG were positively correlated with sensitivity to trametinib and the 17-AAG (HSP90 inhibitor). CD44 expression was positively correlated with sensitivity to the NPK76-II-72-1 (kinase inhibitor). Moreover, SYP expression was positively correlated with sensitivity to docetaxel (Figure 7). Therefore, drug sensitivity analysis could help toward the individualized and precise treatment of tumour patients, reducing the occurrence of tumour drug resistance.




Figure 6 | Different expression and survival analysis of the hub genes by the Xiantao and PrognoScan search tools. (A) For CD44, (B) for POLA1, (C) for NCAM1, (D) for SYP, (E) for NCAPG, and (F) for WNT5A. (***p ≤ 0.001).






Figure 7 | Correlation between hub gene expression levels and small molecule/drug sensitivity via the online search tool GSCALite.





Copy Number Variation and Mutation of Hub Genes

We analysed the copy number variation (CNV) and gene mutation of hub genes in TCGA colon cancer data. In CRC samples, the CNV mutation frequency of WNT5A reached 4%, mainly with CNV deletion. This was followed by NCAM1, while the CNV mutation frequency in CD44, SYP, and POLA1 was <1% (Figure 8A). Figure 8B shows the types of CNV mutations and chromosomal statuses of the hub genes. Among the 399 samples expressing the six hub genes, 49 (12.28%) were found to have gene mutations, most of which were missense mutations. NCAM1 accounted for 6%, NCAPG accounted for 5%, WNT5A and POLA1 both accounted for 3%, and CD44 accounted for 1% (Figure 8C).




Figure 8 | Copy number variation (CNV) and mutation of hub genes. (A) CNV frequency of hub genes. (B) Circle diagram of CNV with hub genes. Red represents CNV gain; blue represents CNV loss. (C) Cascade of core gene mutations.





The CircRNA-Binding Protein Network

As depicted in Figure 1C for eight circRNAs, various protein-binding sites were detected, and many RBPs were predicted to bind to them. The RBPmap provided more information about the number of RBPs and their binding sites. We selected RBPs with p < 0.05, accompanied by high probability values (Figure 9A; Supplementary Table S2). Since these circRNAs all originate from the RPPH1 gene, their RNA-binding proteins are all the same, although some specific regions have different sequences and RBPs. Further analysis revealed that ZC3H10, SAMD4A, and ENOX1 are closely related to anti-tumour immunity against colon cancer. Figure 9B shows the number of sites and positions where has_circ_0000515 binds to ZC3H10, SAMD4A, and ENOX1.




Figure 9 | The circRNA–protein network and binding site in the CRC. (A) Circular RNA (circRNA)–protein network in colorectal cancer (CRC) according to the RBPmap. The red nodes represent immune-related proteins, whereas the green nodes represent other proteins and eight circRNAs. (B) Chromosome positions and ENOX1, NCAM1, SAMD4A, and ZC3H10 binding sites of hsa_circ_0000515.





Relationship Between Immune-Related Genes and Macrophages

We explored the possible molecular mechanisms underlying the aetiology of CRC through immune cell infiltration. In particular, the relationship between four target genes, namely, NCAM1, ZC3H10, SAMD4A, and ENOX1, and macrophages was investigated.

First, we used GEPIA2 to analyse the association between the expression levels of the four genes and M1 macrophage (NOS2, IRF5, and PTGS2), M2 macrophage (MS4A4A, VSIG4, MRC1, CD163, and MSR1), and TAM (CCL2, CD68, and IL10) markers. There was a positive correlation between ENOX1 expression and the M2 macrophage (R = 0.7, p = 4.4E−42), and TAM (R = 0.73, p = 2.4E−46), whereas the correlation with M1 macrophage marker genes (R = 0.16, p = 0.0061) was poor (Figure 10A). Figure 10B shows the correlation between NCAM1 and M2 macrophage (R = 0.47, p = 1.1E−16), TAM (R = 0.53, p = 3.3E−21), and M1 macrophage (R = 0.21, p = 0.00046). Figure 10C shows the correlation between SAMD4A and M2 macrophage (R = 0.56, p = 3.8E−24), TAM (R = 0.58, p = 3.6E−26), and M1 macrophage (R = 0.30, p = 3.1E−07). Figure 10D shows the correlation between ZC3H10 and M2 macrophage (R = 0.55, p = 3.7E−23), TAM (R = 0.54, p = 4.3E−22), and M1 macrophage (R = 0.30, p = 3.1E−07). These results strongly suggest that these genes are closely related to the polarisation of macrophages in colon cancer development. We observed similar results between ENOX1 expression and other different types of immune cells, such as CD4+ cells (R = 0.70, p = 2.4E−42) and NK cells (R = 0.72, p = 3.5E−45) (Supplementary Figure S1). Similar to ENOX1, the expression levels of NCAM1, SAMD4A, and ZC3H10 were positively correlated with the marker expression levels of immune cells (Supplementary Figures S2-4), indicating that the expression levels of these genes are closely related to tumour immunity.




Figure 10 | Correlation between targeted gene expression levels and markers of macrophages as analysed via GEPIA2. (A) for ENOX1, (B) for NCAM1, (C) for SAMD4A, and (D) for ZC3H10.



We then used the XCELL, TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCP-COUNTER, and EPIC algorithms to further evaluate the macrophage immune infiltration of CRC. All algorithms except XCELL found positive correlations between these four immune-related genes and M2 macrophages that were significantly higher than those with M1 macrophages (Figure 11A). Significant correlation was observed between the polarised M2 macrophages and ENOX1, NCAM1, SAMD4A, and ZC3H10 with respect to tumour purity (Figures 11B–E). The consistency of Figures 10 and 11 further confirm the reliability of the relationship between these expression levels of these genes and polarisation of macrophages.




Figure 11 | Correlation between targeted gene expression levels and the infiltration level of macrophage cells. The XCELL, TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCP-COUNTER, and EPIC algorithms were applied for immune infiltration estimations with ENOX1, NCAM1, SAMD4A, and ZC3H10. (A) Overview of the correlations between ENOX1, NCAM1, SAMD4A, and ZC3H10 and the macrophages. The CIBERSORT-ABS algorithm was used to estimate the correlations between ENOX1, NCAM1, SAMD4A, and ZC3H10 and the M2 macrophages after tumour purity adjusting in panels (B–E). (B) ENOX1 and M2 macrophages, (C) NCAM1 and M2 macrophages, (D) SAMD4A and M2 macrophages, (E) ZC3H10 and M2 macrophages.





Expression Analysis of RPPH1 circRNAs, miRNA, and mRNA in CRC Cells

The expression levels of the circRNAs derived from RPPH1 in CRC cells were detected using quantitative reverse transcription PCR (qRT-PCR) assays (Supplementary Table S3). Hsa_circ_0000511 (Figure 12A), hsa_circ_0000514 (Figure 12C), and hsa_circ_0000519 (Figure 12G) were more expressed in all cancer cell lines than in the NCM-460 control cells. Compared with NCM-460, hsa_circ_0000512 had the highest expression levels in SW-620 cells and low expression in SW-480, CACO-2, and DLD-1, and was not detected in HT-29 cells (Figure 12B). Hsa_circ_0000515 was found to be expressed in SW-480, SW-620, and CACO-2 but was not detected in other CRC cell lines (Figure 12D). As shown in Figure 12E, the expression of hsa_circ_0000517 was the highest in SW-620 cells and the lowest in SW-480 cells and DLD-1 cells. The expression levels of hsa_circ_0000518 and hsa_circ_0000520 were higher in HCT-116, SW-620, and CACO-2 than in NCM-460 (Figures 12F, H). From the above results, the expression levels of circRNAs were low and even undetectable in CRC cell lines. In our results, circRNAs from the RPPH1 gene were the highest in SW-620 and CACO-2 and the lowest in NCM-460 and SW-480. MiR-296-5p was highly expressed in NCM-460 and CACO-2 compared with others. However, CD44, NCAM1,SYP, and NCAPG showed higher expression levels than NCM-460 in the majority of colon cancer cell lines (Supplementary Figure S6).




Figure 12 | Relative circular RNA (circRNA) expression in colorectal cancer (CRC) cells and NCM-460 normal cells by qRT-PCR. (A) For hsa_circ_0000511, (B) for hsa_circ_0000512, (C) for hsa_circ_0000514, (D) for hsa_circ_0000515, (E) for hsa_circ_0000517, (F) for hsa_circ_0000518, (G) for hsa_circ_0000519, and (H) for hsa_circ_0000520. (***p≤0.001, **p≤0.01, *p≤0.05).






Discussion

CRC is a complex malignant tumour of the digestive tract caused by a wide variety of gene mutations and signal pathway disorders. Research has revealed the importance of circRNAs as a new type of transcriptional gene regulation molecule in the pathogenesis of various human diseases, including malignant tumours. circRNA is a closed circular nucleotide sequence that specifically binds a variety of miRNAs and proteins. In recent years, the role of circRNA in cancer tumorigenesis has gradually been uncovered but has remained largely unknown in CRC. To explore the important role of circRNA in CRC as the starting trigger point for oncogene activation, we first screened DEcircRNA from GEO data and DEmiRNA and DEmRNA from TCGA data. After predicting the interactions between circRNA, miRNA, and proteins, and their effects on the strength of biology and molecular mechanics, a circRNA–miRNA–mRNA and circRNA–protein regulatory network was described. Then, a PPI network model was constructed, and the following six genes were identified as central genes: WNT5A, POLA1, SYP, NCAPG, NCAM1, and CD44. We performed expression verification and survival analysis on these six core genes based on TCGA and GEO data, respectively, which further enhanced the reliability of the ceRNA network. We also constructed a circRNA–protein gene subnetwork based on related RNA-binding proteins and further analysed their binding relationships. By combining the regulated genes in ceRNA and circRNA binding protein genes, we comprehensively analysed their correlation with tumour immune regulation.

An increasing number of studies have shown that the abnormal expression of circRNA is related to the pathogenesis of CRC, indicating that circRNAs are potential therapeutic targets and biomarkers. Chen et al. (28) demonstrated that circGLIS2 was higher in CRC patients than in healthy individuals, and the overexpression of circGLIS2 sponged miR-671 to activate the nuclear facor kappa B (NF-κB) signalling pathway. Yang et al. (7) highlighted that circPTK2, a novel circRNA, is elevated in CRC tissues, promotes the epithelial–mesenchymal transition of colorectal cancer cells, and serves as a potential target for late treatment and early diagnosis. However, our understanding of these RNA molecules is lacking, and further research is required to explore their relationship with CRC.

Eight circRNAs (hsa_circ_0000511, has_circ_0000512, has_circ_0000514, has_circ_0000515, has_circ_0000517, has_circ_0000518, has_circ_0000519, and has_circ_0000520) originating from the RPPH1 gene were identified in the ceRNA network. Five of these eight circRNAs were reported to be involved in the development of malignant tumours. Has_circ_0000511 is overexpressed in cervical cancer and regulates the miR-296-5p/HMGA1 signalling pathway axis to inhibit HeLa and SiHa proliferation and invasion (29). Has_circ_0000515 can sponge miR-326 to promote cervical cancer progression by releasing ELK1 transcription and regulate the miR-296-5p/CXCL10 signalling pathway axis to induce the pathogenesis of breast cancer (30). Hsa_circ_0000517 was found to be significantly upregulated in hepatocellular carcinoma (HCC), and the expression of hsa_circ_0000517 was associated with HCC progression. Hsa_circ_0000517 acts as a miRNA sponge to regulate HCC growth and metastasis through hsa_circ_0000517/miR-326/IGF1R and the SMAD6 signalling pathway axis (31–33). Another circRNA, hsa_circ_0000518, was found to be significantly elevated in breast cancer and can promote the progression, apoptosis, migration, and invasion of breast cancer cells by targeting miR-326/FGFR1 (34). Controversially, hsa_circ_0000520 has been reported in gastric, breast, and cervical cancers. Sun et al. (35) and Lv et al. (36) found that hsa_circ_0000520 was significantly downregulated in gastric cancer, and its overexpression may attenuate the PI3K-Akt signalling pathway, causing the reversal of resistance to Herceptin in gastric cancer cells.

Zang (37) and Zhou (38) simultaneously reported that hsa_circ_0000520 was highly expressed in breast cancer, which suggested the regulatory mechanism of hsa_circ_0000520/miR-1296. Zheng et al. (39) reported that silencing hsa_circ_0000520 blocks cell cycle progression and promotes apoptosis via the miR-1296/CDK2 signalling pathway axis. In contrast, Zhang et al. (40) reported that hsa_circ_0000520 overexpression decreased PAX5 expression by sponging miR-146b-3p and repressing cervical cancer cell proliferation. Our results also confirmed that these circRNAs are highly expressed in colon cancer tissues and cell lines. Nevertheless, whether they play a key role in the pathogenesis of colon cancer remains an open question requiring further exploration.

To elucidate the molecular mechanism of action of circRPPH1, circRNA–miRNA–mRNA and circRNA–protein networks were constructed. The six hub genes and four immune-related genes have been partially reported previously. The interaction between the proteins CD44 and MUC5AC conferred colon cancer cell resistance to 5-FU via the downregulation of p53 and p21 (41). Increasing numbers of studies have indicated that NK cells have achieved good efficacy in treating and killing tumours, especially in colon cancer, and have good prospects for transformation (42, 43). Ma (44) constructed an immune-related module that consists of SYP and 13 other genes, which may be innovative biomarkers for the prediction of colon cancer prognosis and response to immunological therapy. Opinion is divided over the importance of WNT5A—an essential protein of the non-canonical Wnt/β-catenin signalling pathway—in colon cancer (45). Cecilia (46), Cheng (47), and Li (48) argued that WNT5A is a protective factor that delays disease progression in colon cancer patients. In contrast, Elvira (49) asserts that high WNT5A expression could induce colon cancer cell migration and invasion. POLA1 has been reported to influence the occurrence and development of tumours (50–52), and its expression can be suppressed by the novel compound ST1926 (53) and antitumor toxin CD437 (54). NCAPG has been reported as an oncogene in liver cancer (55), gastric cancer (56), breast cancer (57), and other tumours but has not yet been studied in CRC. Figure 10 combined with Figure 11 shows that the correlations between the ENOX1, ZC3H10, and SAMD4A genes and the M2 macrophages and TAMs were much better than those with the M1 macrophages. Existing studies generally believe that macrophage polarisation and TAMs are extremely important for tumour immune evasion and the establishment of an immune microenvironment. Hence, it could conceivably be hypothesised that these genes help colorectal cancer cells escape immune monitoring and clearance to a certain extent. At present, there is very little research on these three genes related to immunity; this is a new research direction worth exploring. The NADH oxidase ENOX1 targets tumour vasculature and can be used in tumour treatment (58, 59). Coincidentally, Zhou et al. (60) also reported SAMD4A as a novel breast tumour angiogenesis suppressor in breast cancer. ZC3H10 regulates lipid metabolism and may also offer novel routes toward treatments for obesity (61).



Conclusion

In this study, we discovered novel circRNAs derived from the RPPH1 gene in CRC. The circRNAs work with other differentially expressed RNAs to constitute a pair of immunoregulatory circRNA–miRNA–mRNA and circRNA–protein networks that act upon CRC. We further explored the relationship between regulated genes and immune cell behaviours. Futher research is required to elucidate the functional behaviour of these two molecular networks. We believe that the interaction networks of these eight circRNAs, five target genes, and four immune-related proteins offer a new paradigm for the understanding of CRC pathogenesis and could lead to entirely new approaches to treatment.
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Supplementary Figure S1 | Correlation between ENOX1 expression and markers of immune cells as analysed through GEPIA2. (A) for B cell, (B) for CD4+ T cell, (C) for CD8+ T cell, (D) for dendritic cell, (E) for effector regulatory T (Treg) cell, (F) for eosinophils, (G) for exhausted T cell, (H) for mast cell, (I) for monocyte, (J) for neutrophils, (K) for natural killer (NK) cell, (L) for resting regulatory T (Treg) cell, (M) for T follicular helper (Tfh) cell, (N) for T helper type 1 (Th1) cell, (O) for Th2 cell, (P) for Th17 cell.

Supplementary Figure S2 | Correlation between NCAM1 expression and markers of immune cells as analysed through GEPIA2. (A) for B cell, (B) for CD4+ T cell, (C) for CD8+ T cell, (D) for dendritic cell, (E) for effector regulatory T (Treg) cell, (F) for eosinophils, (G) for exhausted T cell, (H) for mast cell, (I) for monocyte, (J) for neutrophils, (K) for natural killer (NK) cell, (L) for resting regulatory T (Treg) cell, (M) for T follicular helper (Tfh) cell, (N) for T helper type 1 (Th1) cell, (O) for Th2 cell, (P) for Th17 cell.

Supplementary Figure S3 | Correlation between SAMD4A expression and markers of immune cells as analysed through GEPIA2. (A) for B cell, (B) for CD4+ T cell, (C) for CD8+ T cell, (D) for dendritic cell, (E) for effector regulatory T (Treg) cell, (F) for eosinophils, (G) for exhausted T cell, (H) for mast cell, (I) for monocyte, (J) for neutrophils, (K) for natural killer (NK) cell, (L) for resting regulatory T (Treg) cell, (M) for T follicular helper (Tfh) cell, (N) for T helper type 1 (Th1) cell, (O) for Th2 cell, (P) for Th17 cell.

Supplementary Figure S4 | Correlation between ZC3H10 expression and markers of immune cells as analysed through GEPIA2. (A) for B cell, (B) for CD4+ T cell, (C) for CD8+ T cell, (D) for dendritic cell, (E) for effector regulatory T (Treg) cell, (F) for eosinophils, (G) for exhausted T cell, (H) for mast cell, (I) for monocyte, (J) for neutrophils, (K) for natural killer (NK) cell, (L) for resting regulatory T (Treg) cell, (M) for T follicular helper (Tfh) cell, (N) for T helper type 1 (Th1) cell, (O) for Th2 cell, and (P) for Th17 cell.

Supplementary Figure S5 | Melting curve of eight circular RNAs (circRNAs) and GAPDH in colorectal cancer (CRC). (A) for hsa_circ_0000511, (B) for hsa_circ_0000512, (C) for hsa_circ_0000514, (D) for hsa_circ_0000515, (E) for hsa_circ_0000517, (F) for hsa_circ_0000518, (G) for hsa_circ_0000519, (H) for hsa_circ_0000520, and (I) for GAPDH.

Supplementary Figure S6 | Relative miRNAs and mRNA expression in colorectal cancer (CRC) cells and NCM-460 normal cell. (A) for miRNA-296-5p, (B) for miRNA-1976, (C) for miRNA-1306-5p, (D) for miRNA-326, (E) for miRNA-1296-5p, (F) for NCAM1, (G) for CD44, (H) for SYP, (I) for NCAPG, (J) for WNT5A, and (K) for POLA1.

Supplementary Table S1 | Primers for miRNAs and mRNAs amplification in the competing endogenous RNA (ceRNA) network.

Supplementary Table S2 | The protein binding with eight circular RNAs (circRNAs) from the RBPmap tool.

Supplementary Table S3 | Expression levels of eight circular RNAs (circRNAs) in colorectal cancer (CRC) cells as detected by qRT-PCR assays.



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Gao, Q, Li, XX, Xu, YM, Zhang, JZ, Rong, SD, Qin, YQ, et al. Ire1α-Targeting Downregulates ABC Transporters and Overcomes Drug Resistance of Colon Cancer Cells. Cancer Lett (2020) 476:67–74. doi: 10.1016/j.canlet.2020.02.007

3. Hansen, TB, Jensen, TI, Clausen, BH, Bramsen, JB, Finsen, B, Damgaard, CK, et al. Natural RNA Circles Function as Efficient microRNA Sponges. Nature (2013) 495(7441):384–8. doi: 10.1038/nature11993

4. Okholm, TLH, Sathe, S, Park, SS, Kamstrup, AB, Rasmussen, AM, Shankar, A, et al. Transcriptome-Wide Profiles of Circular RNA and RNA-Binding Protein Interactions Reveal Effects on Circular RNA Biogenesis and Cancer Pathway Expression. Genome Med (2020) 12(1):112. doi: 10.1186/s13073-020-00812-8

5. Lei, M, Zheng, G, Ning, Q, Zheng, J, and Dong, D. Translation and Functional Roles of Circular RNAs in Human Cancer. Mol Cancer (2020) 19(1):30. doi: 10.1186/s12943-020-1135-7

6. Peng, L, Sang, H, Wei, S, Li, Y, Jin, D, Zhu, X, et al. Circcul2 Regulates Gastric Cancer Malignant Transformation and Cisplatin Resistance by Modulating Autophagy Activation via miR-142-3p/ROCK2. Mol Cancer (2020) 19(1):156. doi: 10.1186/s12943-020-01270-x

7. Yang, H, Li, X, Meng, Q, Sun, H, Wu, S, Hu, W, et al. CircPTK2 (Hsa_Circ_0005273) as a Novel Therapeutic Target for Metastatic Colorectal Cancer. Mol Cancer (2020) 19(1):13. doi: 10.1186/s12943-020-1139-3

8. Zhou, J, Tang, Z, Gao, S, Li, C, Feng, Y, and Zhou, X. Tumor-Associated Macrophages: Recent Insights and Therapies. Front Oncol (2020) 10:188. doi: 10.3389/fonc.2020.00188

9. Lan, J, Sun, L, Xu, F, Liu, L, Hu, F, Song, D, et al. M2 Macrophage-Derived Exosomes Promote Cell Migration and Invasion in Colon Cancer. Cancer Res (2019) 79(1):146–58. doi: 10.1158/0008-5472.Can-18-0014

10. Cheng, Y, Zhu, Y, Xu, J, Yang, M, Chen, P, Xu, W, et al. PKN2 in Colon Cancer Cells Inhibits M2 Phenotype Polarization of Tumor-Associated Macrophages via Regulating DUSP6-Erk1/2 Pathway. Mol Cancer (2018) 17(1):13. doi: 10.1186/s12943-017-0747-z

11. Wu, Y, Cheng, K, Liang, W, and Wang, X. lncRNA RPPH1 Promotes Non-Small Cell Lung Cancer Progression Through the miR-326/WNT2B Axis. Oncol Lett (2020) 20(4):105. doi: 10.3892/ol.2020.11966

12. Yue, K, Ma, JL, Jiang, T, Yue, J, Sun, SK, Shen, JL, et al. LncRNA RPPH1 Predicts Poor Prognosis and Regulates Cell Proliferation and Migration by Repressing P21 Expression in Gastric Cancer. Eur Rev Med Pharmacol Sci (2020) 24(21):11072–80. doi: 10.26355/eurrev_202011_23593

13. Liang, ZX, Liu, HS, Wang, FW, Xiong, L, Zhou, C, Hu, T, et al. LncRNA RPPH1 Promotes Colorectal Cancer Metastasis by Interacting With TUBB3 and by Promoting Exosomes-Mediated Macrophage M2 Polarization. Cell Death Dis (2019) 10(11):829. doi: 10.1038/s41419-019-2077-0

14. Todaro, M, Gaggianesi, M, Catalano, V, Benfante, A, Iovino, F, Biffoni, M, et al. CD44v6 Is a Marker of Constitutive and Reprogrammed Cancer Stem Cells Driving Colon Cancer Metastasis. Cell Stem Cell (2014) 14(3):342–56. doi: 10.1016/j.stem.2014.01.009

15. Ma, L, Dong, L, and Chang, P. CD44v6 Engages in Colorectal Cancer Progression. Cell Death Dis (2019) 10(1):30. doi: 10.1038/s41419-018-1265-7

16. Melsen, JE, Lugthart, G, Lankester, AC, and Schilham, MW. Human Circulating and Tissue-Resident CD56(bright) Natural Killer Cell Populations. Front Immunol (2016) 7:262. doi: 10.3389/fimmu.2016.00262

17. Gharagozloo, M, Rezaei, A, Kalantari, H, Bahador, A, Hassannejad, N, Maracy, M, et al. Decline in Peripheral Blood NKG2D+CD3+CD56+ NKT Cells in Metastatic Colorectal Cancer Patients. Bratisl Lek Listy (2018) 119(1):6–11. doi: 10.4149/bll_2018_002

18. Chen, Z, Ren, R, Wan, D, Wang, Y, Xue, X, Jiang, M, et al. Hsa_circ_101555 Functions as a Competing Endogenous RNA of miR-597-5p to Promote Colorectal Cancer Progression. Oncogene (2019) 38(32):6017–34. doi: 10.1038/s41388-019-0857-8

19. Ritchie, ME, Phipson, B, Wu, D, Hu, Y, Law, CW, Shi, W, et al. Limma Powers Differential Expression Analyses for RNA-Sequencing and Microarray Studies. Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

20. Li, JH, Liu, S, Zhou, H, Qu, LH, and Yang, JH. Starbase V2.0: Decoding miRNA-ceRNA, miRNA-ncRNA and Protein-RNA Interaction Networks From Large-Scale CLIP-Seq Data. Nucleic Acids Res (2014) 42(Database issue):D92–7. doi: 10.1093/nar/gkt1248

21. Liu, M, Wang, Q, Shen, J, Yang, BB, and Ding, X. Circbank: A Comprehensive Database for circRNA With Standard Nomenclature. RNA Biol (2019) 16(7):899–905. doi: 10.1080/15476286.2019.1600395

22. Sticht, C, de la Torre, C, Parveen, A, and Gretz, N. Mirwalk: An Online Resource for Prediction of microRNA Binding Sites. PloS One (2018) 13(10):e0206239. doi: 10.1371/journal.pone.0206239

23. Shannon, P, Markiel, A, Ozier, O, Baliga, NS, Wang, JT, Ramage, D, et al. Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res (2003) 13(11):2498–504. doi: 10.1101/gr.1239303

24. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J, et al. STRING V11: Protein-Protein Association Networks With Increased Coverage, Supporting Functional Discovery in Genome-Wide Experimental Datasets. Nucleic Acids Res (2019) 47(D1):D607–13. doi: 10.1093/nar/gky1131

25. Liu, CJ, Hu, FF, Xia, MX, Han, L, and Zhang, Q. Guo AY GSCALite: A Web Server for Gene Set Cancer Analysis. Bioinformatics (2018) 34(21):3771–2. doi: 10.1093/bioinformatics/bty411

26. Paz, I, Kosti, I, Ares, M Jr, and Cline, M. Mandel-Gutfreund Y RBPmap: A Web Server for Mapping Binding Sites of RNA-Binding Proteins. Nucleic Acids Res (2014) 42(Web Server issue):W361–367. doi: 10.1093/nar/gku406

27. Li, T, Fu, J, Zeng, Z, Cohen, D, Li, J, Chen, Q, et al. TIMER2.0 for Analysis of Tumor-Infiltrating Immune Cells. Nucleic Acids Res (2020) 48(W1):W509–14. doi: 10.1093/nar/gkaa407

28. Chen, J, Yang, X, Liu, R, Wen, C, Wang, H, Huang, L, et al. Circular RNA GLIS2 Promotes Colorectal Cancer Cell Motility via Activation of the NF-κb Pathway. Cell Death Dis (2020) 11(9):788. doi: 10.1038/s41419-020-02989-7

29. Xie, J, Chen, Q, Zhou, P, and Fan, W. Circular RNA Hsa_Circ_0000511 Improves Epithelial Mesenchymal Transition of Cervical Cancer by Regulating Hsa-Mir-296-5p/HMGA1. J Immunol Res (2021) 2021:9964538. doi: 10.1155/2021/9964538

30. Cai, F, Fu, W, Tang, L, Tang, J, Sun, J, Fu, G, et al. Hsa_circ_0000515 Is a Novel Circular RNA Implicated in the Development of Breast Cancer Through Its Regulation of the microRNA-296-5p/CXCL10 Axis. FEBS J (2021) 288(3):861–83. doi: 10.1111/febs.15373

31. He, S, Guo, Z, Kang, Q, Wang, X, and Han, X. Circular RNA Hsa_Circ_0000517 Modulates Hepatocellular Carcinoma Advancement via the miR-326/SMAD6 Axis. Cancer Cell Int (2020) 20:360. doi: 10.1186/s12935-020-01447-w

32. He, S, Yang, J, Jiang, S, Li, Y, and Han, X. Circular RNA Circ_0000517 Regulates Hepatocellular Carcinoma Development via miR-326/IGF1R Axis. Cancer Cell Int (2020) 20:404. doi: 10.1186/s12935-020-01496-1

33. Wang, X, Wang, X, Li, W, Zhang, Q, Chen, J, and Chen, T. Up-Regulation of Hsa_Circ_0000517 Predicts Adverse Prognosis of Hepatocellular Carcinoma. Front Oncol (2019) 9:1105. doi: 10.3389/fonc.2019.01105

34. Jiang, J, Lin, H, Shi, S, Hong, Y, Bai, X, and Cao, X. Hsa_circRNA_0000518 Facilitates Breast Cancer Development via Regulation of the miR-326/FGFR1 Axis. Thorac Cancer (2020) 11(11):3181–92. doi: 10.1111/1759-7714.13641

35. Sun, H, Tang, W, Rong, D, Jin, H, Fu, K, Zhang, W, et al. Hsa_circ_0000520, a Potential New Circular RNA Biomarker, Is Involved in Gastric Carcinoma. Cancer biomark (2018) 21(2):299–306. doi: 10.3233/cbm-170379

36. Lv, X, Li, P, Wang, J, Gao, H, Hei, Y, Zhang, J, et al. Hsa_Circ_0000520 Influences Herceptin Resistance in Gastric Cancer Cells Through PI3K-Akt Signaling Pathway. J Clin Lab Anal (2020) 34(10):e23449. doi: 10.1002/jcla.23449

37. Zang, H, Li, Y, Zhang, X, and Huang, G. Blocking Circ_0000520 Suppressed Breast Cancer Cell Growth, Migration and Invasion Partially via miR-1296/SP1 Axis Both In Vitro and In Vivo. Cancer Manag Res (2020) 12:7783–95. doi: 10.2147/cmar.S251666

38. Zhou, Y, Ma, G, Peng, S, Tuo, M, Li, Y, Qin, X, et al. Circ_0000520 Contributes to Triple-Negative Breast Cancer Progression Through Mediating the miR-1296/ZFX Axis. Thorac Cancer (2021) 12(18):2427–38. doi: 10.1111/1759-7714.14085

39. Zheng, Q, Zhang, J, Zhang, T, Liu, Y, Du, X, Dai, X, et al. Hsa_circ_0000520 Overexpression Increases CDK2 Expression via miR-1296 to Facilitate Cervical Cancer Cell Proliferation. J Transl Med (2021) 19(1):314. doi: 10.1186/s12967-021-02953-9

40. Zhang, J, Cai, R, Zhang, Y, and Wang, X. Involvement of a Novel circularRNA, Hsa_Circ_0000520, Attenuates Tumorigenesis of Cervical Cancer Cell Through Competitively Binding With miR-146b-3p. J Cell Mol Med (2020) 24(15):8480–90. doi: 10.1111/jcmm.15414

41. Pothuraju, R, Rachagani, S, Krishn, SR, Chaudhary, S, Nimmakayala, RK, Siddiqui, JA, et al. Molecular Implications of MUC5AC-CD44 Axis in Colorectal Cancer Progression and Chemoresistance. Mol Cancer (2020) 19(1):37. doi: 10.1186/s12943-020-01156-y

42. Huang, YW, Lin, CW, Pan, P, Shan, T, Echeveste, CE, Mo, YY, et al. Black Raspberries Suppress Colorectal Cancer by Enhancing Smad4 Expression in Colonic Epithelium and Natural Killer Cells. Front Immunol (2020) 11:570683. doi: 10.3389/fimmu.2020.570683

43. Zhang, Q, Bi, J, Zheng, X, Chen, Y, Wang, H, Wu, W, et al. Blockade of the Checkpoint Receptor TIGIT Prevents NK Cell Exhaustion and Elicits Potent Anti-Tumor Immunity. Nat Immunol (2018) 19(7):723–32. doi: 10.1038/s41590-018-0132-0

44. Ma, XB, Xu, YY, Zhu, MX, and Wang, L. Prognostic Signatures Based on Thirteen Immune-Related Genes in Colorectal Cancer. Front Oncol (2020) 10:591739. doi: 10.3389/fonc.2020.591739

45. Kikuchi, A, Yamamoto, H, Sato, A, and Matsumoto, S. Wnt5a: Its Signalling, Functions and Implication in Diseases. Acta Physiol (Oxf) (2012) 204(1):17–33. doi: 10.1111/j.1748-1716.2011.02294.x

46. Lund, CM, Dyhl-Polk, A, Nielsen, DL, and Riis, LB. Wnt5a Expression and Prognosis in Stage II-III Colon Cancer. Transl Oncol (2021) 14(1):100892. doi: 10.1016/j.tranon.2020.100892

47. Cheng, R, Sun, B, Liu, Z, Zhao, X, Qi, L, Li, Y, et al. Wnt5a Suppresses Colon Cancer by Inhibiting Cell Proliferation and Epithelial-Mesenchymal Transition. J Cell Physiol (2014) 229(12):1908–17. doi: 10.1002/jcp.24566

48. Li, Q, and Chen, H. Silencing of Wnt5a During Colon Cancer Metastasis Involves Histone Modifications. Epigenetics (2012) 7(6):551–8. doi: 10.4161/epi.20050

49. Bakker, ER, Das, AM, Helvensteijn, W, Franken, PF, Swagemakers, S, van der Valk, MA, et al. Wnt5a Promotes Human Colon Cancer Cell Migration and Invasion But Does Not Augment Intestinal Tumorigenesis in Apc1638N Mice. Carcinogenesis (2013) 34(11):2629–38. doi: 10.1093/carcin/bgt215

50. Rogers, RF, Walton, MI, Cherry, DL, Collins, I, Clarke, PA, Garrett, MD, et al. CHK1 Inhibition Is Synthetically Lethal With Loss of B-Family DNA Polymerase Function in Human Lung and Colorectal Cancer Cells. Cancer Res (2020) 80(8):1735–47. doi: 10.1158/0008-5472.Can-19-1372

51. Liu, J, Liu, S, and Yang, X. Construction of Gene Modules and Analysis of Prognostic Biomarkers for Cervical Cancer by Weighted Gene Co-Expression Network Analysis. Front Oncol (2021) 11:542063. doi: 10.3389/fonc.2021.542063

52. Cui, L, Xue, H, Wen, Z, Lu, Z, Liu, Y, and Zhang, Y. Prognostic Roles of Metabolic Reprogramming-Associated Genes in Patients With Hepatocellular Carcinoma. Aging (Albany NY) (2020) 12(21):22199–219. doi: 10.18632/aging.104122

53. Abdel-Samad, R, Aouad, P, Gali-Muhtasib, H, Sweidan, Z, Hmadi, R, Kadara, H, et al. Mechanism of Action of the Atypical Retinoid ST1926 in Colorectal Cancer: DNA Damage and DNA Polymerase α. Am J Cancer Res (2018) 8(1):39–55.

54. Han, T, Goralski, M, Capota, E, Padrick, SB, Kim, J, Xie, Y, et al. The Antitumor Toxin CD437 Is a Direct Inhibitor of DNA Polymerase α. Nat Chem Biol (2016) 12(7):511–5. doi: 10.1038/nchembio.2082

55. Gong, C, Ai, J, Fan, Y, Gao, J, Liu, W, Feng, Q, et al. NCAPG Promotes The Proliferation Of Hepatocellular Carcinoma Through PI3K/AKT Signaling. Onco Targets Ther (2019) 12:8537–52. doi: 10.2147/ott.S217916

56. Sun, DP, Lin, CC, Hung, ST, Kuang, YY, Hseu, YC, Fang, CL, et al. Aberrant Expression of NCAPG Is Associated With Prognosis and Progression of Gastric Cancer. Cancer Manag Res (2020) 12:7837–46. doi: 10.2147/cmar.S248318

57. Jiang, L, Ren, L, Chen, H, Pan, J, Zhang, Z, Kuang, X, et al. NCAPG Confers Trastuzumab Resistance via Activating SRC/STAT3 Signaling Pathway in HER2-Positive Breast Cancer. Cell Death Dis (2020) 11(7):547. doi: 10.1038/s41419-020-02753-x

58. Geng, L, Rachakonda, G, Morré, DJ, Morré, DM, Crooks, PA, Sonar, VN, et al. Indolyl-Quinuclidinols Inhibit ENOX Activity and Endothelial Cell Morphogenesis While Enhancing Radiation-Mediated Control of Tumor Vasculature. FASEB J (2009) 23(9):2986–95. doi: 10.1096/fj.09-130005

59. Venkateswaran, A, Friedman, DB, Walsh, AJ, Skala, MC, Sasi, S, Rachakonda, G, et al. The Novel Antiangiogenic VJ115 Inhibits the NADH Oxidase ENOX1 and Cytoskeleton-Remodeling Proteins. Invest New Drugs (2013) 31(3):535–44. doi: 10.1007/s10637-012-9884-9

60. Zhou, M, Wang, B, Li, H, Han, J, Li, A, and Lu, W. RNA-Binding Protein SAMD4A Inhibits Breast Tumor Angiogenesis by Modulating the Balance of Angiogenesis Program. Cancer Sci (2021) 112(9):3835–45. doi: 10.1111/cas.15053

61. Yi, D, Nguyen, HP, Dinh, J, Viscarra, JA, Xie, Y, Lin, F, et al. Dot1l Interacts With Zc3h10 to Activate Ucp1 and Other Thermogenic Genes. Elife (2020) 27(9):e59990. doi: 10.7554/eLife.59990




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Feng, Li, Tu, Shu, Zhang, Zeng, Luo, Wu, Chen, Cao and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


		ORIGINAL RESEARCH
published: 03 February 2022
doi: 10.3389/fcell.2021.790047


[image: image2]
A Novel Ferroptosis-Related lncRNA Prognostic Model and Immune Infiltration Features in Skin Cutaneous Melanoma
Shuya Sun1†, Guanran Zhang2† and Litao Zhang3*
1Graduate School, Tianjin Medical University, Tianjin, China
2Key Laboratory for Experimental Teratology of Ministry of Education, Department of Histology and Embryology, School of Basic Medical Sciences, Shandong University, Jinan, China
3Department of Dermatology, Tianjin Academy of Traditional Chinese Medicine Affiliated Hospital, Tianjin, China
Edited by:
Zong Sheng Guo, Roswell Park Comprehensive Cancer Center, United States
Reviewed by:
Hezhe Lu, Institute of Zoology (CAS), China
Susana García-Silva, Spanish National Cancer Research Center (CNIO), Spain
* Correspondence: Litao Zhang, zhanglitao@medmail.com.cn
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Cell and Developmental Biology
Received: 06 October 2021
Accepted: 15 December 2021
Published: 03 February 2022
Citation: Sun S, Zhang G and Zhang L (2022) A Novel Ferroptosis-Related lncRNA Prognostic Model and Immune Infiltration Features in Skin Cutaneous Melanoma. Front. Cell Dev. Biol. 9:790047. doi: 10.3389/fcell.2021.790047

Background: Skin cutaneous melanoma (SKCM) is an aggressive malignant skin tumor. Ferroptosis is an iron-dependent cell death that may mobilize tumor-infiltrating immunity against cancer. The potential mechanism of long non-coding RNAs (lncRNAs) in ferroptosis in SKCM is not clear. In this study, the prognostic and treatment value of ferroptosis-related lncRNAs was explored in SKCM, and a prognostic model was established.
Methods: We first explored the mutation state of ferroptosis-related genes in SKCM samples from The Cancer Genome Atlas database. Then, we utilized consensus clustering analysis to divide the samples into three clusters based on gene expression and evaluated their immune infiltration using gene-set enrichment analysis (GSEA) ESTIMATE and single-sample gene-set enrichment analysis (ssGSEA) algorithms. In addition, we applied univariate Cox analysis to screen prognostic lncRNAs and then validated their prognostic value by Kaplan–Meier (K-M) and transcripts per kilobase million (TPM) value analyses. Finally, we constructed an 18-ferroptosis-related lncRNA prognostic model by multivariate Cox analysis, and SKCM patients were allocated into different risk groups based on the median risk score. The prognostic value of the model was evaluated by K-M and time-dependent receiver operating characteristic (ROC) analyses. Additionally, the immunophenoscore (IPS) in different risk groups was detected.
Results: The top three mutated ferroptosis genes were TP53, ACSL5, and TF. The SKCM patients in the cluster C had the highest ferroptosis-related gene expression with the richest immune infiltration. Based on the 18 prognosis-related lncRNAs, we constructed a prognostic model of SKCM patients. Patients at low risk had a better prognosis and higher IPS.
Conclusion: Our findings revealed that ferroptosis-related lncRNAs were expected to become potential biomarkers and indicators of prognosis and immunotherapy treatment targets of SKCM.
Keywords: skin cutaneous melanoma, ferroptosis, immunotherapy, long non-coding RNA (lncRNA), prognosis
INTRODUCTION
Skin cutaneous melanoma (SKCM), one of the most aggressive malignant skin tumors (Mohammadpour et al., 2019), is a complex mainly affected by environmental and genetic factors (Tucker and Goldstein, 2003), causing nearly 55,500 deaths annually (Schadendorf et al., 2018). SKCM is generally diagnosed in the remote metastatic grade (Leonardi et al., 2018), and its response to therapy is weak. As a result, the 5-year overall survival (OS) is poor at 15% (Enninga et al., 2017).
Traditional treatments have been the mainstream against advanced or metastatic melanoma in recent decades, although their aims are mainly to relieve symptoms and reduce tumor burden, with little help for prolonging survival. Due to the loss of early diagnosis and effective intervention, the identification of potential biomarkers for prognosis prediction and valid therapeutic targets of SKCM is urgently needed (Namikawa and Yamazaki, 2019).
As a breakthrough approach for metastatic melanoma, immunotherapy is based on the activation of the anticancer endogenous immune system, whose representative immune checkpoints are cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) (Marzagalli et al., 2019). However, patients who accept immunotherapy gradually develop intrinsic resistance or resistance to targeted therapy and immunotherapy (Winder and Virós, 2018).
Cancer cells seize more nutrients for multiplication, with an especially high iron demand, and hence are vulnerable to iron-dependent cell death, named ferroptosis (Hassannia et al., 2019; Liang et al., 2019). Ferroptosis, defined by Dixon et al. (2012), is an iron-dependent form of non-apoptotic cell death triggered by lipid-based reactive oxygen species (ROS) (Hirschhorn and Stockwell, 2019), which is related to the development of diseases, especially cancers. Ferroptosis, characterized by typical mitochondrial dysfunction, has been proven to be a hopeful choice for melanoma treatment via multifarious signaling pathways, such as the inhibition of selenoprotein glutathione peroxidase 4 (GPX4) (Hartman, 2020). Recent studies have verified that ferroptosis plays an important role in immune infiltration, and the tumor microenvironment (TME) is tightly associated with ferroptosis, suggesting that the combination of immunotherapy and ferroptosis inducers is a promising treatment (Wang M. et al., 2019). Notably, Tsoi et al. (2018) discovered that ferroptosis-inducing drugs could target innate and acquired resistance mechanisms to targeted therapies and immunotherapies in melanoma.
Nearly 98% of RNAs are non-protein coding RNAs (ncRNAs) (Qiu et al., 2013). Long non-coding RNAs (lncRNAs) are a type of ncRNA larger than 200 nucleotides in length (Rafiee et al., 2018). An increasing number of studies have revealed that lncRNAs play important roles in epigenetic regulation in physiological processes and disease development, especially in cancer progression. Their tumor specificity and stability make lncRNAs potential tumor biomarkers (Bhan et al., 2017). Recent studies have confirmed the roles of lncRNAs involved in ferroptosis in diverse types of cancers. Wang et al. (2019) discovered that the highly expressed lncRNA LINC00336 acts as an oncogene inhibiting ferroptosis in lung cancer. Mao et al. (2018) demonstrated that lncRNA P53RRA plays a role as a tumor suppressor in promoting ferroptosis and apoptosis of breast cancer by regulating p53. However, there are few related studies on the potential mechanism of ferroptosis-related lncRNAs in SKCM, especially regarding their prognostic value.
In this study, we established an 18-ferroptosis-related lncRNA prognostic signature of SKCM, which is expected to provide a reference for the follow-up diagnosis and treatment of SKCM.
MATERIALS AND METHODS
Data Acquisition
RNA-seq data containing 471 SKCM tumor samples were extracted, and somatic mutation data was downloaded from The Cancer Genome Atlas (TCGA) database. Forty ferroptosis-related genes were acquired from WikiPathways (Martens et al., 2021), an open database of biological pathways (https://www.wikipathways.org). The study was free of the approval of the ethics committees for public access to the data acquisition. Subsequent data analyses were managed with the R (version 3.6.3) and R packages. A flowchart of the study is drawn in Supplementary Figure S1.
Mutation and Correlation Analysis
After the preparation of the mutation annotation format (MAF) of mutation data, the mutation state of ferroptosis-related genes was evaluated in SKCM samples using the “maftools” R package, which supplies numerous analyses and visualization modules for cancer genomic studies (Mayakonda et al., 2018). The mutation and expression of dependency in 40 ferroptosis-related genes were evaluated by Spearman’s correlation coefficient (p < 0.05 indicated statistical significance).
Consensus Clustering for Ferroptosis-Related Genes
SKCM patients were unsupervised and classified into different subgroups based on the expression of ferroptosis-related genes using the “ConsensusClusterPlus” R package (Wilkerson and Hayes, 2010). The clinical and pathological characteristics were visualized as heatmap plots via the “pheatmap” R package.
Gene Set Variation Analysis Enrichment Analysis
Gene set variation analysis (GSVA) enrichment analysis was performed to estimate the different Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways between any two clusters using the “GSVA” R package, whose method is non-parametric and unsupervised to detect changes in pathway activation (Hänzelmann et al., 2013). The significant biological processes met the standard of adjusted p value <0.05.
Estimation of Immune Infiltration
Moreover, the “ESTIMATE” R package (Yoshihara et al., 2013) was used to calculate the infiltration level of stromal and immune cells in each sample of SKCM patients. The results of the ESTIMATE score, immune score, and stromal score in different clusters are presented in violin plots. The Kruskal–Wallis test was applied to explore the difference between each cluster, and p < 0.05 indicated statistical significance. After finishing all the steps above, a single-sample gene-set enrichment analysis (ssGSEA) algorithm was utilized to quantify the components of different types of immune cells in the TME of SKCM.
Identification and Verification of Prognosis-Related lncRNAs
Differential analyses between any two clusters were performed, as a standard of adjusted p < 0.05 was used to filter differentially expressed lncRNAs (DElncRNAs), followed by intersection to obtain the common DElncRNAs, which are further displayed in the Venn diagram. Finally, univariate Cox analysis was applied to screen lncRNAs with prognostic value. Hazard ratios (HRs) and 95% confidence intervals (CIs) were calculated. The results with p < 0.05 were selected for the subsequent analysis.
To test the predictive value of the prognostic lncRNAs obtained, unsupervised clustering was applied to the SKCM samples using the “ConsensusClusterPlus” R package once again. The clinicopathological characteristics in different subgroups are shown in heatmap plots, and Kaplan–Meier (K-M) curves were drawn to compare the survival outcomes between different clusters. In addition, the difference in transcripts per million (TPM) values of ferroptosis-related genes in each cluster was further explored.
Construction of Prognostic Model
Multivariate Cox analysis was performed to screen out a prognostic signature constructing 18 prognostic lncRNAs in SKCM patients. According to the median of the risk score, the SKCM patients were separated into a high-risk group and a low-risk group.
Survival Analysis
The K-M survival curves of OS as well as stratification analyses for clinicopathological characteristics (age, sex, tumor stage, T stage, N stage, M stage, TP53 expression, and TP53 mutation state) in the high-/low-risk group were generated via the “Survival” R package to test the model’s clinical application value. The time-dependent receiver operating characteristic (ROC) curve assessed the predictive value of the model, and the area under the curve (AUC) was calculated using the “pROC” package. p value <0.05 indicated statistical significance. The 1-, 3-, 5-, 8-, and 10-year ROC curves of the model were painted. Additionally, the risk scores of SKCM patients in different survival states were also calculated to evaluate the model’s validity. The comparison between the two groups was performed via the Wilcoxon rank sum test, and p < 0.05 was considered statistically significant.
Patient Immunophenoscore
The Cancer Immunome Database (TCIA) database (https://tcia.at/home) is an open access website containing the intratumoral immune landscapes and cancer antigenomes from 20 solid cancers. The immunophenoscore (IPS) is a scoring scheme for the quantification of tumor immunogenicity via machine learning. Considering the gene expression of four cell types (effector cells, immunosuppressive cells, MHC molecules, and immunomodulators) that determine immunogenicity, the IPS was calculated as z scores of the gene expression above, with higher scores associated with increased immunogenicity (Charoentong et al., 2017). Four kinds of IPS scores of SKCM were obtained from TCIA database and then compared. The differences in all kinds of IPS between the two groups via the Wilcoxon rank sum test were calculated. p value <0.05 was considered statistically significant.
Validation of Prognostic Model
To enhance the accuracy and persuasion of prognosis, the SKCM samples from TCGA database were randomly validated into training and validation sets twice to reverify the prognostic model. Once was divided from the middle, another time was at a ratio of 7:3. The chi-square test was used to verify the distribution difference between the training set and validation set, and p < 0.05 was considered statistically significant. Different risk groups were based on the median risk score. To assess the availability of the prognostic model, the K-M survival method was applied to evaluate the differences in survival outcomes between the high-risk group and the low-risk group (p < 0.05).
RESULTS
Mutation and Correlation Analysis
Melanoma is known as one of the most highly mutated malignancies (Davis et al., 2018). Having downloaded somatic mutation profiles of SKCM patients from TCGA database as well as 40 genes associated with ferroptosis from WikiPathways (https://www.wikipathways.org/index.php/WikiPathways; Supplementary Table S1), we first analyzed and visualized the mutation state of ferroptosis-related genes in the SKCM samples. The waterfall plot showed that the high mutation frequency of ferroptosis genes correlated with each SKCM sample, of which the top three mutation ferroptosis genes were TP53 (14%), ACSL5 (6%), and TF (6%). Various colors with annotations at the bottom of Figure 1A present the proportion of mutation categories. Missense mutation was the maximum category, and C > T was the most common single-nucleotide variant (SNV) in SKCM. Moreover, the relationships of mutated ferroptosis genes showed co-occurrence, as the green color represents synergy, while red represents mutual exclusivity (Figure 1B). The 10 best relations were TP53 and PRNP, TP53 and MAP1LC3A, TP53 and NCOA4, TP53 and SLC7A11, ASCL5 and SLC40A11, ASCL5 and TF, ASCL5 and ASCL3, PRNP and SLC40A11, ACSL3 and SLC11A2, and ACSL3 and SLC3A2 (p < 0.05). The association between each ferroptosis-related gene was highly correlated, as shown in Figure 1C, where red represented a positive association and blue a negative association. The deeper the orange color is, the closer the correlation. In summary, such a high rate of gene mutation in SKCM samples indicated the strong correlation of ferroptosis-related genes with SKCM.
[image: Figure 1]FIGURE 1 | The results of mutation and correlation analysis. (A) The waterfall plot showed the high frequency of mutations of 40 ferroptosis-related genes in SKCM as different colors representing different types of mutations. (B) The relationships of 40 mutation ferroptosis-related genes showed co-occurrence. (C) The correlations of gene expression of 40 ferroptosis-related genes.
Consensus Clustering of Ferroptosis-Related Genes With GSVA Enrichment Analysis and Immune Infiltration Estimation
Based on the expression of 40 ferroptosis-related genes, the SKCM patients were divided into three subgroups via the “ConsensusClusterPlus” R package. The clustering variable (k) was raised from two to nine, and k = 3 was chosen (Figure 2B). The cumulative distribution function (CDF), relative change in area under the CDF curve, and tracking plot are shown in Supplementary Figures S2–S4. The heatmap shows the detailed clinicopathological features of SKCM patients in each cluster, and cluster C showed the highest ferroptosis gene expression (Figure 2A). TP53 had the highest mutation frequency of SKCM samples in the previous study. As a result, the difference in the TP53 mutation state between the clusters was calculated. TP53 wild type had the highest proportion, and there was no difference between each cluster (Figure 2C, p = 0.2148). Then, we performed GSVA enrichment analysis between different clusters to explore potential activated biological pathways (Supplementary Tables S2–S4). The top 20 significant pathways between every two clusters with the lowest adjusted p values were visualized in heatmaps, where red represents activated pathways and blue represents inhibited pathways. Cluster C possessed outstanding pathways in iron metabolism and immune activation, such as cytokine–cytokine receptor interactions and chemokine signaling pathways (Figure 2D–F).
[image: Figure 2]FIGURE 2 | The results of consensus clustering of ferroptosis-related genes with gene set variation analysis (GSVA) enrichment analysis. (A) The heatmap showed the detailed clinicopathological features of skin cutaneous melanoma (SKCM) patients in each cluster. (B) SKCM patients were divided into three clusters according to the consensus clustering (k = 3). (C) TP53 mutation state in each cluster. GSVA enrichment analysis revealed the top 20 significant biological pathways between every two clusters: (D) cluster A vs. cluster B, (E) cluster B vs. cluster C, and (F) cluster A vs. cluster C.
Furthermore, the difference in the immune infiltration of SKCM samples was explored using ESTIMATE and the ssGSEA algorithm (Supplementary Tables S5 and S6). The average StromalScore (Figure 3A, p = 3.3e−11), ImmuneScore (Figure 3B, p = 5.2e−21), and ESTIMATEScore (Figure 3C, p = 1.5e−19) were consistently as follows: cluster C > cluster B > cluster A. Additionally, the infiltration level of 23 kinds of immune cells in cluster C was the highest (Figure 3D). In conclusion, the expression level of ferroptosis-related genes was positively correlated with the activation of immune infiltration in SKCM patients.
[image: Figure 3]FIGURE 3 | The differences of immune infiltration in the three clusters of SKCM patients were statistically significant. (A–C) The results of StromalScore, ImmuneScore, and ESTIMATEScore in the three clusters were as follows: cluster C > cluster B > cluster A. (D) The 23 kinds of immune cells of TME in the three clusters (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05).
Screening and Validation of Prognostic lncRNAs
Based on the three clusters acquired from the previous steps, a differential analysis between any two of the clusters was conducted to screen out the significantly DElncRNAs as the standard of adjusted p value <0.05. Subsequent intersections resulted in 209 DElncRNAs, as shown in the Venn diagram (Figure 4A). Finally, univariate Cox analysis was applied to obtain 77 lncRNAs with prognostic value (p < 0.05, Supplementary Table S7). To validate their prognostic efficiency, consensus clustering was performed on the SKCM samples based on the expression of 77 prognostic lncRNAs, which resulted in three subgroups named “geneclusters D, E, and F,” as shown in Figure 4B (k = 3). The CDF and relative change in area under the CDF curve are shown in Supplementary Figures S5 and S6. The heatmap presented the entire clinicopathological characteristics of SKCM patients in each genecluster (Figure 4D), where the genecluster F showed the highest expression of prognostic lncRNAs. In addition, the SKCM patients in genecluster F had the best survival outcomes compared with the other subgroups (Figure 4C, p < 0.0001). Additionally, the significant differences in TPM values of ferroptosis-related genes among the three geneclusters are displayed in Figure 4E, which verified the effectiveness of prognostic lncRNA grouping. Interestingly, the ACSL family (ASCL4, ASCL5, and ACSL6), the SLC family (SLC39A8 and SLC40A1), NCOA4, TF, and HMOX1 were upregulated, while GPX4, GSS, PCBP1, the SLC family (SLC3A2 and SLC39A14), the VDAC family (VDAC2 and VDAC3), and TP53 were downregulated in the genecluster F (p < 0.05). The significantly different results of the above analyses were all between the clusters, which indicated that the 77 lncRNAs possessed prognostic value.
[image: Figure 4]FIGURE 4 | Screening and validation of prognostic lncRNAs. (A) Venn diagram revealed the common differentially expressed lncRNAs (DElncRNAs). (B) Consensus clustering of SKCM patients based on the expression of 77 prognostic long non-coding RNAs (lncRNAs) (k = 3). (C) The overall survival (OS) analysis of SKCM patients in geneclusters D, E, and F, and genecluster F showed the most satisfied prognosis. (D) The heatmap of geneclusters D, E, and F with detailed clinicopathological information, where patients in genecluster F had better prognosis. (E) Significant differences in TPM values of ferroptosis-related genes among the three subgroups (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05).
Construction of Prognostic Model and Survival Analyses
Using the 77 obtained prognostic lncRNAs, multivariate Cox analysis was utilized to construct a prognostic signature of SKCM composed of 18 prognostic lncRNAs (Supplementary Table S8). All SKCM patients were separated into a high-risk group and a low-risk group according to the median risk score (Supplementary Table S9).
The K-M curve revealed that the patients in the high-risk group had a poorer prognosis than those in the low-risk group (Figure 5A, p < 0.0001). To evaluate the sensitivity and specificity of the prognostic signature, the ROC curves showed that the 1-, 3-, 5-, 8-, and 10-year AUCs were 0.73, 0.74, 0.76, 0.76, and 0.77, respectively (Figure 5B). In the above steps, survival outcomes in different risk groups of the prognosis model were explored. Therefore, the effectiveness of the risk signature was reversely tested by evaluating the difference in risk scores between patients with different survival outcomes, namely, alive or dead. As shown in Figure 5C, there was a significant difference in the risk scores of the different survival outcome groups (p = 4.6e−11). In addition, the difference in the mutation state of TP53 between the two groups was statistically significant (Figure 5D, p = 0.0055), and the wild type was still the mainstream. To further verify the prognostic efficiency of the model, stratified survival analyses for clinicopathological information between the high- and low-risk groups were analyzed. The significantly different OS results of SKCM patients with different ages, sexes, tumor stages, T stages, N stages, M stages, TP53 expression, and wild-type TP53 levels between the high- and low-risk groups are shown in Figure 6, which demonstrates that the prognostic model was effective (p < 0.05).
[image: Figure 5]FIGURE 5 | Construction of prognostic model and survival analyses. (A) The Kaplan–Meier (K-M) overall survival curves in the high- and low-risk group. (B) The 1-, 3-, 5-, 8-, and 10-year receiver operating characteristic (ROC) curves of the prognostic model. (C) Risk scores of patients with different survival outcomes were of significant difference. (D) The difference of TP53 mutation state between the high- and low-risk groups was statistically significant.
[image: Figure 6]FIGURE 6 | The K-M survival analyses of patients’ clinicopathological stratification between the high- and low-risk groups. (A) Patients >58 or ≤58 years; (B) patients were female or male patients; (C) patients with pathologic T0, T1, T2, T4, Tis-T2, and T3-T4 stages; (D) patients with pathologic N0, N1, N2, N3, N0–N1, and N2–N3 stages; (E) patients with pathologic M0 or M1 stage; (F) patients with tumor 0–II or III–IV stage; (G) patients with high or low expression of TP53; (H) patients with TP53 wild-type.
IPS Estimation Between Different Risk Groups
Furthermore, the IPS data of SKCM was downloaded from the TCIA database. All four kinds of IPS showed significant differences between different risk groups, indicating that SKCM patients with low risk scores had better therapeutic effects (Figure 7, p < 0.05).
[image: Figure 7]FIGURE 7 | Comparison of the IPS between the high-risk and low-risk groups. Each figure of (A–D) shows the significant difference of four kinds of immunophenoscore (IPS) between the high-risk group and low-risk group.
Validation of Prognostic Model
To verify the predictive ability of the prognostic model of SKCM patients, the SKCM patients were first randomly allocated from the TCGA dataset into a training set and validation set at 50% and 50% portion. The chi-square test was managed between the two sets, and there was no allocation difference (p > 0.05, Supplementary Table S10). Each set was then divided into a high-risk group (training set was 112, validation set was 117, and total was 229) and a low-risk group (training set was 120, validation set was 111, and total was 231) using the median risk score (Figure 8). K-M survival analysis of OS showed that the low-risk group patients had significantly better outcomes than the high-risk group in the training set, whose result was consistent in the validation set (p < 0.0001).
[image: Figure 8]FIGURE 8 | The K-M curves of OS showed the favorable predictive value of the prognostic model in the training set (A) and validation set (B) as SKCM patients were randomly divided from the middle.
For further validation, another random distribution was conducted, dividing patients into 70% and 30% proportions. The subsequent chi-square test was uneventful (p > 0.05, Supplementary Table S11), and the K-M curves in both the training set and validation set revealed that the patients in the low-risk group had significantly satisfied OS (p < 0.0001, Supplementary Figure S7). In conclusion, the prognostic model had favorable predictive value.
DISCUSSION
Melanoma is regarded as not only the most aggressive skin cancer with a steadily increasing worldwide incidence over the years but also the malignant tumor with the highest level of gene mutations of any cancer (Hayward et al., 2017). Metastatic cancer is equipped with a defense against immunological and cytotoxic attacks. Therefore, conventional therapies, especially chemotherapy, are unsatisfactory (Gagliardi et al., 2019). The evolution of melanoma is attributed to the accumulation of pathogenic mutations especially triggered by ultraviolet-driven (UV) radiation (Hayward et al., 2017). Somatic mutations in melanoma disturb key cell signaling pathways related to proliferation and growth and have gradually become new therapeutic targets (Sarkar et al., 2015).
The combination of targeted therapy and immunotherapy in melanoma has progressed in recent decades, including BRAF inhibitors and BRAF/MEK combination therapy and CTLA-4 and PD-1 inhibitors, whose efficacy in advanced stages of melanoma has been demonstrated in randomized trials (Sun et al., 2020). However, accompanying cross-resistance and effects such as autoimmune disorders make novel therapeutic strategies urgently needed.
As distinguished from other programmed cell deaths (PCDs), such as apoptosis and necroptosis, ferroptosis is recognized as a new form of PCD (Yang et al., 2020). Activated by high levels of iron, ferroptosis is induced by cellular ROS production and lipid peroxide accumulation, which the mitogen-activated protein kinase (MAPK) family participates in (Ashrafizadeh et al., 2019). Ferroptosis is gradually recognized as a novel tumor-suppressive choice, where melanoma shows an especially sensitive response (Yang et al., 2020, Ashrafizadeh et al., 2019, Mou et al., 2019). In addition, Wang et al. (2019) detected that ferroptosis inhibited the growth of melanoma cells via a distinctive pathway that modulated DNA damage. Foxy migrating melanoma cells not only choose lymph as the first selection to avoid external pro-ferroptotic conditions but also alter the membrane defense to protect themselves against ferroptosis (Conrad and Novikova, 2020). The mutual promotion between immune activation and ferroptosis makes it possible to precisely treat cancer (Wang M. et al., 2019), while few studies have examined the prognostic value of ferroptosis-related genes in SKCM, especially the relationship between ferroptosis and immunity.
lncRNAs participate in the intricate regulation of ferroptosis and tumor immunity in various types of cancer cells (Tang et al., 2021), which has been discussed in many studies. For example, Meng et al. (2020) revealed that the lncRNA MT1DP could increase the sensitivity of non-small-cell lung cancer to ferroptosis by regulating the miR-365a3p/NRF2 axis. However, the roles of lncRNAs in ferroptosis in SKCM remain inconclusive.
In this study, we first analyzed the mutation state of ferroptosis-related genes in SKCM while TP53, ACSL5 and TF were the most frequently mutated genes. Missense mutation and C > T were the most common in SKCM. The C > T nucleotide transition has been reported to be mainly attributable to ultraviolet radiation (Hayward et al., 2017). The most common somatic mutation in melanoma is the V600E substitution in BRAF. Triggered by ultraviolet radiation (UVR), BRAFV600E-expressing melanocytes develop canceration through targeting mutation of TP53, which is detected especially in advanced-stage melanomas (Viros et al., 2014; Shain et al., 2015).
The tumor suppressor protein p53 (TP53) plays a critical role in the cellular response to various stresses. Depending on the levels of stress, TP53 could bidirectionally regulate ferroptosis in a context-dependent manner (Liu et al., 2020). Somatic TP53 mutations are one of the most frequent alterations in human cancers (Huang et al., 2021) but are detected in less than 20% of SKCM patients (Hajkova et al., 2018), which confirms our results. Accordingly, mutated or depleted p53 in a variety of tumors destroys its original antitumor function (Kang et al., 2019). Moreover, ferroptosis regulation of TP53 in tumors no longer depends on stress level but rather on the mutation site of TP53 (Ou et al., 2016). In our study, there was no difference in TP53 mutation state between the three clusters grouped as the standard of the expression of ferroptosis genes but showed a significant difference in different risk groups. Interestingly, the proportion of TP53 mutation states in the low-risk group was higher than that in the high-risk group. Liu et al. (2020) developed a novel prognostic signature based on ferroptosis and immunity in hepatocellular carcinoma, and the patients in the group with worse prognosis had more suppressors of ferroptosis and higher TP53 mutation frequencies. Hence, further studies on the effect of the TP53 mutation site on ferroptosis in SKCM patients are required.
ACSL5, belonging to the acyl-CoA synthetase long-chain (ACSL) family, is a nuclear-coded pro-apoptotic gene that participates in cancer suppressors; however, it shows a pro-oncogenic role in gastric cancer (Quan et al., 2021). TF encodes a glycoprotein that transports iron and removes allergens from serum.
Using ferroptosis-related gene expression, we divided SKCM patients into three clusters. Cluster C had the highest gene expression with the richest immune infiltration, which revealed that the expression of the clusters was significantly correlated with immune activation in the SKCM patients. Similarly, Jin et al. (2021) selected 11 ferroptosis regulators in uveal melanoma (UVM) samples from public databases and then used consensus clustering analysis to classify them into modules, of which one cluster showed a similar expression trend along with immune scores. In summary, ferroptosis-related genes may affect TME infiltration.
Furthermore, we identified 77 prognostic lncRNAs via univariate Cox regression analysis of the DElncRNAs selected from the clusters in SKCM patients. To test the prognostic abilities of the obtained lncRNAs, subsequent verified analyses were performed. Based on the expression of 77 prognostic lncRNAs, the SKCM patients were separated into three new clusters. Genecluster F had the most satisfactory overall survival rate, in which the ACSL family, SLC family, NCOA4, TF, and HMOX1 were upregulated, while GPX4 and TP53 were downregulated. In the review of ACSLs by Quan et al. (2021), the ACSL family contains five members, ACSL1 and ACSL3–6 in mammals, which regulate lipid metabolism and act as the key factors of ferroptosis. ACSL4 maintains a flexible role as a suppressor or an oncogene in different cancers, ACSL5 physiologically acts as a tumor suppressor in cancers, and ASCL6 is downregulated in diverse kinds of cancers, in addition to colorectal cancer. Yuan et al. (2016) provided novel evidence of the unique role of ASCL4, but not other ASCL family members, in lipid metabolism during ferroptosis. ACSL5 physiologically acts as a tumor suppressor in cancers but is upregulated in lung cancer (Wang et al., 2017). There is a lack of information on the effect of ASCL6 on cancer progression. ASCL6 encodes key membrane proteins predominantly found in brain tissue and erythrocytes (Soupene et al., 2010) and has been proven to contribute to schizophrenia (Chen et al., 2011). NCOA4 (nuclear receptor coactivator 4) is a selective receptor for ferritinophagy in ferroptosis, whose overexpression promotes ferroptosis and vice versa (Hou et al., 2016). GPX4 is a ferroptosis inhibitor whose encoded gene was downregulated in the genecluster F. Wang W. et al. (2019) reported that interferon gamma (IFNγ) released from CD8+ T cells downregulates the expression of SLC3A2 and SLC7A11 and results in a drag on cystine uptake, which finally leads to tumor cell ferroptosis. In genecluster F, SLC3A2 was significantly downregulated; however, SLC3A11 was specific.
Then, we utilized multivariate Cox analysis to establish the 18-lncRNA prognostic model. Because of the risk score, all SKCM patients were grouped into the high- or low-risk group. The K-M curves of the overall and clinicopathological stratification survival outcomes between different risk groups were satisfied. The 10-year AUC of the prognostic model was 0.77. Furthermore, we successfully verified it in the validation set twice. Moreover, low-risk patients showed a better response to immunotherapy, which is consistent with previous immune results.
After exploring published literature, the potential functions and clinical applications of AL606807.1, AC021078.1, AC004865.2, AC010245.2, AC018645.3, AC011511.5, AL021368.2, AC024909.1, AC100778.3, AC069222.1, AL592211.1, and KANSL1 L-AS1 have not been reported until now. Bida et al. (2015) discovered a novel lncRNA and named it mitosis-associated long intergenic noncoding RNA 1 (MALINC1), which participates in cell cycle progression. High expression levels of MALINC1 are associated with poor survival outcomes in breast and lung cancer patients, while silencing MALINC1 makes cancer cells sensitive to paclitaxel, a chemotherapeutic drug. PPP1R26-AS1 was identified as an oncogenic lncRNA correlated with breast cancer, and its upregulation was associated with worse survival outcomes (Xu et al., 2017). It could play a role as a potential biomarker of neuroblastoma (Prajapati et al., 2019). AC026369.3 (Wan et al., 2021), LINC01871 (Chen Q. et al., 2020; He and Wang, 2020; Ma et al., 2020), USP30-AS1 (Chen P. et al., 2020; Xue et al., 2021), and AC093297.2 (Li et al., 2020) could become potential prognostic biomarkers for various malignant tumors in bioinformatics approaches.
Although our results indicated that ferroptosis-related lncRNAs might enhance immune activation, the role of lncRNAs in drug or immunotherapy resistance is seldom reported (Lazăr et al., 2020). Several lncRNAs, such as olfr29-ps1 (Shang et al., 2019), have also been identified as potential modulators of immunosuppression. However, a recent study identified a novel polycistronic lncRNA, namely, melanoma-overexpressed antigen (MELOE), which could potentially increase melanoma immunotherapy efficiency (Charpentier et al., 2016). More clinical studies are urgently needed to calculate the lncRNA level in the sensitive group vs. the resistance group of SKCM patients receiving immunotherapy.
There are some limitations in our study. First, the training set and the validation set were taken from the same database. Unfortunately, we failed to collect external clinical data from independent cohorts. Second, all analyses in our study are descriptive, and further functional experiments are needed to explore the molecular mechanisms of these lncRNAs. Third, we mainly focused on the prognostic value of lncRNAs but lacked other relevant interactions. Therefore, a comprehensive overview of interactions between lncRNAs and related upstream and downstream factors is necessary.
In this study, we conducted a novel prognostic 18-lncRNA signature for SKCM. Ferroptosis-related genes showed synergy with immune activation. Gagliardi et al. (2020) think it is time to apply combined treatments containing ferroptosis with immune checkpoint blockers or BRAF/MEK inhibitors, which is also supported in our study. We hope that the prognostic signature may contribute to further immunotherapy.
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Introduction: Pyroptosis was recently implicated in the initiation and progression of tumors, including glioblastoma (GBM). This study aimed to explore the clinical significance of pyroptosis-related lncRNAs (PRLs) in GBM.
Methods: Three independent cohorts were retrieved from the TCGA and CGGA databases. The consensus clustering and weighted gene coexpression network analysis (WGCNA) were applied to identify PRLs. The LASSO algorithm was employed to develop and validate a pyroptosis-related lncRNA signature (PRLS) in three independent cohorts. The molecular characteristics, clinical significances, tumor microenvironment, immune checkpoints profiles, and benefits of chemotherapy and immunotherapy regarding to PRLS were also explored.
Results: In the WGCNA framework, a key module that highly correlated with pyroptosis was extracted for identifying PRLs. Univariate Cox analysis further revealed the associations between PRLs and overall survival. Based on the expression profiles of PRLs, the PRLS was initially developed in TCGA cohort (n = 143) and then validated in two CGGA cohorts (n = 374). Multivariate Cox analysis demonstrated that our PRLS model was an independent risk factor. More importantly, this signature displayed a stable and accurate performance in predicting prognosis at 1, 3, and 5 years, with all AUCs above 0.7. The decision curve analysis also indicated that our signature had promising clinical application. In addition, patients with high PRLS score suggested a more abundant immune infiltration, higher expression of immune checkpoint genes, and better response to immunotherapy but worse to chemotherapy.
Conclusion: A novel pyroptosis-related lncRNA signature with a robust performance was constructed and validated in multiple cohorts. This signature provided new perspectives for clinical management and precise treatments of GBM.
Keywords: pyroptosis, long non-coding RNA, glioblastoma (GBM), prognostic signature, immune landscape, immunotherapy, chemotherapy
INTRODUCTION
Glioblastoma (GBM) is the most commonly occurring type of glioma, according to the 2016 World Health Organization (WHO) classification, and is also the most lethal primary brain tumor worldwide, which is closely related to significant morbidity and mortality in adults, with a 5-year overall survival (OS) rate of 5% (Roos et al., 2017; Wesseling and Capper, 2018; Oronsky et al., 2020; Majc et al., 2021). Despite the application of the optimum therapeutic options, including surgical resection, radiotherapy, chemotherapy as well as tumor-treating field treatment (TTF), the OS remains poor (Stupp et al., 2017; Delgado-Martin and Medina, 2020; Tan et al., 2020).
Pyroptosis, a novel fashion of programmed cell death, referred to as cellular inflammatory necrosis (Kovacs and Miao, 2017), is triggered by inflammasomes and mainly executed by the cleavage of gasdermin proteins, such as gasdermin D (GSDMD) and gasdermin E (GSDME), which can be cleaved by caspase-1 and caspase-3, respectively, to spark off pyroptosis (Shi et al., 2015; Ding et al., 2016). Pyroptosis participates in the development of multiple tumors, including glioma. Upregulation of transcription factor p53 inhibits tumor growth through prompting pyroptosis in non-small-cell lung cancer (Zhang et al., 2019). Galangin can exert antitumor effects by inducing apoptosis, pyroptosis, and protective autophagy in GBM cells (Kong et al., 2019). Therefore, the impacts of pyroptosis on glioma cannot be ignored.
Long noncoding RNAs (lncRNAs), a sort of noncoding RNA longer than 200 nucleotides, are involved in a wide range of biological processes, such as cell death, growth, differentiation, posttranscriptional regulation, chromatin modification, inflammatory pathology, epigenetic regulation, and subcellular transport (Rynkeviciene et al., 2018). Recently, an increasing number of studies have shown that lncRNAs play important roles in the pyroptosis progress, by acting directly or indirectly on the pyroptosis signaling, to exert effects on a variety of diseases, including tumors (Xie et al., 2019; He et al., 2020; Wan et al., 2020; Xu et al., 2020; Wang et al., 2021). However, the roles of pyroptosis-related lncRNAs (PRLs) in GBM have never been reported.
In the present study, we identified and validated a novel pyroptosis-related lncRNA signature (PRLS) in three independent datasets. The molecular characteristics, clinical significances, tumor microenvironment, immune checkpoints profiles, and benefits of chemotherapy and immunotherapy regarding PRLS were also explored. The PRLS demonstrated the outstanding performances in prognosis prediction, and more importantly, PRLS also has implications for the immunotherapy and chemotherapy of different risk groups. In summary, we believe that the PRLS contributes to furnishing extra evidence for risk stratification and treatment guidance for GBM patients.
METHODS AND MATERIALS
Patient data collection and acquisition of long noncoding RNAs
The RNA-sequencing (RNA-seq) data with relevant clinical information of GBM patients were downloaded using UCSC Xena from the Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/). Two validation datasets were obtained from the Chinese Glioma Genome Atlas (CGGA, http://www.cgga.org.cn) database also including both the transcriptome data and the clinical characteristics. The clinical baseline data are summarized in the Supplementary Material: Supplementary Table S1.
A total of 51 pyroptosis-related genes (PRGs) were acquired from the REACTOME_PYROPTOSIS gene set in the Molecular Signatures Database (MSigDB) and prior published papers (Man and Kanneganti, 2015; Wang and Yin, 2017; Karki and Kanneganti, 2019; Xia et al., 2019), which are presented in Supplementary Table S2. Based on the annotation of the Genome Reference Consortium Human Build 38 (GRCh38), we extracted the expression matrix of 15,229 lncRNAs in the TCGA dataset (named TCGA) and 4,311 and 4,356 lncRNAs in the two CGGA datasets (named c325, c693), respectively.
Consensus clustering
Based on the expression profiles of the 51 PRGs, the consensus clustering was performed to decipher heterogeneous subtypes in the TCGA dataset. This process was implemented via the “ConsensusClusterPlus” R package with the parameters of 500 iterations, resample rate of 0.8. The clustering heatmaps, empirical cumulative distribution function (CDF), and proportion of ambiguous clustering (PAC) analysis were illustrated based on k-value (2–9). We further performed the principal component analysis (PCA) to compare the differences between different groups based on the clustering results.
Construction of weighted gene coexpression networks and identification of pyroptosis-related long noncoding RNAs in glioblastoma
Gene coexpression network analysis was specifically performed on tumor tissues using the “WGCNA” R package. First, we selected the top 5,000 genes with median absolute deviation (MAD), and the samples with outlier were removed using the hclust algorithm. The minimum number of module genes was set at 30. The cutreeDynamic function was employed for tree pruning of the gene hierarchical clustering dendrograms generating coexpression modules and correlated modules (r >0.75) were merged. The disparity of the module Eigengenes (ME) was calculated using the module Eigengenes function. Correlation between Eigengenes values with the pyroptosis-related subtypes was evaluated by Pearson’s correlation coefficient. The module with the highest correlation coefficient was extracted for further investigation.
Development and validation of pyroptosis-related long noncoding RNAs
For the genes in the identified module, univariate Cox regression was performed to determine the associations between genes and OS in the TCGA cohort. Then the LASSO Cox regression algorithm was applied to identify the key lncRNAs and construct a prediction model. The lncRNAs with nonzero coefficients were defined as the key lncRNAs. Based on these key lncRNAs, the prognostic risk score was calculated for each patient predicated upon the formula shown below:
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where Coefi was defined as the coefficient of lncRNAs 1) and Expri represented the expression level. Patients were classified into high- and low-risk groups according to the median value. The Kaplan–Meier (KM) survival analysis and log-rank test were conducted to estimate survival difference between two groups using the “survminer” R packages. Time-dependent receiver operating characteristic (ROC) curves were profiled to examine the predictive accuracy of this model using the “survivalROC” R package, and the area under the curve (AUC) values demonstrated distinction. The decision curve analysis (DCA) was performed to evaluate the intended clinical effectiveness of this model. Subsequently, this PRLS model was further validated in two CGGA cohorts (c325 and c693).
Gene set enrichment analysis
Gene set enrichment analysis (GSEA) was conducted to reveal the significantly enriched biological processes and potential molecular mechanisms regarding PRLS using the hallmark gene sets (h.all.v7.4. symbols). Hallmark summarizes and represents specific well-defined biological states or processes and demonstrates coherent expression (Liberzon et al., 2015). These gene sets were extensively utilized in cancer-related studies (Liu et al., 2021e; Liu et al., 2021f). The gene terms with |normalized enrichment score (NES)| >1 and false discovery rate (FDR) <0.01 were considered to be statistically significant.
Cell infiltration
Five algorithms, including ESTIMATE, CIBERSORT, xCell, ssGSEA, and MCPcounter, were applied to evaluate the immune infiltration patterns based on the transcriptome expression in the TCGA dataset. Correlations between the PRLS and the immune cell infiltration were further explored.
Evaluation of immune checkpoint profiles
The relationship of a total of 27 immune checkpoints with PRLS, including B7-CD28 family (PD-1, PD-L1, PD-L2, CTLA4, CD276, HHLA2, ICOS, ICOSLG, TMIGD2, and VTCN1), the TNF superfamily (BTLA, CD27, CD40, CD40LG, CD70, TNFRSF18, TNFRSF4, TNFRSF9, and TNFSF14), and several other molecules (ENTPD1, FGL1, HAVCR2, IDO1, LAG3, NCR3, NT5E, and SIGLEC15) (Liu et al., 2021c) were furthered explored.
Immunotherapy assessment
The Tumor Immune Dysfunction and Exclusion (TIDE) and T-cell inflammatory signature (TIS) methods were applied to predict the immunotherapeutic response to immune checkpoint blockade (ICB) for each patient. The TIDE algorithm is a kind of computational approach, with modules of two individual mechanisms of tumor immune evasion, including T-cell dysfunction and T-cell exclusion in tumors (Jiang et al., 2018). The TIS, proposed by Ayers et al. could predict the putative efficacy of PD-1 inhibitors (Ayers et al., 2017). We then carried out the Subclass Mapping (SubMap) method, which employs the GSEA algorithm to evaluate the similarity of expression profiles between risk groups and patients with different responses to immunotherapy.
Estimation of the sensitivity of chemotherapeutic agents
We further applied the “pRRophetic” R package to estimate the chemotherapeutic response by predicting the half-maximal inhibitory concentration (IC50) of 138 agents between two groups (Liu et al., 2021b; Liu et al., 2021d). The “pRRophetic” R package utilized a ridge regression model to use expression data as predictors and output as drug sensitivity values (of the drug of interest) (Geeleher et al., 2014). Higher IC50 indicated higher drug sensitivity.
Statistics
All data processing, statistical analysis, and plotting were conducted in the R 4.0.5 software. Fisher’s exact test or Pearson’s Chi-squared test was applied to compare categorical variables. The Wilcoxon rank-sum test or t-test was utilized in continuous variables between the two groups. All p-values were two-sided, with p-value <0.05 deemed as statistically significant.
RESULTS
Identification of prognostic pyroptosis-related lncRNAs in glioblastoma patients
The workflow of our study is shown in Supplementary Figure S1. The GSEA was performed on 51 PRGs to assess whether pyroptosis was significantly associated with GBM in our study. The results demonstrated that the pyroptosis pathway of GBM is dysregulated compared with normal samples (Figure 1A). Subsequently, the clustering analysis classified the patients into different clusters, based on the expression levels of the PRGs. Eventually, k = 2 was determined as the optimal clustering number according to the clustering heatmaps, PAC analysis, and CDF curves (Figures 1C–E). GBM patients in TCGA cohort were clustered into two clusters. The PCA results demonstrated the spatial distribution of gene profiles, and the two clusters were distributed into distinct directions indicating that pyroptosis genes can distinguish GBM patients (Figure 1B). The heatmap demonstrated higher expression levels of PRGs in cluster 1 versus cluster 2 (Figure 1F). As expected, most of the PRGs were overexpressed in cluster 1 (Supplementary Figure S2). In recognizing the lncRNAs associated with pyroptosis cluster, the “WGCNA” R package was employed to construct the weighted coexpression network. The soft power of β = 3 (scale-free R2 = 0.95) was chosen for the soft thresholding to acquire coexpressed gene modules (Figure 2A). Ultimately, we obtained a total of 15 modules for subsequent analysis, the heatmap graph of topological overlap matrix (TOM), and the relationships among the modules are illustrated in Figure 2. The yellow module composed of 616 lncRNAs showed the highest gene significance with pyroptosis cluster and, hence, was selected for further analysis (Figure 2E and Supplementary Figure S3). Based on the selected module genes, we obtained 19 prognostic PRLs shared by three datasets. KM analysis was exploited to investigate the relationship between the expression levels of these 19 PRLs and OS. Consistent with the results of univariate Cox regression, 11 of the PRLs (LINC00152, RP11-274H2.5, RP11-20I20.4, AC145676.2, HOTAIRM1, CTB-51J22.1, AC093673.5, FAM225B, C1RL-AS1, RP5-1021I20.2, and CRNDE) were risky factors, while the remaining 8 were protective factors, including AC093802.1, CTB-1I21.1, CYP17A1-AS1, RP11-179A16.1, FRY-AS1, RP11-47I22.1, RP11-543C4.1, and WI2-85898F10.1 (Figure 3). Furthermore, the coexpression relationships between the 51 PRGs and the 19 lncRNAs were investigated (Supplementary Figure S4).
[image: Figure 1]FIGURE 1 | The gene set enrichment analysis (GSEA) and consensus clustering of pyroptosis-related gene set. (A) Gene set enrichment analysis showed pyroptosis-related signatures significantly enriched in glioblastoma (GBM) patients. (B) Two-dimensional principle component plot by gene profile of 51 pyroptosis-related genes (PRGs). Each point represents a single sample, with different colors indicating the different clusters. (C) The clustering heatmap of GBM samples when k = 2. (D) The proportion of ambiguous clustering (PAC) score; a low value of PAC implies a flat middle segment, allowing conjecture of the optimal k (k = 2) by the lowest PAC. (E) The cumulative distribution functions of clustering heatmaps for each k (indicated by colors). (F) The pyroptosis cluster of GBM patients in The Cancer Genome Atlas (TCGA) cohort.
[image: Figure 2]FIGURE 2 | Weighted gene coexpression network analysis. (A) Analysis of network topology for various soft-thresholding powers. The left panel shows the scale-free fit index (y-axis) as a function of the soft-thresholding power (x-axis). The right panel displays the mean connectivity (degree, y-axis) as a function of the soft-thresholding power (x-axis). (B) Clustering dendrogram of genes, with dissimilarity based on topological overlap, together with assigned module colors. (C) Visualizing the gene network using a heatmap plot. The heatmap depicts the Topological Overlap Matrix (TOM) among all genes in the analysis. Light color represents low overlap and the progressively darker red color represents a higher overlap. Blocks of darker colors along the diagonal are the modules. (D) Visualization of the eigengene network representing the relationships among the modules and the clinical trait weight. (E) Module-trait associations: Each row corresponds to a module eigengene and the column to the pyroptosis cluster. Each cell contains the corresponding correlation and p-value.
[image: Figure 3]FIGURE 3 | Identification and of prognostic pyroptosis-related long noncoding RNAs (lncRNAs) and further Kaplan–Meier (KM) analysis. (A) Univariate Cox regression was utilized to identify 19 prognostic pyroptosis-related lncRNAs, and the corresponding p-values and hazard ratio values were also exhibited. (B–T) KM curves were illustrated to exhibit the relationship between overall survival (OS) and the expression levels of these 19 pyroptosis-related lncRNAs (PRLs) based on the optimal cutoff points.
Construction and verification of the pyroptosis-related long noncoding RNAs
The LASSO Cox analysis was performed to generate a pyroptosis-related lncRNA signature of 15 PRLs (Figures 4A, B), including FAM225B, HOTAIRM1, RP11-274H2.5, RP11-20I20.4, CTB-51J22.1, C1RL-AS1, WI2-85898F10.1, CYP17A1-AS1, AC093673.5, RP11-179A16.1, RP11-47I22.1, AC093802.1, FRY-AS1, LINC00152, and CTB-1I21.1, of which regression coefficients are exhibited in Figure 4C. A risk score for each patient was calculated based on the expression and coefficients of PRLs, then the GBM patients were divided into two subgroups (low- and high-risk groups) using the median value in TCGA cohort. The KM survival curves show that GBM patients in the high-risk group had significantly shorter OS compared with the low-risk group (Figure 4G). The scattergrams of the risk score and survival status revealed shorter OS time and more dismal events with increasing risk score (Figure 4D). The promising prediction ability of PRLS was corroborated by the ROC curves for 1-, 3-, and 5-year OS rates (AUC = 0.704, 0.886, and 0.818, respectively; Figures 5A, D). Decision curves showed the highest net benefit for the PRLS (“Model”) compared with default strategies (“All” and “None”) and clinical traits with prognostic significance (“Radiation” represented radiotherapy). Multivariate Cox regression analysis demonstrated that the PRLS was an independent prognostic factor even including available clinical variables (Figure 5G). Additionally, the disease-specific survival (DSS) and progression-free survival (PFS) regarding PRLS were further scrutinized. Patients in the high-risk group showed longer DSS as well as PFS (Figures 4J, K).
[image: Figure 4]FIGURE 4 | Construction of the pyroptosis-related lncRNA signature (PRLS). (A) LASSO coefficient profiles of the candidate PRLs for PRLS construction. (B) Ten-time cross-validations to tune the parameter selection in the LASSO model. The two dotted vertical lines are drawn at the optimal values by minimum criteria (left) and 1-SE criteria (right). (C) LASSO coefficient profiles of the candidate genes for RAIS construction. (D–F) The scattergrams of the risk score (up) and survival status (down) of each patient in the TCGA, c325, c693 cohorts, respectively. In the upper parts of the scattergrams, the red and green dots represent high-risk (“H”) and low-risk groups (“L”), respectively, and in the lower part of the scattergrams, death and survival, respectively. (G–I) Kaplan–Meier overall survival (OS) analysis of the high-risk and low-risk groups based on the PRLS and median risk scores in the TCGA, c325, c693 cohorts, respectively. (J) Kaplan–Meier curve of disease-specific survival (DSS) in the TCGA cohort. (K) Kaplan–Meier curve of progression free survival (PFS) in the TCGA cohort.
[image: Figure 5]FIGURE 5 | Prediction performance and independence of the PRLS. (A–C) Time-dependent receiver operating characteristic curve (ROC) analysis for predicting overall survival (OS) at 1-, 3-, and 5-years (D–F) Decision curve analysis (DCA) curves to evaluate the clinical utility of different decision strategies, and the red line represented the PRLS. (G–H) Multivariate Cox regression analysis of the risk score in three cohorts.
Assessment of the prognostic pyroptosis signature in external test cohorts
In two CGGA cohorts, c325 and c693, as we did in the TCGA database, the GBM patients were classified into high- and low-risk groups based on cutoff values of median risk scores as well (Figures 4H, I). The signature in both validation datasets showed favorable predictive performances for OS rates of 1-, 3-, and 5-years (AUC = 0.701, 0.718, and 0.859 in c325 and AUC = 0.705, 0.740, and 0.745 in c693, respectively Figures 5B, C). The DCA also revealed the highest predictive value of clinical prognosis for the PRLS (“Model”) compared with the default strategies (“All” and “None”) and clinical variables with prognostic significance (“PRS” represented primary/secondary status; “Chemo” represented chemotherapy) (Figures 5E, F). In line with the TCGA training cohort, our PRLS model could independently predict the prognosis of GBM patients in two external test cohorts (Figures 5H, I).
Immune landscape of pyroptosis-related long noncoding RNAs
The GSEA was carried out to explore the potential biological processes and mechanisms connected with different risk groups of GBM. The results manifested that the high-risk group enriched multiple immune-related hallmarks, including IL2_STAT5 signaling (NES = 2.24, FDR < 0.01), IL6_JAK_STAT3 signaling (NES = 2.46, FDR < 0.01), inflammatory response (NES = 2.66, FDR < 0.01), interferon_gamma response (NES = 2.31, FDR < 0.01), and complement (NES = 2.07, FDR < 0.01) (Figure 6A). Pathways closely related to the low-risk group showed limited significance with immunity, such as spermatogenesis (NES = −1.89, FDR < 0.01), pancreas_beta_cells (NES = −1.80, FDR < 0.01), KRAS_signaling (NES = −1.76, FDR < 0.01), E2F_targets (NES = −1.64, FDR < 0.01), and oxidative_phosphorylation (NES = −1.59, FDR < 0.01) (Supplementary Figure S5A).
[image: Figure 6]FIGURE 6 | Biological functions and immune landscape regarding PRLS. (A) The enriched gene sets in HALLMARK collection by the high-risk groups. Each line representing one particular gene set with unique color, and upregulated genes located in the left approaching the origin of the coordinates; by contrast the downregulated lay on the right of x-axis. Only gene sets with normalized enrichment score |NES| >2 and false discovery rate (FDR) <0.01 were considered significant. Only several leading gene sets were displayed in the plot. (B) The distribution difference of ESTIMATE, immune, stromal, and tumor purity enrichment score between the high-risk and low-risk groups. nsp > 0.05, *p < 0.05. (C–F) Heatmaps of immune cells infiltration in the high-risk and low-risk groups based on ssGSEA, xCell, MCPcounter, and CIBERSORT algorithms, respectively.
Subsequently, we further investigated the immune landscape of PRLS. The ESTIMATE software was employed to deduce the proportion of stromal and immune fractions. The high-risk group showed the superior overall, stromal, and immune scores and lower tumor purity than the low-risk group in the TCGA dataset (Figure 6B). We then performed CIBERSORT, xCell, ssGSEA, and MCPcounter methods to further evaluate the proportion of immune cells. Overall, the infiltration of immune cells was more abundant in the high-risk group, and indicated more active immune status and immune response compared with the low-risk group (Figures 6C–F). The correlations between the PRLS and the immune cell infiltrations were further examined, some of which showed a higher level of immune infiltration in the high-risk group compared with the low-risk group, mainly comprising the T-cell family, such as central memory CD4 T cell, effector memory CD8 T cell, gamma delta T cell, type 1 T-helper cell, gamma delta T cell, natural killer T cell, neutrophil, CD56dim natural killer cell, plasmacytoid dendritic cell, etc. (Supplementary Figures S5B, C).
Evaluation of the immune checkpoint profiles and the efficacy of immunotherapy
The connections between immune checkpoints and the PRLS in three cohorts are presented in Figures 7A–C. Overall, most of them were significantly upregulated in the high-risk group, and it was noteworthy that CD276 and TMIGD2 showed this trend in all three cohorts, which suggested being potential therapeutic targets. The TIDE web tool and the TIS algorithm were applied to infer the responses to ICB. The results demonstrated that patients in the high-risk group showed more responders and higher TIS score, which indicated that they were more inclined to derive considerable clinical benefit from ICB treatment. The SubMap algorithm was performed to explore the response to immunotherapy based on 47 previous melanoma patients with immunotherapeutic information; as expected, the high-risk group showed better immunotherapy sensitivity (Figures 7D–F).
[image: Figure 7]FIGURE 7 | Evaluation of immune checkpoint profiles, immunotherapy, and chemotherapy between risk groups. (A–C) Three heatmaps of 27 immune checkpoints profiles in high-risk and low-risk groups. *p < 0.05, **p < 0.01, ***p < 0.001. (D) Submap analysis of the TCGA cohort and 47 previous melanoma patients with detailed immunotherapeutic information. (E) The distribution difference of T-cell inflammatory signature (TIS) score between the high- and low-risk groups. *p < 0.05. (F) Distribution of the immunotherapy response results predicted by the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm among the high- and low-risk groups in the TCGA cohort. (G–I) Distribution of the estimated half-maximal inhibitory concentration (IC50) of bleomycin (G), docetaxel (H), and paclitaxel (I) between the high- and low-risk groups in TCGA cohort.
Other chemotherapeutic agents
Furthermore, we utilized the pRRophetic algorithm to predict the sensitivity to 138 drugs in the high- and low-risk groups. The results revealed 70 drugs with a significant variation of treatment sensitivity between the high- and low-risk groups (Supplementary Figure S6). Most of the discrepant drugs displayed enhanced responses in the low-risk group, and the majority of which were gene-targeting drugs, such as BMS-536924, an orally available GF-1R/IR inhibitor in glioma, which inhibits viability and migration of glioma cells and suppresses glioma tumor growth (Zhou, 2015). There were also some chemotherapy drugs. Bleomycin, a water-soluble glycopeptide antibiotic, induces single- and double-stranded DNA breaks and can be enhanced by photochemical internalization (PCI) in glioma cells (Mathews et al., 2012) and showed higher sensitivity in the low-risk group as well. For two other chemotherapy drugs, docetaxel and paclitaxel, the differences of treatment between the two groups were in keeping with bleomycin (Figures 7G–I). These results provided new perspectives for adjuvant treatments in GBM.
DISCUSSION
A total of 517 GBM patients from TCGA and CGGA datasets were involved in our study to probe into the prognostic significance of pyroptosis-related lncRNAs. Nineteen PRLs were recognized to have prognostic value in all three public databases (TCGA, c325, and c693), and 15 of them were included to construct a PRLS for predicting the OS of GBM patients by using LASSO Cox analysis. Based on the median risk score as the cutoff value, GBM patients were divided into the high- and low-risk subgroups, and the former had worse clinical outcomes. ROC curves and DCA demonstrated good predictive power of our model. Multivariate Cox regression analysis showed that PRLS was an independent risk factor for OS. Furthermore, we utilized several current acknowledged algorithms to reveal the immune characteristics between subgroups. In general, the high-risk group showed higher immune infiltration fraction and activity. The immunotherapy and chemotherapy responses were further explored regarding the PRLS. Patients in the high-risk group showed higher sensitivity to immunotherapy but less to chemotherapy. Overall, the PRLS we developed showed excellent performance in assessing the immune landscape and the prognosis prediction and treatment of GBM patients; thus, the specific application in clinical practice in the future is worth expecting.
Pyroptosis is a hotspot that has been increasingly studied in recent years, and many research have demonstrated that it is involved in the body’s inflammatory responses and closely related to the growth, development, and metastasis of various tumors (Xia et al., 2019; Fang et al., 2020; Ruan et al., 2020), but how it performs in an lncRNA-dependent manner during glioma progression remains unclear. Pyroptosis regulated a variety of biological processes in tumors mediated by lncRNAs. Downregulation of lncRNA-XIST suppressed the progression of non-small cell lung cancer (NSCLC) by triggering pyroptosis cell death mediated by miR-335/SOD2/ROS signal pathway (Liu et al., 2019). LncRNA ADAMTS9-AS2 activated pyroptosis cell death mediated by NLRP3 through sponging miR-223-3p to increase the sensitivity of cisplatin in gastric cancer (GC) to inhibit tumor development (Ren et al., 2020). Furthermore, lncRNA RP1-85F18.6 retrained the pyroptosis in colorectal cancer (CRC) by regulating the expression of ΔNp63 and promoted the proliferation and invasion of tumor cells. Having listed all the above, we believe that more attention should be paid to the roles of lncRNAs in the process of pyroptosis to determine potential prognostic markers and therapeutic targets of cancers.
We constructed a 15-PRL signature contributing to providing a novel tool of prognosis prediction, and some of them appeared in previous studies. FAM225B was found upregulated in recurrent GBMs (rGBMs), which was associated with the poor prognosis of rGBM patients (Li et al., 2020). High expression of HOTAIRM1 increased the evasion and migration of GBM cells (Xie et al., 2020). LINC00152 showed upregulated level in the mesenchymal subtype and isocitrate dehydrogenase1 wild type, and the expression of LINC00152 was increased with glioma grade (Wang et al., 2018). These genes mentioned above, which resulted in adverse outcomes with increased expression levels, also proved to be risk factors in the PRLS model. FRY-AS1 was demonstrated as a protective factor according to the research of Niu et al. (2020), which was consistent with the results of our study as well. Otherwise, some of the genes included in the PRLS have not been elucidated in glioma but in other tumors. A high expression level of C1RL-AS1 was shown to be associated with dismal prognosis of GC; similar results were presented in our study of GBM (Liu R. et al., 2021). There are also several genes that have never been reported in any tumor, which have significant prognostic value in our study, thus, needing further research.
Based on the PRLS, we aimed to interrogate and compare the characteristic differences in the immune microenvironment between tumor subgroups. GSEA demonstrated that the high-risk group is enriched in IL2-STAT5 signaling, IL6-JAK-STAT3 signaling, inflammatory response, interferon-gamma response, and complement in hallmark analysis, which suggested improved immunocompetence. The CIBERSORT, ssGSEA, xCell, and MCPcounter algorithms were applied to explore the immune cell infiltration in two groups, and some of them were found increased in the high-risk group, such as central memory CD4 T cell, central memory CD8 T cell, natural killer T cell, neutrophil, and so on. Moreover, we also detected enhanced levels of immune check points in the high-risk group. Tumor immune microenvironment, mostly consisting of stromal immune cells, plays vital roles in the proliferation, migration, and invasion of tumors and may be a crucial determinant of response to immune checkpoint blockade therapy (Mohme et al., 2020; Liu R. et al., 2021; Zhang et al., 2021). Unsurprisingly, the high-risk group showed higher sensitivity to immunotherapy, which indicated our model points out new directions and shows optimistic clinical application prospects in distinguishing patients suitable for immunotherapy.
To further explore the underlying role of our model in clinical decision making, we extensively interrogated the sensitivity of various drugs, with emphasis on gene-targeted drugs and potential chemotherapeutic drugs regarding PRLS. BMS-536924, a GF-1R/IR inhibitor that suppresses the growth of glioma, showed better responses in the low-risk group. Similarly, several kinds of chemotherapy drugs like bleomycin, docetaxel, and paclitaxel also showed a better propensity for benefit in the low-risk group. This may provide more opportunities for patients to receive effective treatment early and curb tumor progression to prolong survival.
The present study has some limitations as well. First, the clinical information of public datasets was very insufficient; hence, the potential connections between risk groups and important clinical characteristics may be disregarded. Second, our work focused on all types of glioblastomas without taking molecular subtypes, spatial heterogeneity, and so forth, into account. Notably, patients with IDH mutation exhibited better outcome compared with patients with IDH wild type (Molinaro et al., 2020). More detailed comparisons of diverse subtypes of GBM demand substantial clinical and sequencing data to secure progressive results. Third, several genes we submitted have not been particularly studied yet, thus, corroborative experiments deserve future research. Last, machine learning algorithms were implemented to explore the efficiency of different groups to immunotherapy and chemotherapy; nevertheless, further clinical validation is needed.
In summary, we developed and verified a novel pyroptosis-related lncRNA signature with remarkable ability and stability for survival prediction in GBM. Patients in the high PRLS group displayed enhanced immune activity and better efficacy of immunotherapy, while those in the low PRLS group tended to benefit more from chemotherapy. These results amplified the perception of PRLs in GBM and facilitated precise treatment and clinical management.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
XW and XH designed this work. ZX and ZL integrated and analyzed the data, and wrote the manuscript. ZX, ZL, XF, SZ, LL, QD, CG, XG, TL, YZ, and LD edited and revised the manuscript. XW and XH read and approved the final manuscript. All authors read and approved the manuscript and agreed to be accountable for all aspects of the research in ensuring that the accuracy or integrity of any part of the work is appropriately investigated and resolved.
FUNDING
The study is supported by the National Natural Science Foundation of China (81972361) and the Natural Science Foundation of Henan Province (182300410379).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed nor endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.805291/full#supplementary-material
REFERENCES
 Ayers, M., Lunceford, J., Nebozhyn, M., Murphy, E., Loboda, A., Kaufman, D. R., et al. (2017). IFN-γ-related mRNA Profile Predicts Clinical Response to PD-1 Blockade. J. Clin. Invest. 127 (8), 2930–2940. doi:10.1172/JCI91190
 Delgado‐Martín, B., and Medina, M. Á. (2020). Advances in the Knowledge of the Molecular Biology of Glioblastoma and its Impact in Patient Diagnosis, Stratification, and Treatment. Adv. Sci. 7 (9), 1902971. doi:10.1002/advs.201902971
 Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., et al. (2016). Erratum: Pore-Forming Activity and Structural Autoinhibition of the Gasdermin Family. Nature 540 (7631), 150. doi:10.1038/nature20106
 Fang, Y., Tian, S., Pan, Y., Li, W., Wang, Q., Tang, Y., et al. (2020). Pyroptosis: A New Frontier in Cancer. Biomed. Pharmacother. 121, 109595. doi:10.1016/j.biopha.2019.109595
 Geeleher, P., Cox, N., and Huang, R. S. (2014). pRRophetic: an R Package for Prediction of Clinical Chemotherapeutic Response from Tumor Gene Expression Levels. PLoS One 9 (9), e107468. doi:10.1371/journal.pone.0107468
 He, D., Zheng, J., Hu, J., Chen, J., and Wei, X. (2020). Long Non-coding RNAs and Pyroptosis. Clinica Chim. Acta 504, 201–208. doi:10.1016/j.cca.2019.11.035
 Jiang, P., Gu, S., Pan, D., Fu, J., Sahu, A., Hu, X., et al. (2018). Signatures of T Cell Dysfunction and Exclusion Predict Cancer Immunotherapy Response. Nat. Med. 24 (10), 1550–1558. doi:10.1038/s41591-018-0136-1
 Karki, R., and Kanneganti, T.-D. (2019). Diverging Inflammasome Signals in Tumorigenesis and Potential Targeting. Nat. Rev. Cancer 19 (4), 197–214. doi:10.1038/s41568-019-0123-y
 Kong, Y., Feng, Z., Chen, A., Qi, Q., Han, M., Wang, S., et al. (2019). The Natural Flavonoid Galangin Elicits Apoptosis, Pyroptosis, and Autophagy in Glioblastoma. Front. Oncol. 9, 942. doi:10.3389/fonc.2019.00942
 Kovacs, S. B., and Miao, E. A. (2017). Gasdermins: Effectors of Pyroptosis. Trends Cel Biol. 27 (9), 673–684. doi:10.1016/j.tcb.2017.05.005
 Li, J., Zhang, Q., Ge, P., Zeng, C., Lin, F., Wang, W., et al. (2020). FAM225B Is a Prognostic lncRNA for Patients with Recurrent Glioblastoma. Dis. Markers 2020, 1–7. doi:10.1155/2020/8888085
 Liberzon, A., Birger, C., Thorvaldsdóttir, H., Ghandi, M., Mesirov, J. P., and Tamayo, P. (2015). The Molecular Signatures Database Hallmark Gene Set Collection. Cel Syst. 1 (6), 417–425. doi:10.1016/j.cels.2015.12.004
 Liu, J., Yao, L., Zhang, M., Jiang, J., Yang, M., and Wang, Y. (2019). Downregulation of LncRNA-XIST Inhibited Development of Non-small Cell Lung Cancer by Activating miR-335/SOD2/ROS Signal Pathway Mediated Pyroptotic Cell Death. Aging 11 (18), 7830–7846. doi:10.18632/aging.102291
 Liu, R., Yang, F., Yin, J.-Y., Liu, Y.-Z., Zhang, W., and Zhou, H.-H. (2021a). Influence of Tumor Immune Infiltration on Immune Checkpoint Inhibitor Therapeutic Efficacy: A Computational Retrospective Study. Front. Immunol. 12, 685370. doi:10.3389/fimmu.2021.685370
 Liu, Z., Liu, L., Jiao, D., Guo, C., Wang, L., Li, Z., et al. (2021b). Association of RYR2 Mutation with Tumor Mutation Burden, Prognosis, and Antitumor Immunity in Patients with Esophageal Adenocarcinoma. Front. Genet. 12, 669694. doi:10.3389/fgene.2021.669694
 Liu, Z., Lu, T., Li, J., Wang, L., Xu, K., Dang, Q., et al. (2021c). Clinical Significance and Inflammatory Landscape of aNovel Recurrence-Associated Immune Signature in Stage II/III Colorectal Cancer. Front. Immunol. 12, 702594. doi:10.3389/fimmu.2021.702594
 Liu, Z., Wang, L., Guo, C., Liu, L., Jiao, D., Sun, Z., et al. (2021d). TTN/OBSCN 'Double‐Hit' Predicts Favourable Prognosis, 'immune‐hot' Subtype and Potentially Better Immunotherapeutic Efficacy in Colorectal Cancer. J. Cel Mol Med 25 (7), 3239–3251. doi:10.1111/jcmm.16393
 Liu, Z., Wang, L., Liu, L., Lu, T., Jiao, D., Sun, Y., et al. (2021e). The Identification and Validation of Two Heterogenous Subtypes and a Risk Signature Based on Ferroptosis in Hepatocellular Carcinoma. Front. Oncol. 11, 619242. doi:10.3389/fonc.2021.619242
 Liu, Z., Zhang, Y., Dang, Q., Wu, K., Jiao, D., Li, Z., et al. (2021f). Genomic Alteration Characterization in Colorectal Cancer Identifies a Prognostic and Metastasis Biomarker: FAM83A|Ido1. Front. Oncol. 11, 632430. doi:10.3389/fonc.2021.632430
 Majc, B., Novak, M., Kopitar-Jerala, N., Jewett, A., and Breznik, B. (2021). Immunotherapy of Glioblastoma: Current Strategies and Challenges in Tumor Model Development. Cells 10 (2), 265. doi:10.3390/cells10020265
 Man, S. M., and Kanneganti, T.-D. (2015). Regulation of Inflammasome Activation. Immunol. Rev. 265 (1), 6–21. doi:10.1111/imr.12296
 Mathews, M. S., Blickenstaff, J. W., Shih, E.-C., Zamora, G., Vo, V., Sun, C.-H., et al. (2012). Photochemical Internalization of Bleomycin for Glioma Treatment. J. Biomed. Opt. 17 (5), 058001. doi:10.1117/1.JBO.17.5.058001
 Mohme, M., Maire, C. L., Schliffke, S., Joosse, S. A., Alawi, M., Matschke, J., et al. (2020). Molecular Profiling of an Osseous Metastasis in Glioblastoma during Checkpoint Inhibition: Potential Mechanisms of Immune Escape. Acta Neuropathol. Commun. 8 (1), 28. doi:10.1186/s40478-020-00906-9
 Molinaro, A. M., Hervey-Jumper, S., Morshed, R. A., Young, J., Han, S. J., Chunduru, P., et al. (2020). Association of Maximal Extent of Resection of Contrast-Enhanced and Non-contrast-enhanced Tumor with Survival within Molecular Subgroups of Patients with Newly Diagnosed Glioblastoma. JAMA Oncol. 6 (4), 495–503. doi:10.1001/jamaoncol.2019.6143
 Niu, X., Sun, J., Meng, L., Fang, T., Zhang, T., Jiang, J., et al. (2020). A Five-lncRNAs Signature-Derived Risk Score Based on TCGA and CGGA for Glioblastoma: Potential Prospects for Treatment Evaluation and Prognostic Prediction. Front. Oncol. 10, 590352. doi:10.3389/fonc.2020.590352
 Oronsky, B., Reid, T. R., Oronsky, A., Sandhu, N., and Knox, S. J. (2020). A Review of Newly Diagnosed Glioblastoma. Front. Oncol. 10, 574012. doi:10.3389/fonc.2020.574012
 Ren, N., Jiang, T., Wang, C., Xie, S., Xing, Y., Piao, D., et al. (2020). LncRNA ADAMTS9-AS2 Inhibits Gastric Cancer (GC) Development and Sensitizes Chemoresistant GC Cells to Cisplatin by Regulating miR-223-3p/NLRP3 axis. Aging 12 (11), 11025–11041. doi:10.18632/aging.103314
 Roos, A., Ding, Z., Loftus, J. C., and Tran, N. L. (2017). Molecular and Microenvironmental Determinants of Glioma Stem-like Cell Survival and Invasion. Front. Oncol. 7, 120. doi:10.3389/fonc.2017.00120
 Ruan, J., Wang, S., and Wang, J. (2020). Mechanism and Regulation of Pyroptosis-Mediated in Cancer Cell Death. Chemico-Biological Interactions 323, 109052. doi:10.1016/j.cbi.2020.109052
 Rynkeviciene, R., Simiene, J., Strainiene, E., Stankevicius, V., Usinskiene, J., Miseikyte Kaubriene, E., et al. (2018). Non-Coding RNAs in Glioma. Cancers 11 (1), 17. doi:10.3390/cancers11010017
 Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., et al. (2015). Cleavage of GSDMD by Inflammatory Caspases Determines Pyroptotic Cell Death. Nature 526 (7575), 660–665. doi:10.1038/nature15514
 Stupp, R., Taillibert, S., Kanner, A., Read, W., Steinberg, D. M., Lhermitte, B., et al. (2017). Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs Maintenance Temozolomide Alone on Survival in Patients with Glioblastoma. JAMA 318 (23), 2306–2316. doi:10.1001/jama.2017.18718
 Tan, A. C., Ashley, D. M., López, G. Y., Malinzak, M., Friedman, H. S., and Khasraw, M. (2020). Management of Glioblastoma: State of the Art and Future Directions. CA A. Cancer J. Clin. 70 (4), 299–312. doi:10.3322/caac.21613
 Wan, P., Su, W., Zhang, Y., Li, Z., Deng, C., Li, J., et al. (2020). LncRNA H19 Initiates Microglial Pyroptosis and Neuronal Death in Retinal Ischemia/reperfusion Injury. Cell Death Differ 27 (1), 176–191. doi:10.1038/s41418-019-0351-4
 Wang, B., and Yin, Q. (2017). AIM2 Inflammasome Activation and Regulation: A Structural Perspective. J. Struct. Biol. 200 (3), 279–282. doi:10.1016/j.jsb.2017.08.001
 Wang, L.-Q., Zheng, Y.-Y., Zhou, H.-J., Zhang, X.-X., Wu, P., and Zhu, S.-M. (2021). LncRNA-Fendrr Protects against the Ubiquitination and Degradation of NLRC4 Protein through HERC2 to Regulate the Pyroptosis of Microglia. Mol. Med. 27 (1), 39. doi:10.1186/s10020-021-00299-y
 Wang, W., Wu, F., Zhao, Z., Wang, K.-Y., Huang, R.-Y., Wang, H.-Y., et al. (2018). Long Noncoding RNA LINC00152 Is a Potential Prognostic Biomarker in Patients with High-Grade Glioma. CNS Neurosci. Ther. 24 (10), 957–966. doi:10.1111/cns.12850
 Wesseling, P., and Capper, D. (2018). WHO 2016 Classification of Gliomas. Neuropathol. Appl. Neurobiol. 44 (2), 139–150. doi:10.1111/nan.12432
 Xia, X., Wang, X., Cheng, Z., Qin, W., Lei, L., Jiang, J., et al. (2019). The Role of Pyroptosis in Cancer: Pro-cancer or Pro-"host"?Cell Death Dis 10 (9), 650. doi:10.1038/s41419-019-1883-8
 Xie, C., Wu, W., Tang, A., Luo, N., and Tan, Y. (2019). lncRNA GAS5/miR-452-5p Reduces Oxidative Stress and Pyroptosis of High-Glucose-Stimulated Renal Tubular Cells. Dmso 12, 2609–2617. doi:10.2147/DMSO.S228654
 Xie, P., Li, X., Chen, R., Liu, Y., Liu, D., Liu, W., et al. (2020). Upregulation of HOTAIRM1 Increases Migration and Invasion by Glioblastoma Cells. Aging 13 (2), 2348–2364. doi:10.18632/aging.202263
 Xu, S., Wang, J., Jiang, J., Song, J., Zhu, W., Zhang, F., et al. (2020). TLR4 Promotes Microglial Pyroptosis via lncRNA-F630028O10Rik by Activating PI3K/AKT Pathway after Spinal Cord Injury. Cel Death Dis 11 (8), 693. doi:10.1038/s41419-020-02824-z
 Zhang, T., Li, Y., Zhu, R., Song, P., Wei, Y., Liang, T., et al. (2019). Transcription Factor P53 Suppresses Tumor Growth by Prompting Pyroptosis in Non-small-cell Lung Cancer. Oxidative Med. Cell Longevity 2019, 1–9. doi:10.1155/2019/8746895
 Zhang, Y., Liu, Z., Li, X., Liu, L., Wang, L., Han, X., et al. (2021). Comprehensive Molecular Analyses of a Six-Gene Signature for Predicting Late Recurrence of Hepatocellular Carcinoma. Front. Oncol. 11, 732447. doi:10.3389/fonc.2021.732447
 Zhou, Q. (2015). BMS-536924, an ATP-Competitive IGF-1R/IR Inhibitor, Decreases Viability and Migration of Temozolomide-Resistant Glioma Cells In Vitro and Suppresses Tumor Growth In Vivo. Ott 8, 689–697. doi:10.2147/OTT.S80047
GLOSSARY
AUC area under the curve
CDF cumulative distribution function
CGGA Chinese Glioma Genome Atlas
CRC colorectal cancer
DCA decision curve analysis
FDR false discovery rate
GBM glioblastoma
GC gastric cancer
GRCh38 Genome Reference Consortium Human Build 38
GSDMD gasdermin D
GSDME gasdermin E
GSEA Gene set enrichment analysis
IC50 half-maximal inhibitory concentration
ICB immune checkpoint blockade
KM Kaplan–Meier
lncRNA Long non-coding RNA
MAD median absolute deviation
ME module Eigengene
MSigDB Molecular Signatures Database
NES normalized enrichment score
NSCLC non-small cell lung cancer
OS overall survival
PAC proportion of ambiguous clustering
PCA principal component analysis
PCI photochemical internalization
PRG pyroptosis-related genes
PRL pyroptosis-related lncRNA
PRLS pyroptosis-related lncRNA signature
rGBM recurrent GBM
RNA-seq RNA-sequencing
ROC curve receiver operating characteristic curve
SubMap Subclass Mapping
TCGA the Cancer Genome Atlas
TIDE Tumor Immune Dysfunction and Exclusion
TIS T-cell inflammatory signature
TOM topological overlap matrix
WGCNA gene co-expression network analysis
WHO World Health Organization
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Xing, Liu, Fu, Zhou, Liu, Dang, Guo, Ge, Lu, Zheng, Dai, Han and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 25 February 2022
doi: 10.3389/fcell.2022.746443


[image: image2]
DLX6-AS1: A Long Non-coding RNA With Oncogenic Features
Soudeh Ghafouri-Fard1, Sajad Najafi2, Bashdar Mahmud Hussen3,4, Aryan R. Ganjo4, Mohammad Taheri5,6* and Mohammad Samadian7*
1Department of Medical Genetics, School of Medicine, Shahid Beheshti University of Medical Sciences, Tehran, Iran
2Department of Medical Biotechnology, School of Advanced Technologies in Medicine, Shahid Beheshti University of Medical Sciences, Tehran, Iran
3Department of Pharmacognosy, College of Pharmacy, Hawler Medical University, Kurdistan Region, Erbil, Iraq
4Center of Research and Strategic Studies, Lebanese French University, Erbil, Iraq
5Urology and Nephrology Research Center, Shahid Beheshti University of Medical Sciences, Tehran, Iran
6Institute of Human Genetics, Jena University Hospital, Jena, Germany
7Skull Base Research Center, Loghman Hakim Hospital, Shahid Beheshti University of Medical Sciences, Tehran, Iran
Edited by:
Ri Cui, Wenzhou Medical University, China
Reviewed by:
Hamed Shoorei, Birjand University of Medical Sciences, Iran
Huanlei Huang, Guangdong Provincial People’s Hospital, China
* Correspondence: Mohammad Taheri, Mohammad.taheri@uni-jena.de; Mohammad Samadian, mdsamadian@gmail.com
Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Cell and Developmental Biology
Received: 23 July 2021
Accepted: 04 February 2022
Published: 25 February 2022
Citation: Ghafouri-Fard S, Najafi S, Hussen BM, Ganjo AR, Taheri M and Samadian M (2022) DLX6-AS1: A Long Non-coding RNA With Oncogenic Features. Front. Cell Dev. Biol. 10:746443. doi: 10.3389/fcell.2022.746443

Long non-coding RNAs (lncRNAs) are a heterogeneous group of ncRNAs with characteristic size of more than 200 nucleotides. An increasing number of lncRNAs have been found to be dysregulated in many human diseases particularly cancer. However, their role in carcinogenesis is not precisely understood. DLX6-AS1 is an lncRNAs which has been unveiled to be up-regulated in various number of cancers. In different cell studies, DLX6-AS1 has shown oncogenic role via promoting oncogenic phenotype of cancer cell lines. Increase in tumor cell proliferation, migration, invasion, and EMT while suppressing apoptosis in cancer cells are the effects of DLX6-AS1 in development and progression of cancer. In the majority of cell experiment, mediator miRNAs have been identified which are sponged and negatively regulated by DLX6-AS1, and they in turn regulate expression of a number of transcription factors, eventually affecting signaling pathways involved in carcinogenesis. These pathways form axes through which DLX6-AS1 promotes carcinogenicity of cancer cells. Xenograft animal studies, also have confirmed enhancing effect of DLX6-AS1 on tumor growth and metastasis. Clinical evaluations in cancerous patients have also shown increased expression of DLX6-AS1 in tumor tissues compared to healthy tissues. High DLX6-AS1 expression has shown positive association with advanced clinicopathological features in cancerous patients. Survival analyses have demonstrated correlation between high DLX6-AS1 expression and shorter survival. In cox regression analysis, DLX6-AS1 has been found as an independent prognostic factor for patients with various types of cancer.
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INTRODUCTION
In complex organisms, genome sequencing analyses have unveiled that just a small fraction of genome (e.g., 1–2% for mammals) encodes for protein via coding RNAs or messenger RNAs (mRNAs) that are located in the middle of central dogma making connection between DNA and corresponding protein. These protein-coding regions are those which have been described as genes for more than half a century in biology literature. However, the majority of large genomes i.e., more than 80% is transcribed to non-coding RNAs (ncRNAs) for which no corresponding protein have been found, but a huge number of regulatory functions are recognized. Unlike the primary expectations which termed ncRNAs as “junk” DNA without biological importance, today it is clarified that they are involved in gene regulation at transcriptional and post-transcriptional levels, and through which they play critical roles in a vast number of biological processes such as imprinting, methylation, and silencing via several interactions with DNA, RNA, and proteins (Mattick, 2001). Based on size and function of transcripts, ncRNAs are categorized in several classes including microRNAs (miRNAs), small interfering RNAs (siRNAs), PIWI-interacting RNAs and long ncRNAs (lncRNAs). Transcripts of more than 200 nucleotide length are classified as lncRNAs which were primarily reported by Okazaki et al. in an analysis of mouse transcriptome in 2002 (Okazaki et al., 2002). RNA polymerase II is predominantly responsible for transcription of lncRNAs. They mainly endure capping, polyadenylation, splicing after transcription, and also trimethylation on histone 3 corresponding to lysine 4 (H3K4me3) (Losko et al., 2016; Bertone et al., 2004; Guttman et al., 2009). Thousands of heterogenous lncRNAs have been identified in multicellular organisms [60,000 encoding loci in human genome (Iyer et al., 2015)] showing tissues specificity which is also conserved during evolution (Necsulea et al., 2014) and acting as regulators of gene expression both in nucleus or cytoplasm (Fatica and Bozzoni, 2014) suggesting their involvement in specific biologic processes. Several databases have been created to store and provide access to an increasing number of lncRNAs. Examples of these databases are TRlnc for regulatory lncRNAs in humans (Li et al., 2020a), lncRNASNP1 and 2 for single nucleotide polymorphisms (SNPs) of human and mouse lncRNAs (Gong et al., 2014; Miao et al., 2017), LncRNA2Target v2.0 for target genes of lncRNAs (Cheng et al., 2018), CRISPRlnc for validated single guide RNAs (sgRNAs) used in clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein number 9 (Cas9) gene editing technology for lncRNAs (Chen et al., 2018) and clusLnc2Cancer for effective lncRNAs in human cancers (Ning et al., 2015). They act in cis and trans modes by gathering and localizing transcription factors to a locus. Gene expression regulation at several levels including transcription, translation and splicing, epigenetic regulation in X-chromosome inactivation or dosage compensation, genomic imprinting, involvement in developmental and differential processes, neurogenesis, regulation of cell cycle, and cell transportation are among the fundamental roles which have been recognized for lncRNAs (Mattick, 2009; Wilusz et al., 2009; Wu et al., 2013; Dey et al., 2014; Fatica and Bozzoni, 2014). Accordingly, an increasing number of lncRNAs have been associated with various types of human diseases. Dysregulation in expression levels or mutation of lncRNAs are found to play role in the pathogenesis of diseases like age-related diseases, cardiovascular diseases (Uchida and Dimmeler, 2015), kidney and liver diseases (Takahashi et al., 2014; Ignarski et al., 2019), ophthalmologic diseases (Wawrzyniak et al., 2018), neurodegenerative and other diseases affecting central nervous system (CNS) (Pastori and Wahlestedt, 2012; Wan et al., 2017), and particularly various types of cancer. Mediation of a number of cancer-associated processes like cell cycle regulation, epigenetic regulation, and involvement in signaling pathways and hormone-related pathways indicate potential roles of lncRNAs act as contributors in the development and progression of cancer (Sahu et al., 2015). MALAT1, HOTAIR, H19, HOTTIP, ANRIL, and NEAT1 are among the most famous lncRNAs which have been mostly studied in many types of cancer exhibiting dysregulation in cancer cells, tissues and body fluids of affected patients. In this review, we aim to have an overview of studies which have assessed tumorigenic effects of the lncRNA distal-less homeobox 6 antisense RNA 1 (DLX6-AS1) in three levels of cell, animal, and human studies. In humans, DLX6-AS1 gene is located on chromosome 7q21.3, primarily identified by Feng et al. (2006) to promote DLX5/6 function in trans mode. This lncRNA has been found to be up-regulated in a growing number of different types of cancerous tissues compared to normal tissues. Promoting carcinogenesis via increasing tumor cell proliferation, migration, and invasion through enhancing Epithelial–Mesenchymal Transition (EMT) along with suppression of apoptosis and chemosensitivity have been shown in cell studies of DLX6-AS1 overexpression. Enhanced tumor growth and metastasis has confirmed tumorigenic potentials of DLX6-AS1 in animal studies. Correlation between high DLX6-AS1 expression and advanced clinicopathological features and also poor prognosis and survival in cancerous patients has suggested DLX6-AS1 not only as a diagnostic and prognostic biomarker but also as a therapeutical target.
Functional Effects of DLX6-AS1 on Cell Proliferation, Apoptosis and Migration
Cancer cell lines have been used to evaluate function of DLX6-AS1 in cell cycle progression, cell proliferation and apoptosis. Moreover, high throughput RNA sequencing and also confirmation via quantitative real-time polymerase chain reaction (qRT-PCR) analyses have facilitated identification of differentially expressed lncRNAs in cancer cell lines compared to controls. In vitro experiments have shown significant increase in expression levels of DLX6-AS1 in cancer cell lines. In different cell experiment, it has been demonstrated that DLX6-AS1 overexpression promotes tumor cell proliferation, migration, and invasion, while suppressing apoptosis. In cell counting, colony formation, and 5-Bromo-2-deoxyUridine (BrdU) assays, decreased proliferation of cancer cells is reported for DLX6-AS1 knockdown. Wound healing, Matrigel and Transwell assays for assessment tumor cell migration and invasion show suppressed metastatic capability of cancerous cells under DLX6-AS1 silencing. Flowcytometry also demonstrated cell cycle arrest in treated cancer cells. Furthermore, decreased cell viability and elevated apoptosis in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), flowcytometry, and apoptotic marker assays have unveiled increased apoptosis in DLX6-AS1-silenced cancer cells. In hepatocellular carcinoma (HCC), DLX6-AS1 has been shown to be highly expressed in human HCC cell lines versus normal liver cells, while miR-513c as its downstream microRNA exhibited down-regulation indicating DLX6-AS1 acts as sponge for this miRNA (Liu et al., 2020a). Cullin4A (Cul4A) was also known as target gene of miR-513c which showed increase in expression level following DLX6-AS1 up-regulation. In other words, DLX6-AS1 elevated Cul4A expression by binding to and sponging miR-513c. Cul4A, itself positively regulated activity of annexin A10 (ANXA10). DLX6-AS1 silencing using specific short hairpin RNA (shRNA) repressed cell viability, invasion, and migration of HCC cells. Also, Cul4A knockdown was shown to inhibit tumorigenic effects of HCC cells via inhibition of ANXA10 degradation through ubiquitin-associated pathway. The results showed that DLX6-AS1 exerts its tumorigenic role via miR-513c/Cul4A/ANXA10 axis. In a distinct study (Zhang et al., 2017), DLX6-AS1 was shown to exert same tumorigenic roles in HCC cells via miR-203a/MMP-2 axis.
In other experiments, DLX6-AS1 has been shown to sponge many other miRNAs and affect transcription factors, genes or signaling pathways which eventually promotes malignant phenotypes. miRNAs which are mainly negatively regulated by up-stream DLX6-AS1 exhibit down-regulation in cancer tissues and cells, and their overexpression reverse the malignant phenotypes of DLX6-AS1 in cancer cell lines. Downstream factors demonstrate expression changes consistent with DLX6-AS1. Overexpression of these factors drives same influences with DLX6-AS1 overexpression. In a study in ovarian cancer (Kong and Zhang, 2020), miR-195-5p was shown to be down-regulated in cancer tissues and was identified as target of up-regulated DLX6-AS1. While DLX6-AS1 promoted cell proliferation, migration, and invasion in tumor cell lines, miR-195-5p overexpression reversed malignant phenotypes. Four and a half LIM domains protein 2 (FHL2) which is known to play role in development and progression of different types of cancer via activation of androgen receptor (AR or NR3C4), Wnt/β-catenin pathway or several genes was demonstrated as target of miR-195-5p. FHL2 overexpression exhibited same results on malignant phenotypes of cancer cells. In other words, DLX6-AS1 exerted its tumorigenic effects in ovarian cancer cells via miR-195-5p/FHL2 signaling axis. In bladder cancer, miR-195-5p as target of DLX6-AS1 was shown to down-regulate the vascular endothelial growth factor A (VEGFA) and consequently inhibit malignancy phenotype in cancer cells, while miR-195-5p inhibition returned the DLX6-AS1 tumorigenic effects (Zhao et al., 2020a).
Furthermore, DLX6-AS1 has been shown to up-regulated DLK1, a regulator of cell differentiation and prognostic factor for several cancers, through sponging miR-129-5p which in turn triggers Wnt signaling, and eventually promotes stemness in osteosarcoma cell lines (Zhang et al., 2018). PI3K/AKT/mTOR signaling pathway is another critical tumorigenic pathway which is known to be activated by DLX6-AS1, promoting malignant phenotype of colorectal cancer cells (Zhang et al., 2019a).
Overall, it is demonstrated that DLX6-AS1 acts as an oncogenic lncRNA enhancing malignant phenotype of several cancer cells (Figure 1).
[image: Figure 1]FIGURE 1 | Oncogenic role of DLX6-AS1 in different cancer types is exerted through various mechanisms, particularly sponging miRNAs.
DLX6-AS1 is oncogenic lncRNA has been found to be up-regulated in a growing number of different types of cancerous tissues compared to normal tissues. Promoting carcinogenesis via increasing tumor cell proliferation, migration, and invasion through enhancing Epithelial–Mesenchymal Transition (EMT). miRNAs have been identified which are negatively regulated by DLX6-AS1, and they regulate expression of a number of transcription factors, eventually affecting signaling pathways involved in carcinogenesis.
Table 1 shows the findings of the studies conducted on DLX6-AS1 oncogenic role in various cancer cell lines.
TABLE 1 | an overview to the oncogenic influences of DLX6-AS1 in cell studies of different types of cancer.
[image: Table 1]IMPACT OF DLX6-AS1 IN ENHANCEMENT OF TUMOR GROWTH
Experiments in animal models have confirmed oncogenic role of DLX6-AS1. It is expected that DLX6-AS1 overexpression or silencing increases or suppresses malignant features of cancer cells in xenograft models, respectively. To examine this claim, treated cells; either overexpressing or with silenced for DLX6-AS1; have been injected to the animals; mainly BALB/c nude mice, and then tumor size or volume, and metastasis in expected organ have been checked at certain intervals. Changes in chemosensitivity have also been assessed occasionally. Decreased tumor growth and metastasis, and also chemoresistance have been reported under DLX6-AS1 knockdown conditions in animal studies. Opposite findings have been reported when DLX6-AS1 was overexpressed in injected cancer cells to the nude mice. Taken together, these findings demonstrate oncogenic role of DLX6-AS1 in tumor progression and metastasis in animal studies are consistent with the results of cell studies (Table 2).
TABLE 2 | Effects of DLX6-AS1 on tumor growth and metastasis in animal studies.
[image: Table 2]IMPACT OF DLX6-AS1 ON SURVIVAL OF PATIENTS WITH DIFFERENT TYPES OF CANCERS
Cancerous tissues resected from patients have shown significantly increased expression of DLX6-AS1 compared to matched normal adjacent tissues (NATs) and healthy people in microarray analysis and qRT-PCR. In non-small cell lung cancer (NSCLC), DLX6-AS1 high expression levels were found to be positively associated with advanced clinicopathological features including higher disease stage, tumor metastasis to lymph nodes and also weak differentiation of cancer cells in patients (Zhang et al., 2019c). Also, Guo et al. (2019) demonstrated high DLX6-AS1 expression in bladder cancer patients with advanced TNM stage, positive lymph node and distant metastases. Survival analysis via Kaplan-Meier curve has shown association between high DLX6-AS1 expression and shorter overall survival (OS), and/or disease-free survival (DFS) in several types of cancer like HCC (Liu et al., 2020a; Zhang et al., 2017), gastric cancer (Qian et al., 2021; Fu et al., 2019), glioma (Zhang et al., 2019b), breast cancer (Zhao et al., 2019), and several others (Table 3). Competitive endogenous RNA (ceRNA) network analysis has demonstrated reliability of DLX6-AS1 along with three other lncRNAs and two more miRNAs in a signature as prognostic biomarkers in HCC patients (Long et al., 2019). Ding et al. (2021) showed serum exosomal levels of DLX6-AS1 can act as a prognostic biomarker in cervical cancer patients. Also, multivariate cox regression has shown that DLX6-AS1 is an independent prognostic factor for survival in a number of cancers such as gastric cancer (Qian et al., 2021), osteosarcoma (Zhang et al., 2018), and ovarian cancer (Zhao and Liu, 2019). Furthermore, a value of 0.795 for area under curve (AUC) in receiver operating characteristic (ROC) curve has shown acceptable efficiency of DLX6-AS1 in diagnosis of glioma (Zhang et al., 2019b). Taken together, according to the clinical data, DLX6-AS1 is suggested as a potential prognostic biomarker for different types of human cancer and a putative factor to manage cancerous patients.
TABLE 3 | Clinical prognostic importance of DLX6-AS1 in human cancers.
[image: Table 3]DISCUSSION
LncRNAs are a heterogeneous group of ncRNAs with characteristic size of more than 200 nucleotides. An increasing number of lncRNAs have been found to be dysregulated in many human diseases particularly cancer. However, their role in carcinogenesis is not precisely understood. DLX6-AS1 is an lncRNAs which has been unveiled to be up-regulated in a various number of cancers. In different cell studies, DLX6-AS1 has shown oncogenic role via promoting oncogenic phenotype of cancer cell lines. Increase in tumor cell proliferation, migration, invasion, and EMT while suppressing apoptosis in cancer cells are the effects of DLX6-AS1 in the development and progression of cancer. Silencing experiments using specific shRNA against DLX6-AS1 have shown suppression of tumorigenic potential. Similar pattern of expression in different types of cancer originated from various tissues not only reveals its universal function in the tumorigenesis, but also emphasizes the suitability of therapeutic modalities against this lncRNA for a wide range of human malignancies.
In the majority of cell experiments, mediator miRNAs have been identified which are negatively regulated by DLX6-AS1, and they regulate expression of a number of transcription factors, eventually affecting signaling pathways involved in carcinogenesis. These pathways form axes through which DLX6-AS1 regulates transcription factors, and/or signaling pathways eventually promotes carcinogenicity of cancer cells. Identification of functional routes of DLX6-AS1 effects in the carcinogenesis is an important step toward design of targeted therapies in cancer. It is also important to mention that these therapies should not affect pathways with crucial roles in the physiological features of normal cells.
Xenograft animal studies also have confirmed enhancing effect of DLX6-AS1 on tumor growth and metastasis. Clinical evaluations in cancerous patients have shown increased expression of DLX6-AS1 in tumor tissues compared to healthy tissues. High DLX6-AS1 expression has shown positive association with advanced clinicopathological features in cancerous patients. Survival analyses have demonstrated correlation between high DLX6-AS1 expression and shorter survival. In cox regression analysis, DLX6-AS1 has been suggested as an independent prognostic factor for patients with various types of cancer.
Animal and cell line studies have confirmed that therapeutic modalities targeting DLX6-AS1 can effectively reduce tumorigenic potential of malignant cells, induce their apoptosis and diminish tumor size and burden. However, the efficacy and safety of these methods have not been evaluated in the clinical settings.
Taken together, these findings demonstrate carcinogenic role of DLX6-AS1 in the development and progression of different human cancers suggesting diagnostic and prognostic potentials of DLX6-AS1 in human cancers. Known role of up-regulated DLX6-AS1 in cancer tissues and clinical samples also suggest therapeutic potentials in finding treatments for different types of cancer via targeting DLX6-AS1. Further studies are required to utilize diagnostic, prognostic, and therapeutic potentials of DLX6-AS1 in clinical settings. Moreover, measurement of DLX6-AS1 levels in biofluids is an important step towards identification of non-invasive routes for diagnostic purposes.
AUTHOR CONTRIBUTIONS
MT and SGF wrote the draft and revised it. SN and MS collected the data and designed the figures and tables. All the authors read and approved the submitted version.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 An, Y., Chen, X.-m., Yang, Y., Mo, F., Jiang, Y., Sun, D.-l., et al. (2018). LncRNA DLX6-AS1 Promoted Cancer Cell Proliferation and Invasion by Attenuating the Endogenous Function of miR-181b in Pancreatic Cancer. Cancer Cel Int 18 (1), 143. doi:10.1186/s12935-018-0643-7
 Bertone, P., Stolc, V., Royce, T. E., Rozowsky, J. S., Urban, A. E., Zhu, X., et al. (2004). Global Identification of Human Transcribed Sequences with Genome Tiling Arrays. Science 306 (5705), 2242–2246. doi:10.1126/science.1103388
 Chen, W., Zhang, G., Li, J., Zhang, X., Huang, S., Xiang, S., et al. (2018). CRISPRlnc: a Manually Curated Database of Validated sgRNAs for lncRNAs. Nucleic Acids Res. 47 (D1), D63–D68. doi:10.1093/nar/gky904
 Cheng, L., Wang, P., Tian, R., Wang, S., Guo, Q., Luo, M., et al. (2018). LncRNA2Target v2.0: a Comprehensive Database for Target Genes of lncRNAs in Human and Mouse. Nucleic Acids Res. 47 (D1), D140–D144. doi:10.1093/nar/gky1051
 Dey, B. K., Mueller, A. C., and Dutta, A. (2014). Long Non-coding RNAs as Emerging Regulators of Differentiation, Development, and Disease. Transcription 5 (4), e944014. doi:10.4161/21541272.2014.944014
 Ding, X. Z., Zhang, S. Q., Deng, X. L., and Qiang, J. H. (2021). Serum Exosomal lncRNA DLX6-AS1 Is a Promising Biomarker for Prognosis Prediction of Cervical Cancer. Technol. Cancer Res. Treat. 20, 1533033821990060. doi:10.1177/1533033821990060
 Du, C., Wang, Y., Zhang, Y., Zhang, J., Zhang, L., and Li, J. (2020). LncRNA DLX6-AS1 Contributes to Epithelial-Mesenchymal Transition and Cisplatin Resistance in Triple-Negative Breast Cancer via Modulating Mir-199b-5p/Paxillin Axis. Cel Transpl. 29, 963689720929983. doi:10.1177/0963689720929983
 Fang, C., Xu, L., He, W., Dai, J., and Sun, F. (2019). Long Noncoding RNA DLX6-AS1 Promotes Cell Growth and Invasiveness in Bladder Cancer via Modulating the miR-223-Hsp90b1 axis. Cell Cycle 18 (23), 3288–3299. doi:10.1080/15384101.2019.1673633
 Fatica, A., and Bozzoni, I. (2014). Long Non-coding RNAs: New Players in Cell Differentiation and Development. Nat. Rev. Genet. 15 (1), 7–21. doi:10.1038/nrg3606
 Feng, J., Bi, C., Clark, B. S., Mady, R., Shah, P., and Kohtz, J. D. (2006). The Evf-2 Noncoding RNA Is Transcribed from the Dlx-5/6 Ultraconserved Region and Functions as a Dlx-2 Transcriptional Coactivator. Genes Dev. 20 (11), 1470–1484. doi:10.1101/gad.1416106
 Fu, X., Tian, Y., Kuang, W., Wen, S., and Guo, W. (2019). Long Non-coding RNA DLX6-AS1 Silencing Inhibits Malignant Phenotypes of Gastric Cancer Cells. Exp. Ther. Med. 17 (6), 4715–4722. doi:10.3892/etm.2019.7521
 Gong, J., Liu, W., Zhang, J., Miao, X., and Guo, A.-Y. (2014). lncRNASNP: a Database of SNPs in lncRNAs and Their Potential Functions in Human and Mouse. Nucleic Acids Res. 43 (D1), D181–D186. doi:10.1093/nar/gku1000
 Guo, J., Chen, Z., Jiang, H., Yu, Z., Peng, J., Xie, J., et al. (2019). The lncRNA DLX6-AS1 Promoted Cell Proliferation, Invasion, Migration and Epithelial-To-Mesenchymal Transition in Bladder Cancer via Modulating Wnt/β-Catenin Signaling Pathway. Cancer Cel Int 19, 312. doi:10.1186/s12935-019-1010-z
 Guttman, M., Amit, I., Garber, M., French, C., Lin, M. F., Feldser, D., et al. (2009). Chromatin Signature Reveals over a Thousand Highly Conserved Large Non-coding RNAs in Mammals. Nature 458 (7235), 223–227. doi:10.1038/nature07672
 Han, J. Y., Guo, S., Wei, N., Xue, R., Li, W., Dong, G., et al. (2020). ciRS-7 Promotes the Proliferation and Migration of Papillary Thyroid Cancer by Negatively Regulating the miR-7/epidermal Growth Factor Receptor axis. Biomed. Res. Int. 2020, 9875636. doi:10.1155/2020/9875636
 Huang, Y., Ni, R., Wang, J., and Liu, Y. (2019). Knockdown of lncRNA DLX6-AS1 Inhibits Cell Proliferation, Migration and Invasion while Promotes Apoptosis by Downregulating PRR11 Expression and Upregulating miR-144 in Non-small Cell Lung Cancer. Biomed. Pharmacother. 109, 1851–1859. doi:10.1016/j.biopha.2018.09.151
 Ignarski, M., Islam, R., and Müller, R.-U. (2019). Long Non-coding RNAs in Kidney Disease. Ijms 20 (13), 3276. doi:10.3390/ijms20133276
 Iyer, M. K., Niknafs, Y. S., Malik, R., Singhal, U., Sahu, A., Hosono, Y., et al. (2015). The Landscape of Long Noncoding RNAs in the Human Transcriptome. Nat. Genet. 47 (3), 199–208. doi:10.1038/ng.3192
 Jia, P., Wei, E., Liu, H., Wu, T., and Wang, H. (2020). Silencing of Long Non‐coding RNA DLX6‐AS1 Weakens Neuroblastoma Progression by the miR ‐513c‐5p/PLK4 axis. IUBMB Life 72 (12), 2627–2636. doi:10.1002/iub.2392
 Kong, L., and Zhang, C. (2020). LncRNA DLX6-AS1 Aggravates the Development of Ovarian Cancer via Modulating FHL2 by Sponging miR-195-5p. Cancer Cel Int 20, 370. doi:10.1186/s12935-020-01452-z
 Kong, W. Q., Liang, J. J., Du, J., Ye, Z. X., Gao, P., and Liang, Y. L. (2020). Long Noncoding RNA DLX6-AS1 Regulates the Growth and Aggressiveness of Colorectal Cancer Cells via Mediating miR-26a/EZH2 Axis. Cancer Biother. Radiopharm. 36 (9), 753–764. doi:10.1089/cbr.2020.3589
 Lei, X., Yang, S., Yang, Y., Zhang, J., Wang, Y., and Cao, M. (2019). Long Noncoding RNA DLX6-AS1 Targets miR-124-3p/CDK4 to Accelerate Ewing's Sarcoma. Am. J. Transl Res. 11 (10), 6569–6576.
 Li, C., Wang, S., and Yang, C. (2020). RETRACTED: Long Non-coding RNA DLX6-AS1 Regulates Neuroblastoma Progression by Targeting YAP1 via miR-497-5p. Life Sci. 252, 117657. doi:10.1016/j.lfs.2020.117657
 Li, D., Tang, X., Li, M., and Zheng, Y. (2019). Long Noncoding RNA DLX6‐AS1 Promotes Liver Cancer by Increasing the Expression of WEE1 via Targeting miR‐424‐5p. J. Cel Biochem 120 (8), 12290–12299. doi:10.1002/jcb.28493
 Li, X., Zhang, H., and Wu, X. (2019). Long Noncoding RNA DLX6-AS1 Accelerates the Glioma Carcinogenesis by Competing Endogenous Sponging miR-197-5p to Relieve E2F1. Gene 686, 1–7. doi:10.1016/j.gene.2018.10.065
 Li, Y., Li, X., Yang, Y., Li, M., Qian, F., Tang, Z., et al. (2020). TRlnc: a Comprehensive Database for Human Transcriptional Regulatory Information of lncRNAs. Brief. Bioinformatics 22 (2), 1929–1939. doi:10.1093/bib/bbaa011
 Liang, Y., Zhang, C.-D., Zhang, C., and Dai, D.-Q. (2020). DLX6-AS1/miR-204-5p/OCT1 Positive Feedback Loop Promotes Tumor Progression and Epithelial-Mesenchymal Transition in Gastric Cancer. Gastric Cancer 23 (2), 212–227. doi:10.1007/s10120-019-01002-1
 Liu, X., Peng, D., Cao, Y., Zhu, Y., Yin, J., Zhang, G., et al. (2020). Upregulated lncRNA DLX6-AS1 Underpins Hepatocellular Carcinoma Progression via the miR-513c/Cul4A/ANXA10 axis. Cancer Gene Ther. 28 (5), 486–501. doi:10.1038/s41417-020-00233-0
 Liu, Y., Liu, X., Zhang, X., Deng, J., Zhang, J., and Xing, H. (2020). lncRNA DLX6-AS1 Promotes Proliferation of Laryngeal Cancer Cells by Targeting the miR-26a/TRPC3 Pathway. Cmar Vol. 12, 2685–2695. doi:10.2147/cmar.s237181
 Long, J., Bai, Y., Yang, X., Lin, J., Yang, X., Wang, D., et al. (2019). Construction and Comprehensive Analysis of a ceRNA Network to Reveal Potential Prognostic Biomarkers for Hepatocellular Carcinoma. Cancer Cel Int 19, 90. doi:10.1186/s12935-019-0817-y
 Losko, M., Kotlinowski, J., and Jura, J. (2016). Long Noncoding RNAs in Metabolic Syndrome Related Disorders. Mediators Inflamm. 2016, 5365209. doi:10.1155/2016/5365209
 Mattick, J. S. (2001). Non‐coding RNAs: the Architects of Eukaryotic Complexity. EMBO Rep. 2 (11), 986–991. doi:10.1093/embo-reports/kve230
 Mattick, J. S. (2009). The Genetic Signatures of Noncoding RNAs. Plos Genet. 5 (4), e1000459. doi:10.1371/journal.pgen.1000459
 Miao, Y.-R., Liu, W., Zhang, Q., and Guo, A.-Y. (2017). lncRNASNP2: an Updated Database of Functional SNPs and Mutations in Human and Mouse lncRNAs. Nucleic Acids Res. 46 (D1), D276–D280. doi:10.1093/nar/gkx1004
 Necsulea, A., Soumillon, M., Warnefors, M., Liechti, A., Daish, T., Zeller, U., et al. (2014). The Evolution of lncRNA Repertoires and Expression Patterns in Tetrapods. Nature 505 (7485), 635–640. doi:10.1038/nature12943
 Ning, S., Zhang, J., Wang, P., Zhi, H., Wang, J., Liu, Y., et al. (2015). Lnc2Cancer: a Manually Curated Database of Experimentally Supported lncRNAs Associated with Various Human Cancers. Nucleic Acids Res. 44 (D1), D980–D985. doi:10.1093/nar/gkv1094
 Okazaki, Y., Furuno, M., Kasukawa, T., Adachi, J., Bono, H., Kondo, S., et al. (2002). Analysis of the Mouse Transcriptome Based on Functional Annotation of 60,770 Full-Length cDNAs. Nature 420 (6915), 563–573. doi:10.1038/nature01266
 Pastori, C., and Wahlestedt, C. (2012). Involvement of Long Noncoding RNAs in Diseases Affecting the central Nervous System. RNA Biol. 9 (6), 860–870. doi:10.4161/rna.20482
 Qian, Y., Song, W., Wu, X., Hou, G., Wang, H., Hang, X., et al. (2021). DLX6 Antisense RNA 1 Modulates Glucose Metabolism and Cell Growth in Gastric Cancer by Targeting microRNA-4290. Dig. Dis. Sci. 66 (2), 460–473. doi:10.1007/s10620-020-06223-4
 Sahu, A., Singhal, U., and Chinnaiyan, A. M. (2015). Long Noncoding RNAs in Cancer: From Function to Translation. Trends Cancer 1 (2), 93–109. doi:10.1016/j.trecan.2015.08.010
 Sun, W., Zhang, L., Yan, R., Yang, Y., and Meng, X. (2019). LncRNA DLX6-AS1 Promotes the Proliferation, Invasion, and Migration of Non-small Cell Lung Cancer Cells by Targeting the miR-27b-3p/GSPT1 axis. Ott Vol. 12, 3945–3954. doi:10.2147/ott.s196865
 Takahashi, K., Yan, I., Haga, H., and Patel, T. (2014). Long Noncoding RNA in Liver Diseases. Hepatology 60 (2), 744–753. doi:10.1002/hep.27043
 Uchida, S., and Dimmeler, S. (2015). Long Noncoding RNAs in Cardiovascular Diseases. Circ. Res. 116 (4), 737–750. doi:10.1161/circresaha.116.302521
 Wan, P., Su, W., and Zhuo, Y. (2017). The Role of Long Noncoding RNAs in Neurodegenerative Diseases. Mol. Neurobiol. 54 (3), 2012–2021. doi:10.1007/s12035-016-9793-6
 Wawrzyniak, O., Zarębska, Ż., Rolle, K., and Gotz-Więckowska, A. (2018). Circular and Long Non-coding RNAs and Their Role in Ophthalmologic Diseases. Acta Biochim. Pol. 65 (4), 497–508. doi:10.18388/abp.2018_2639
 Wilusz, J. E., Sunwoo, H., and Spector, D. L. (2009). Long Noncoding RNAs: Functional Surprises from the RNA World. Genes Dev. 23 (13), 1494–1504. doi:10.1101/gad.1800909
 Wu, D. M., Zheng, Z. H., Zhang, Y. B., Fan, S. H., Zhang, Z. F., Wang, Y. J., et al. (2019). Down-regulated lncRNA DLX6-AS1 Inhibits Tumorigenesis through STAT3 Signaling Pathway by Suppressing CADM1 Promoter Methylation in Liver Cancer Stem Cells. J. Exp. Clin. Cancer Res. 38 (1), 237. doi:10.1186/s13046-019-1239-3
 Wu, P., Zuo, X., Deng, H., Liu, X., Liu, L., and Ji, A. (2013). Roles of Long Noncoding RNAs in Brain Development, Functional Diversification and Neurodegenerative Diseases. Brain Res. Bull. 97, 69–80. doi:10.1016/j.brainresbull.2013.06.001
 Wu, Q., Ma, J., Meng, W., and Hui, P. (2020). DLX6-AS1 Promotes Cell Proliferation, Migration and EMT of Gastric Cancer through FUS-Regulated MAP4K1. Cancer Biol. Ther. 21 (1), 17–25. doi:10.1080/15384047.2019.1647050
 Xie, F., Xie, G., and Sun, Q. (2020). Long Noncoding RNA DLX6-AS1 Promotes the Progression in Cervical Cancer by Targeting miR-16-5p/ARPP19 Axis. Cancer Biother. Radiopharm. 35 (2), 129–136. doi:10.1089/cbr.2019.2960
 Yang, B., Jia, L., Ren, H., Jin, C., Ren, Q., Zhang, H., et al. (2020). LncRNA DLX6-AS1 Increases the Expression of HIF-1α and Promotes the Malignant Phenotypes of Nasopharyngeal Carcinoma Cells via Targeting MiR-199a-5p. Mol. Genet. Genomic Med. 8 (1), e1017. doi:10.1002/mgg3.1017
 Yang, J., Ye, Z., Mei, D., Gu, H., and Zhang, J. (2019). Long Noncoding RNA DLX6-AS1 Promotes Tumorigenesis by Modulating miR-497-5p/FZD4/FZD6/Wnt/β-Catenin Pathway in Pancreatic Cancer. Cmar Vol. 11, 4209–4221. doi:10.2147/cmar.s194453
 Yang, Q., Sun, J., Ma, Y., Zhao, C., and Song, J. (2019). LncRNA DLX6-AS1 Promotes Laryngeal Squamous Cell Carcinoma Growth and Invasion through Regulating miR-376c. Am. J. Transl Res. 11 (11), 7009–7017. 
 Zeng, X., Hu, Z., Ke, X., Tang, H., Wu, B., Wei, X., et al. (2017). Long Noncoding RNA DLX6-AS1 Promotes Renal Cell Carcinoma Progression via miR-26a/PTEN axis. Cell Cycle 16 (22), 2212–2219. doi:10.1080/15384101.2017.1361072
 Zhang, J. J., Xu, W. R., Chen, B., Wang, Y. Y., Yang, N., Wang, L. J., et al. (2019). The Up-Regulated lncRNA DLX6-AS1 in Colorectal Cancer Promotes Cell Proliferation, Invasion and Migration via Modulating PI3K/AKT/mTOR Pathway. Eur. Rev. Med. Pharmacol. Sci. 23 (19), 8321–8331. doi:10.26355/eurrev_201910_19143
 Zhang, L., He, X., Jin, T., Gang, L., and Jin, Z. (2017). Long Non-coding RNA DLX6-AS1 Aggravates Hepatocellular Carcinoma Carcinogenesis by Modulating miR-203a/MMP-2 Pathway. Biomed. Pharmacother. 96, 884–891. doi:10.1016/j.biopha.2017.10.056
 Zhang, N., Meng, X., Mei, L., Zhao, C., and Chen, W. (2019). LncRNA DLX6‐AS1 Promotes Tumor Proliferation and Metastasis in Osteosarcoma through Modulating miR‐641/HOXA9 Signaling Pathway. J. Cel Biochem 120 (7), 11478–11489. doi:10.1002/jcb.28426
 Zhang, R. M., Tang, T., Yu, H. M., and Yao, X. D. (2018). LncRNA DLX6-AS1/miR-129-5p/DLK1 axis Aggravates Stemness of Osteosarcoma through Wnt Signaling. Biochem. Biophys. Res. Commun. 507 (1), 260–266. doi:10.1016/j.bbrc.2018.11.019
 Zhang, X., Guo, H., Bao, Y., Yu, H., Xie, D., and Wang, X. (2019). Exosomal Long Non-coding RNA DLX6-AS1 as a Potential Diagnostic Biomarker for Non-small Cell Lung Cancer. Oncol. Lett. 18 (5), 5197–5204. doi:10.3892/ol.2019.10892
 Zhao, H., and Xu, Q. (2020). Long Non‐coding RNA DLX6‐AS1 Mediates Proliferation, Invasion and Apoptosis of Endometrial Cancer Cells by Recruiting p300/E2F1 in DLX6 Promoter Region. J. Cel. Mol. Med. 24 (21), 12572–12584. doi:10.1111/jcmm.15810
 Zhao, J., and Liu, H. R. (2019). Down-regulation of Long Noncoding RNA DLX6-AS1 Defines Good Prognosis and Inhibits Proliferation and Metastasis in Human Epithelial Ovarian Cancer Cells via Notch Signaling Pathway. Eur. Rev. Med. Pharmacol. Sci. 23 (8), 3243–3252. doi:10.26355/eurrev_201904_17684
 Zhao, P., Guan, H., Dai, Z., Ma, Y., Zhao, Y., and Liu, D. (2019). Long Noncoding RNA DLX6-AS1 Promotes Breast Cancer Progression via miR-505-3p/RUNX2 axis. Eur. J. Pharmacol. 865, 172778. doi:10.1016/j.ejphar.2019.172778
 Zhao, Y.-H., Wang, Z., Zhang, N., Cui, T., and Zhang, Y.-H. (2020). Effect of ciRS-7 Expression on clear Cell Renal Cell Carcinoma Progression. Chin. Med. J. 133 (17), 2084–2089. doi:10.1097/cm9.0000000000000867
 Zhao, Z., Liang, S., and Sun, F. (2020). LncRNA DLX6-AS1 Promotes Malignant Phenotype and Lymph Node Metastasis in Prostate Cancer by Inducing LARGE Methylation. Front. Oncol. 10, 1172. doi:10.3389/fonc.2020.01172
 Zhu, X., Ma, X., Zhao, S., and Cao, Z. (2021). DLX6‐AS1 Accelerates Cell Proliferation through Regulating miR ‐497‐5p/SNCG Pathway in Prostate Cancer. Environ. Toxicol. 36 (3), 308–319. doi:10.1002/tox.23036
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Ghafouri-Fard, Najafi, Hussen, Ganjo, Taheri and Samadian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


ORIGINAL RESEARCH

published: 03 March 2022

doi: 10.3389/fonc.2022.780493

[image: image2]


Immune Infiltration and Clinical Outcome of Super-Enhancer-Associated lncRNAs in Stomach Adenocarcinoma


Li Peng 1,2†, Jiang-Yun Peng 1,2†, Dian-Kui Cai 1,3†, Yun-Tan Qiu 1,2, Qiu-Sheng Lan 1,4, Jie Luo 1,5, Bing Yang 1,2, Hai-Tao Xie 5, Ze-Peng Du 6, Xiao-Qing Yuan 1,7*, Yue Liu 8* and Dong Yin 1,2*


1 Guangdong Provincial Key Laboratory of Malignant Tumor Epigenetics and Gene Regulation, Guangdong-Hong Kong Joint Laboratory for RNA Medicine, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Guangzhou, China, 2 Medical Research Center, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Guangzhou, China, 3 Department of Hepatobiliary Surgery, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, China, 4 Department of Gastrointestinal Surgery, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, China, 5 Department of Clinical Laboratory, The First Affiliated Hospital, Hengyang Medical School, University of South China, Hengyang, China, 6 Central Laboratory, Department of Pathology, Shantou Central Hospital, Shantou, China, 7 Breast Tumor Center, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, China, 8 Institute of Digestive Disease of Guangzhou Medical University, The Sixth Affiliated Hospital of Guangzhou Medical University, Qingyuan People’s Hospital, Qingyuan, China




Edited by: 

Shiv K. Gupta, Mayo Clinic, United States

Reviewed by: 

Ying Hu, Harbin Institute of Technology, China

Jianjun Xie, Shantou University, China

Lingwen Ding, National University of Singapore, Singapore

Zhizhou Shi, Kunming University of Science and Technology, China

*Correspondence: 

Xiao-Qing Yuan
 yuanxq7@mail.sysu.edu.cn
 Yue Liu
 13927651001@163.com 

Dong Yin
 yind3@mail.sysu.edu.cn

†These authors have contributed equally to this work and share first authorship

Specialty section: 
 This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology


Received: 21 September 2021

Accepted: 31 January 2022

Published: 03 March 2022

Citation:
Peng L, Peng J-Y, Cai D-K, Qiu Y-T, Lan Q-S, Luo J, Yang B, Xie H-T, Du Z-P, Yuan X-Q, Liu Y and Yin D (2022) Immune Infiltration and Clinical Outcome of Super-Enhancer-Associated lncRNAs in Stomach Adenocarcinoma. Front. Oncol. 12:780493. doi: 10.3389/fonc.2022.780493



Super-enhancers (SEs) comprise large clusters of enhancers that highly enhance gene expression. Long non-coding RNAs (lncRNAs) tend to be dysregulated in cases of stomach adenocarcinoma (STAD) and are vital for balancing tumor immunity. However, whether SE-associated lncRNAs play a role in the immune infiltration of STAD remains unknown. In the present study, we identified SE-associated lncRNAs in the H3K27ac ChIP-seq datasets from 11 tumor tissues and two cell lines. We found that the significantly dysregulated SE-associated lncRNAs were strongly correlated with immune cell infiltration through the application of six algorithms (ImmuncellAI, CIBERSORT, EPIC, quantiSeq, TIMER, and xCELL), as well as immunomodulators and chemokines. We found that the expression of SE-associated lncRNA TM4SF1-AS1 was negatively correlated with the proportion of CD8+ T cells present in STAD. TM4SF1-AS1 suppresses T cell-mediated immune killing function and predicts immune response to anti-PD1 therapy. ChIP-seq, Hi-C and luciferase assay results verified that TM4SF1-AS1 was regulated by its super-enhancer. RNA-seq data showed that TM4SF1-AS1 is involved in immune and cancer-related processes or pathways. In conclusion, SE-associated lncRNAs are involved in the tumor immune microenvironment and act as indicators of clinical outcomes in STAD. This study highlights the importance of SE-associated lncRNAs in the immune regulation of STAD.




Keywords: super-enhancer (SE), long non-coding RNA (IncRNA), stomach adenocarcinoma (STAD), immune infiltration, clinical outcome, TM4SF1-AS1, T cell, PD1



Introduction

Stomach cancer is the fifth most common cause of cancer-related morbidity and fourth most common cause of mortality worldwide, accounting for over 1,000,000 new cases and approximately 769,000 deaths in 2020 (1). Infection with Helicobacter pylori, smoking, and diets high in nitrate and nitrite can lead to stomach cancer (2). With progress in diagnosis and treatment, the quality of life of patients with stomach cancer can be improved. Stomach adenocarcinoma (STAD), aka gastric adenocarcinoma, is the most common histological type of stomach cancer (approximately 95%) (3), and patients still have a poor prognosis (2, 4). Biomarkers such as PD1 and PDL1 are used increasingly often as immunotherapy for STAD, which benefits patients (2). Therefore, identifying credible biomarkers is important for the early identification of STAD and novel molecular targeting treatments.

Super-enhancers (SEs) comprise large clusters of activated enhancers in close proximity to one another that maintain cell-type-specific identity and fate (5). These enhancers are generally within 12.5 kb in genomic distance (6). Considerable progress regarding research on SE-associated protein-coding genes, such as HOXB8 (7), MEIS1 (8) and MYC (9) has been made recently. In addition, SEs reportedly drive the expression of long noncoding RNA (lncRNA) in various cancers, except stomach cancer. Importantly, Wen et al. reported a genome-wide reprogramming of enhancer and SE landscape in cases of STAD, which lead to dysregulated local and regional cancer gene expression (10). This finding indicates that SEs are vital for the occurrence and development of multiple cancers that involve STAD that regulate the expression of tumor-related genes. However, the roles of SE-associated long non-coding RNAs in STAD remain unclear.



Materials and Methods


STAD Cell Lines

The STAD cell lines AGS and MKN45 were cultured in F12K and DMEM containing 10-15% fetal bovine serum at 37°C in a humidified atmosphere containing 5% CO2.



Chromatin Immunoprecipitation Sequencing

The AGS cells were cross-linked with formaldehyde and sonicated using a Bioruptor (Diagenode, Belgium), and the precipitate was removed via centrifugation. Protein A/G magnetic beads (Pierce, USA) were incubated overnight with a histone-3-lysine-27 acetylation (H3K27ac) antibody (Abcam, USA) at 4°C. The DNA fragments were eluted and recycled for chromatin immunoprecipitation sequencing (ChIP-seq) on a BGISEQ-500 platform (BGI-Shenzhen, China).



ChIP-Seq Analysis

Raw ChIP-seq data of MKN45 cells and 11 STAD tumors were downloaded from the Gene Expression Omnibus database. The downloaded raw data and our sequencing data were ordered via trimming, Bowtie2 read mapping, filtering, and MACS2 peak calling. Bam files were converted into bigwig files using bamCoverage. Hockey stick plots and positional information of super-enhancers were analyzed using the rank ordering of super enhancers algorithm (5). The Integrative Genomics Viewer was used to visualize the bigwig files of the ChIP-seq data.



Survival Analysis

The STAD dataset was downloaded from the Cancer Genome Atlas (TCGA; https://cancergenome.nih.gov/), which includes 375 tumor samples and 32 non-malignant stomach tissue samples. Patients with STAD who were included in the TCGA were divided into high and low expression groups according to the median. GraphPad software was used to draw all survival-related graphs. Statistical significance was set at p<0.05.



Correlation of lncRNAs With the Tumor Immune Microenvironment and Immune Markers

Immune cell abundance was evaluated using six algorithms, namely ImmuCellAI (11), CIBERSORT (12), EPIC (13), quantiSeq (14), TIMER (15), and xCELL (16). The correlation of the lncRNA expression matrix with immune cell abundance was analyzed.

Immune markers including immunomodulators (immunoinhibitors and immunostimulators), MHC molecules, chemokines and chemokine receptor were downloaded from TISIDB (http://cis.hku.hk/TISIDB/download.php). The expression of these markers was from TCGA database. The correlation of the lncRNA expression matrix with immune markers level was also analyzed in STAD. 



siRNA Transfection

The TM4SF1-AS1 small interference RNA (siRNA) sequences were designed and synthesized by GenePharma (Suzhou, China). The siRNA was diluted using sterile DEPC water and transfected into AGS and MKN45 cells using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, USA). The siRNA sequences of TM4SF1-AS1 are listed in Table 1.


Table 1 | SiRNA sequences.





RNA Isolation and qRT-PCR

RNA was isolated from cells using the TRIzol method. Cells in a 6-well plate were lysed with 1 mL Trizol in each well, and 200 μL chloroform was added, shaken, mixed, and centrifuged at 12,000 rpm at 4°C for 10 min after being incubated for 5 min. Next, 500 μL isopropanol was added, mixed, and centrifuged. After being washed twice with 75% alcohol, the RNA precipitate was dissolved in diethyl pyrocarbonate water. RNA was reverse transcribed to first-strand cDNA using Hifair III 1st Strand cDNA Synthesis SuperMix for qPCR (gDNA digester plus) (Yeasen, China).

ChamQ Universal SYBR qPCR Master Mix (Vazyme, China) was used to perform qRT-PCR on a CFX96 Real-Time System (Bio-Rad, USA). Relative mRNA expression was calculated using the 2^−ΔΔCT method and normalized to that of GAPDH. The primers are shown in Table 2.


Table 2 | Primer sequences.





CD8+ T Cell Separation From Human PBMCs

CD8+ T cells were separated from human PBMCs using the EasySep™ Human CD8+ T Cell Isolation Kit (STEMCELL Technologies, Canada). Samples were prepared at the indicated cell concentrations within the volume range. The isolation cocktail was added to the required tube, mixed, and incubated. Vortex RapidSpheres™, add it to the sample and mix them. The recommended medium was added to top up the sample to the indicated volume, then mixed by gently pipetting the sample up and down 2–3 times. The tube was placed into the magnet without a lid and incubated. The magnet was then picked up and the magnet and tube were inverted in one continuous motion, pouring the enriched cell suspension into a new tube.



T Cell Activation and In Vitro Killing Assays

First, stomach cancer cells were stained using the CellTrace CFSE Cell Proliferation Kit (Invitrogen, USA) for 20 min at 37°C. Activated CD8+ T cells (2 × 104) were generated by incubation with ImmunoCult™ Human CD3/CD28 T Cell Activator (STEMCELL Technologies, Canada) at 37°C and 5% CO2 for up to 3 days, and were then added to cancer cells. Both activated CD8+ T cells and cancer cells were collected to be stained with propidium iodide (3.75 mM solution, 1:500 final dilution). These cells were harvested and analyzed using flow cytometry after 12 h (Beckman CytoFLEX, USA).



Hi-C Analysis

Hi-C data of two STAD samples, T2000877 (GSM3333325) and T990275 (GSM3356360), were downloaded from the Gene Expression Omnibus database (GSE118391; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE118391). The results of this analysis were visualized and graphed using WashU tool (http://epigenomegateway.wustl.edu/browser/).



Vector Construction

Each of the five enhancer regions (E1–E5) and their negative control (NC) were amplified using PCR or gene synthesis, then cloned into the pGL3-promoter vector. The primers used for PCR amplification of each enhancer are listed in Table 2.



Dual Luciferase Reporter Gene Assay

The vectors were transfected into STAD AGS and MKN45 cells, and pRL-TK plasmids were co-transfected as a normalization control. Luciferase assays were conducted using the Dual-Luciferase Reporter Assay System (Promega, USA).



RNA-Seq

Total RNA was extracted from cells using the TRIzol method as previously described, then qualified and quantified using a Nano Drop and Agilent 2100 bioanalyzer (ThermoFisher Scientific, USA). The mRNA library was constructed and sequenced on a BGIseq500 system (BGI-Shenzhen, China).



Gene Set Enrichment Analysis (GSEA)

GSEA 4.1.0 software (http://www.broadinstitute.org/gsea/index.jsp) was downloaded and employed to analyze critical gene enrichment pathways between different groups based on FPKM values, which reflect relative gene expression.



Statistical Analysis

All data are presented as mean ± SD. The Student’s t-test or analysis of variance was performed using either SPSS or GraphPad 8.0.1 software. Values were considered statistically significant at p<0.05 (*, p<0.05; **, p<0.01; ***, p<0.001).




Results


Identification of Super-Enhancer-Associated lncRNAs in STAD Samples and Cells

LncRNA plays a crucial role in biological processes and are regulated by SEs in several types of cancer. However, no studies on the relationship between lncRNAs and super-enhancers in STAD have been conducted to date. We first performed ChIP-seq with the H3K27ac antibody in AGS cell lines to identify SE-associated lncRNA in STAD, and downloaded raw data of 11 tissue samples and MKN45 cell lines from GEO database (GSE117953). We identified 1722, 1273, 1514, 2150, 2017, 1434, 1536, 1935, 983, 1978, and 2393 SE-associated lncRNAs in 11 STAD samples, respectively (T980401, T990275, and other 9 samples), and 1049 and 719 in two STAD cells, respectively (AGS and MKN45). Hockey stick plots of two representative tumor samples and both cells showed some SE-associated lncRNA (Figures 1A–D). Unsurprisingly, some common and vital lncRNAs that promote tumor progression are at the forefront of the H3K27ac signal, such as MALAT1, H19, and CCAT1 (Figures 1A–D). We also identified some novel SE-associated lncRNA in STAD (Figures 1A–D). According to the results of ChIP-seq, SE-associated lncRNAs in AGS and MKN45 cell lines intersected, and 386 common SE-associated lncRNAs were obtained (Figure 1E). The 386 SE-associated lncRNAs of the above two cell lines and the SE-associated lncRNAs obtained in the same way, which were present in over six STAD tissue samples, were intersected and 308 common SE-associated lncRNAs were obtained (Figure 1F). We analyzed 308 SE-associated lncRNAs in STAD samples and cells using ChIP-seq data against the H3K27ac antibody.




Figure 1 | Super-enhancer-associated lncRNAs present in STAD samples and cells. (A–D) Hockey stick plot of SE-associated lncRNAs in two tumor samples (T980401 and T990275) and two STAD cells (AGS and MKN45). Some representations of novel and known SE-associated lncRNAs are shown in color on the curve. (E) Venn diagram showing the intersection of SE-associated lncRNAs in two STAD cells (AGS and MKN45). (F) Venn diagram displaying the intersection of the SE-associated lncRNAs shared in two STAD cells and the SE-associated lncRNAs in at least 6 of 11 STAD samples. ChIP-seq with the H3K27ac antibody in AGS cell lines was from this study, and other H3K27ac ChIP-seq in 11 STAD tissue samples and MKN45 cell lines were downloaded from GEO database (GSE117953; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117953).





Expression Profile and Clinical Outcome of Super-Enhancer-Associated lncRNAs in STAD Patients

To further determine the expression profile and clinical value of SE-associated lncRNA, we first analyzed the expression changes of all lncRNAs in patients with STAD from TCGA database. The expression of 2961 lncRNAs in STAD patients were significantly upregulated or downregulated compared with that of normal samples (Figure 2A). The 2961 lncRNAs with altered expression in patients with intersected with the 308 SE-associated lncRNAs from the previous results, and 74 SE-associated and differentially expressed lncRNAs were obtained in total (Figure 2B). The heatmap revealed overall differential expression of these 74 SE-associated lncRNAs in normal stomach and STAD samples (Figure 2C). We next utilized the least absolute shrinkage and selection operator (LASSO) algorithm to evaluate the prognosis role of 74 SE-associated lncRNAs in STAD patients. So that four SE-associated lncRNAs were included in this prognosis model according to the minimum criteria. We first observed the risk scores in alive and dead STAD patients, and found that the risk scores in dead STAD patients was indeed higher than those in alive patients (Figure 2D). We divided these SE-associated lncRNAs into two groups, high risk and low risk on basis of the RiskScore signature. High risk group was showed to be correlated with worse prognosis in STAD patients compared with low risk group (Figure 2E). The distribution of risk scores in STAD patients were showed (Figure 2F). Taken together, we elicited 74 differentially expressed SE-associated lncRNAs and assessed their correlation with the clinical importance of STAD patients.




Figure 2 | Expression and prognostic analysis of super-enhancer-associated lncRNAs in patients with STAD. (A) Volcano plot showing the expression changes of SE-associated lncRNAs in STAD samples compared with normal stomach tissues. The red dots represent up-regulated lncRNAs (FC ≥ 1, Q value < 0.05), and the blue dots represent down-regulated lncRNAs in STAD patients (FC ≤ -1, Q value < 0.05). (B) Venn diagram representing the intersection of 2961 differentially expressed lncRNAs in patients with STAD and the 308 SE-associated lncRNAs identified above. (C) Expression profiling of 74 differentially expressed SE-associated lncRNAs in human STAD samples and normal stomach tissues. (D) The risk scores of alive or dead STAD patients predicted by expression of SE-associated lncRNAs from TCGA dataset. (E) The prognosis of SE-associated lncRNAs in STAD patients with high risk and low risk based on the RiskScore signature. (F) The distributions of the four lncRNAs in groups between high and low risk in STAD patients. The top was the risk score of STAD patients calculated according to the RiskScore signature and split into two groups on basis of medium score. The middle represented the survival status. The bottom heatmap showed the differential profile of four lncRNAs. The expression and clinical data of all lncRNAs were downloaded from TCGA database (https://www.cancer.gov/). **Indicates p < 0.01.





The SE-Associated lncRNAs Are Correlated With Immune Cell Infiltration in STAD

Immune cells always affect the occurrence and development of tumors in the tumor microenvironment, and the relationship between immune cells and tumors can be used to develop specific drugs to inhibit tumor progression, such as PD1 and PDL1 inhibitors. We then examined whether SE-associated lncRNAs in STAD are related to the infiltration of immune cells. We used six algorithms to analyze the correlation between SE-associated lncRNAs and immune cells infiltration, namely ImmuCellAI, CIBERSORT, EPIC, quantiSeq, TIMER, and Xcell, respectively. It was found that all 74 differentially expressed SE-associated lncRNAs in STAD were significantly correlated with the immune cell infiltration using the ImmuCellAI (Figure 3A) and Xcell algorithms (Figure 3B). These immune cells included T and B cells, DC, neutrophils, and macrophage cells. In addition, most differentially expressed SE-associated lncRNAs in STAD were found to be significantly correlated with the immune cell infiltration by the other four algorithms, namely CIBERSORT (Supplementary Figure S1A), EPIC (Supplementary Figure S1B), quantiSeq (Supplementary Figure S1C), and TIMER (Supplementary Figure S1D). These data indicated that a correlation exists between differentially expressed SE-associated lncRNAs and immune cell infiltration in STAD.




Figure 3 | Correlation between the expression of super-enhancer-associated lncRNA and immune cell infiltration in patients with STAD. (A) Cluster analysis of the correlation between 74 SE-associated lncRNAs expression and immune cells abundance calculated by using the ImmuCellAI algorithm. (B) Cluster analysis of the correlation between 74 SE-associated lncRNAs and immune cells abundance calculated with the Xcell algorithm. Red indicates positive correlation, while blue indicates negative correlation. The asterisk (*) signifies a significant correlation p < 0.05. The expression of 74 SE-associated lncRNAs were downloaded from TCGA database (https://www.cancer.gov/). Immune cell infiltration was calculated by using the ImmuCellAI (http://bioinfo.life.hust.edu.cn/ImmuCellAI/#!/) and Xcell algorithm (https://xcell.ucsf.edu/) in STAD.





SE-Associated lncRNAs Are Correlated With Immune Markers in STAD

In the tumor immune microenvironment, immune-related genes play a vital role in the regulation of tumor killing, including immunomodulators and chemokines. Therefore, we investigated whether SE-associated lncRNAs in STAD are related to immune makers. The list of immunomodulators and chemokines was downloaded from TISIDB database (http://cis.hku.hk/TISIDB/download.php). We first analyzed the correlation between SE-associated lncRNAs and immunomodulators in STAD and found that both immunoinhibitors and immunostimulators exhibited a significant correlation with SE-associated lncRNAs (Figures 4A, B). In addition, SE-associated lncRNAs were significantly correlated with MHC molecules (Figure 5A).




Figure 4 | The correlation between the expression of super-enhancer-associated lncRNA and immunomodulators in STAD. (A) Cluster analysis of the expression correlation between 74 SE-associated lncRNAs and immunoinhibitor-related markers. (B) Cluster analysis of the expression correlation between 74 SE-associated lncRNA strands and Immunostimulator-related markers. Red indicates positive correlation, while blue signifies negative correlation. The asterisk (*) indicates significant correlation (p < 0.05). The list of immunomodulators including immunoinhibitory and immunostimulator was downloaded from TISIDB database (http://cis.hku.hk/TISIDB/download.php). The expression of 74 SE-associated lncRNAs and immunomodulators were downloaded from TCGA database (https://www.cancer.gov/).






Figure 5 | Correlation analysis of the expression of super-enhancer-associated lncRNA and chemokines in STAD cells. (A) Results of cluster analysis of the expression correlation between 74 SE-associated lncRNAs and MHC molecules. (B) Cluster analysis results of the expression correlation between 74 SE-associated lncRNA and chemokines. (C) Results of the cluster analysis of the expression correlation between 74 SE-associated lncRNAs and chemokine receptors. Red signifies a positive correlation, while blue indicates negative correlation. The asterisk (*) is used to signify significant correlation (p < 0.05). The list of MHC molecules, chemokines and chemokine receptors was downloaded from TISIDB database (http://cis.hku.hk/TISIDB/download.php). The expression of 74 SE-associated lncRNAs, MHC molecules, chemokines and chemokine receptors were downloaded from TCGA database (https://www.cancer.gov/).



We then analyzed the correlation between SE-associated lncRNAs and chemokines in STAD and found that chemokines and chemokine receptors were significantly related to SE-associated lncRNAs (Figures 5B, C). In summary, these data show that SE-associated lncRNAs in STAD are related to immunomodulators and chemokines, and they participate in tumor immune regulation of tumors.



TM4SF1-AS1 Is Involved in T Cell Mediated Immunity, and Predicts Immune Response to Anti-PD1 Therapy

We selected a CD8+ T cell-related lncRNA, TM4SF1-AS1, as a representation to investigate the role of SE-associated lncRNAs in tumor immune regulation of STAD. First, the expression of TM4SF1-AS1 in STAD samples was analyzed, and the expression of TM4SF1-AS1 was found to be significantly upregulated in STAD samples, which differed from normal stomach samples (Figure 6A). We then observed the abundant differences in TM4SF1-AS1 expression in CD8+ T cells and classified subtypes as either high or low TM4SF1-AS1 expression. The abundance of CD8 naïve cells in the group with high TM4SF1-AS1 expression was found to be significantly lower than that of samples with low TM4SF1-AS1 expression. The abundance of CD8+ T, Tc, and Tgd cells was the opposite (Figure 6B).




Figure 6 | The expression of TM4SF1-AS1 and its role in the tumor immune microenvironment in STAD. (A) Expression changes of TM4SF1-AS1 in human STAD samples compared with normal samples. (B) The abundance of CD8+ T cell between high and low expression of TM4SF1-AS1. (B, C) Flow cytometry showing the effect of TM4SF1-AS1 knockdown on the killing activities of activated T cells in AGS cells. (C) Immunophenoscore of CTLA- PD1-, CTLA- PD1+, CTLA+ PD1- and CTLA+ PD1+ patients in the groups with high and low TM4SF1-AS1 expression, respectively. (D) Expression of PD1, PD-L1, PD-L2 and CTLA4 in the high and low TM4SF1-AS1 expression groups. (E) Expression of TM4SF1-AS1 in groups among normal tissues, MSI-H, MSS and MSI-L. (F) Expression of PD1, PD-L1, PD-L2 and CTLA4 in the high and low TM4SF1-AS1 expression groups. (G) Expression of TM4SF1-AS1 in groups among normal tissues, MSI-H, MSS and MSI-L. The expression of TM4SF1-AS1, PD1, PD-L1, PD-L2 and CTLA4 were downloaded from TCGA database (https://www.cancer.gov/). Immunophenoscore information of CTLA- PD1-, CTLA- PD1+, CTLA+ PD1- and CTLA+ PD1+ patients were downloaded from TICA database (https://tcia.at/home). NS stands for “no significance”, * refers to p < 0.05, ** indicates p < 0.01, and *** signifies p < 0.001.



We also performed an in vitro T cell killing assay to observe the killing effect of activated T cells on tumor cells with TM4SF1-AS1 interference. First, we found that the #3 and #4 siRNA against TM4SF1-AS1 had the best knockdown efficiency (Supplementary Figures S2A, B), and we selected siRNA#4 for further experimentation. Subsequently, the T cell killing assay showed that TM4SF1-AS1 interference significantly weakened the killing effect of activated CD8+ T cells on tumor cells in a T cell concentration-dependent manner (Figures 6C, D).

Furthermore, we analyzed immunophenoscore in CTLA- PD1-, CTLA- PD1+, CTLA+ PD1-and CTLA+ PD1+ patients between the two groups with high and low TM4SF1-AS1 expression, respectively. Immunophenoscore information of CTLA- PD1-, CTLA- PD1+, CTLA+ PD1- and CTLA+ PD1+ patients were downloaded from TICA database (https://tcia.at/home). The immunophenoscore of CTLA- PD1+ and CTLA+ PD1+ samples in the group with high TM4SF1-AS1 expression was significantly lower than that of samples with low TM4SF1-AS1 expression, while no significant difference was observed in CTLA- PD1- and CTLA+ PD1- patients between the two groups (Figure 6E). We analyzed the expression of PD1, PD-L1, PD-L2, and CTLA4 in both groups. The expression of PD1, PD-L1, and PD-L2 was significantly higher in the group with high TM4SF1-AS1 expression (Figure 6F). and the expression of CTLA4 did not differ significantly between the high and low TM4SF1-AS1 expression groups (Figure 6G). In summary, these results indicate that TM4SF1-AS1 is involved in the T cell-mediated killing effect of tumor cells and monitors the immune response to anti-PD1 therapy.



TM4SF1-AS1 Is Driven by SEs in STAD

Since TM4SF1-AS1 was chosen as a representation of SE-associated lncRNAs in STAD, we further verified the regulation of the SE on TM4SF1-AS1. ChIP-seq data revealed one to two SE peaks in TM4SF1-AS1 in 11 STAD tumor samples and both AGS and MKN45 cell lines (Figure 7A). Subsequently, Hi-C data revealed that a spatial interaction exists between the SE regions and the TM4SF1-AS1 promoter (Figure 7B). We then cloned the five enhancer sequences and their negative control sequences into the PGL3-promotor vector for dual luciferase experiments. The fluorescence intensity of E2 and E3 was significantly higher than that of the NC group (Figures 7C, D). We confirmed that TM4SF1-AS1, a SE-associated lncRNA, is indeed regulated by its super-enhancer in STAD based on the above results.




Figure 7 | TM4SF1-AS1 is driven by the super-enhancer in STAD. (A) ChIP-seq profiles of H3K27ac in 11 STAD samples and 2 STAD cells (AGS and MKN45). The super-enhancer region is divided into five enhancers, and their location information are showed. ChIP-seq with the H3K27ac antibody in AGS cell lines was from this study, and other H3K27ac ChIP-seq in 11 STAD tissue samples and MKN45 cell lines were downloaded from GEO database (GSE117953; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117953). (B) Hi-C data analysis of super-enhancer regions and promoter of TM4SF1-AS1 in two tumor samples (T980401 and T990275). Hi-C data in two tumor samples (T980401 and T990275) was downloaded from GEO database (GSE118391; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE118391). (C, D) Dual luciferase experiments indicating the fluorescence intensity of all five enhancers compared with that of the NC group in (C) AGS (D) MKN45 cells. ns, no significance; **p < 0.01, ***p < 0.001.





TM4SF1-AS1 Is Involved in Immune Related Process

Finally, we performed RNA-seq on AGS and MKN45 cells after treating them with TM4SF1-AS1 interference to further understand the tumor immune-related processes of TM4SF1-AS1 involved in STAD. First, we selected two siRNA targets, siTM4SF1-AS1#3 and siTM4SF1-AS1#4, for RNA-seq in two STAD cells. Next, we analyzed differentially expressed genes by comparing siTM4SF1-AS1 with siNC. We set the cut-off as log2|FC| ≥1 and Q<0.05, and identified both downregulated and upregulated genes following TM4SF1-AS1 knockdown in both AGS (Figures 8A, B) and MKN45 cells (Figures 8C, D). The shared differentially expressed genes in groups between siTM4SF1-AS#3 and siTM4SF1-AS#4 of AGS and MKN45 cell lines were 304 and 337, respectively (Figures 8E, F). Heatmap showed the expression change of shared differentially expressed genes in groups of siTM4SF1-AS#3, siTM4SF1-AS#4 in comparison with siNC group (Figures 8G, H). GSEA analysis revealed that TM4SF1-AS1 can regulate T cell-related biological processes in AGS (Figures 8E, F) and MKN45 cells (Figures 8G, H). KEGG pathway analysis revealed that TM4SF1-AS1 modulates several biological processes and pathways, including protein processing in endoplasmic reticulum (ER), cell cycle, microRNAs in cancer, cellular senescence, and virus infection in AGS (Figures 8I, J) and MKN45 cells (Figures 8K, L). These data further indicate that TM4SF1-AS1 is involved in tumor processes and immune regulation in STAD.




Figure 8 | Pathway analysis of TM4SF1-AS1 knockdown in two STAD cells. (A–D) Volcano map showing the up- and down-regulated genes after TM4SF1-AS1 knockdown in AGS and MKN45 cells with two siRNA targets (siTM4SF1-AS1#3 and siTM4SF1-AS1#4). The red dots indicate up-regulated genes, and blue dots signify down-regulated genes. (E, F) Venn diagram displaying the differentially expressed genes by the intersection of siTM4SF1-AS1#3 and siTM4SF1-AS1#3 in (E) AGS and (F) MKN45 cells. (G, H) Heatmap showing the up- and down-regulated genes after TM4SF1-AS1 knockdown in (G) AGS and (H) MKN45 cells with siTM4SF1-AS1#3 and siTM4SF1-AS1#4. The red dots indicate up-regulated genes, and blue dots signify down-regulated genes. (I, J) GSEA analysis was performed on (I) AGS and (J) MKN45 cells following TM4SF1-AS1 knockdown. (K, L) KEGG analysis was performed on the changed genes in (K) AGS and (L) MKN45 cells after TM4SF1-AS1 knockdown with siRNAs. RNA-seq data of TM4SF1-AS1 knockdown in AGS MKN45 cells was from this paper.






Discussion

LncRNAs, which are transcribed by RNA polymerase II and independent transcriptional elements with lengths >200 bp, were thought to be unable to be translated into proteins (17). LncRNAs also play important roles in transcription, mRNA processing, post-transcriptional control, translation, and other biological processes (18, 19). Some lncRNAs are proven prospective markers of diagnosis, prognosis, and potential treatment targets in STAD, including EMT-associated lncRNA induced by TGFβ1 (ELIT-1) (20), LINC00346 (21), gastric cancer-associated lncRNA 1 (22) and gastric cancer metastasis-associated long noncoding RNA (23). LncRNAs play a crucial role in biological processes and have their own potential to act as biomarkers and therapeutic targets.

As mentioned before, lncRNAs can be epigenetically regulated by SEs to promote cancer malignancy. In ESCC, CCAT1 (24) and LINC01503 (25) are driven by SEs, which boost cancer progression. LncRNA UCA1 is activated by SE in cases of ovarian cancer, promoting tumor development (26). We previously found that SE-associated lncRNA HCCL5 was activated by ZEB1, which increased the malignancy of hepatocellular carcinoma (27). However, the biological function of SE-associated lncRNAs remains poorly characterized in tumors, especially in STAD. In the present study, we identified SE-associated lncRNAs in STAD for the first time to our knowledge and identified their potential oncogenic roles based on immune infiltration aspects and clinical outcomes.

The lncRNAs are reportedly involved in several biological processes containing the tumor immune microenvironment. Increased NKILA expression in T cells may aid cancer cells in escaping immunological destruction via activation-induced cell death (28). Low SATB2-AS1 expression enhances tumor metastasis and increases immune cell density in CRC (29). The roles of SE-associated lncRNAs in the tumor immune microenvironment of STAD where T cell immunity is present remains unknown. We first identified some SE-associated lncRNAs that were differentially expressed and correlated with immune cell infiltration in STAD in the present study.

Research on the tumor immune microenvironment has greatly promoted the development of tumor immunotherapy (30). T cells are the main cells involved in tumor immunotherapy and are responsible for defense against pathogen infection. It has been reported that TM4SF1-AS1 can exacerbate the progression of lung cancer (31), hepatocellular carcinoma (32) and gastric cancer (33). TM4SF1-AS1, a representative SE-associated lncRNA, was found to be involved in T cell immunity for the first time in the present study. Cancer cells evade the immune system’s screening and attack in several ways. Previous studies have confirmed that PD-1 and CTLA-4 are crucial for deactivating T cells (34, 35). PD-1, which is located on the membrane surface, interacts with PD-L1 and PD-L2 to exhaust effector T cells and reduce the immune response (35). In contrast, CTLA-4 is expressed in activated CD4+ and CD8+ T cells and interacts with the B7 molecule to inhibit T cell activation (36). Cancer patients currently benefit tremendously from both anti-PD1 and anti-CTLA-4 immunotherapies. In addition, some lncRNAs such as GATA3-AS1 (37), MIR17HG (38), UCA1 (39) and SNHG15 (40) regulate PD-L1 expression in several cancers. In the present study, SE-associated lncRNA TM4SF1-AS1 exhibited an immune response to anti-PD1 therapy, and was associated with the expression of PD1, PDL1, and PDL2.

In conclusion, we identified SE-associated lncRNAs in STAD samples and cells and found that they were correlated with the immune microenvironment and clinical prognosis of patients with STAD. As a representation of SE-associated lncRNAs, TM4SF1-AS1 participated in T cell immunity and monitors the immune response to anti-PD1 therapy. Therefore, some specific SE-associated lncRNAs can be used as potential targets to design specific drugs to regulate the tumor immune system and thereby kill tumors.
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Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group of immature cells derived from bone marrow that play critical immunosuppressive functions in the tumor microenvironment (TME), promoting cancer progression. According to base length, Non-coding RNAs (ncRNAs) are mainly divided into: microRNAs (miRNAs), lncRNAs, snRNAs and CircRNAs. Both miRNA and lncRNA are transcribed by RNA polymerase II, and they play an important role in gene expression under both physiological and pathological conditions. The increasing data have shown that MiRNAs/LncRNAs regulate MDSCs within TME, becoming one of potential breakthrough points at the investigation and treatment of cancer. Therefore, we summarize how miRNAs/lncRNAs mediate the differentiation, expansion and immunosuppressive function of tumor MDSCs in TME. We will then focus on the regulatory mechanisms of exosomal MicroRNAs/LncRNAs on tumor MDSCs. Finally, we will discuss how the interaction of miRNAs/lncRNAs modulates tumor MDSCs.
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Introduction

MDSCs are a heterogeneous population derived from bone marrow progenitor cells and immature myeloid cells (1). In normal physiology, immature myeloid cells are differentiated into monocytes, granulocytes, macrophages and dendritic cells, which exert immune activity (2). However, in cancers and other diseases (such as inflammation), MDSCs have the negative regulatory immune response to exacerbate disease status (2, 3). In the process of tumor progression, MDSCs cannot properly differentiated into monocytes and macrophages to play their immune roles, but abnormally proliferate and accumulate within TME (4). Tumor cells secrete many factors to inhibit the differentiation of immature myeloid cells and promote the proliferation and immunosuppressive roles of MDSCs (5). These mediators mainly include the TGF-β, Ligands for toll-like receptors, IL-1β, IFN-γ, IL-6, FMS-like tyrosine kinase 3 ligand (FLT3L), Granulocyte colony-stimulating factor (G-SCF), Macrophage colony-stimulating factor (M-CSF), Granulocyte-macrophage colony stimulating factor (GM-CSF) and IL-4 (6). Most mediators activate the functional state of MDSCs by regulating signal converters and transcriptional activators (STATs and NFκB) (7, 8). For example, IL-6 enhances both stimulatory and inhibitory roles of MDSCs via STAT3 signaling pathways in breast cancer (8, 9).

Tumor MDSCs are mainly divided into two main subtypes according to their phenotypes and origins, which are defined by cell surface markers of MDSCs in both tumor models and cancer patients (10, 11). The phenotypes of MDSCs in tumor-bearing mice are defined using Gr1 (ly6G/ly6C)/CD11b and further include two subtypes of MDSCs: Monocyte-MDSCs (M-MDSCs, CD11b+Ly6G−Ly6Chi) and Granulocyte-MDSCs (G-MDSCs, CD11b+Ly6G+Ly6Clo) (12, 13). The phenotypes of MDSCs are more diverse in cancer patients. MDSCs are cell populations expressing Lin-HLA-DR-CD33+ or CD11b-CD14-CD33+ in human body. The main subtypes are also divided into M-MDSCs (HLA-DR−/loCD11b+CD14+ CD15−) and G-MDSCs (CD11b+ CD14− CD15+ or CD11b+CD14− CD66b+) (14). Third subtype known as early-MDSCs which has been found in human studies. They are defined as Lin-HLA-DR-CD33+, mainly consisting of colony-forming cells activity and other myeloid precursor cells (13, 15).

M-MDSCs account for about 80% of all tumor MDSCs, but their inhibitory roles are lower than those of G-MDSCs. M-MDSCs are modulated by producing NO and Arginases. In contrast, the roles of G-MDSCs are determined by ROS and H2O2 (16–19). The main function of G-MDSCs is to inhibit T cell function, while M-MDSCs mainly differentiate into TAMs in cancer. It is well known that MDSCs have become the most important prognostic markers in cancer immunotherapy and contribute to immunosuppressive checkpoint resistance (20) (Figure 1).




Figure 1 | The differentiation process of MDSCs in physiological and pathological conditions. Under normal physiological conditions, myeloid progenitor cells are differentiated into monocytes, granulocytes and dendritic cells that are involved in the regulation of immune response. Under pathological condition, myeloid progenitor cells are differentiated into MDSCs. MDSCs from Immature myeloid cells are divided as two subtypes: monocytic MDSCs (M-MDSCs) and Granulocytic MDSCs (G-MDSCs).



MiRNAs are non-coding single-stranded small RNAs of approximately 22-24 nucleotides in length and are highly conserved evolutionarily, and are widely found in eukaryotic cells. They play vital regulatory roles in cells, especially in mRNA post-transcriptional regulation, and reduce mRNA expression levels by binding to the 3’UTR of mRNA and binding to the 5 ‘-UTR of mRNA to upregulate its transcription (10–12). MiRNAs are involved in regulating both a wide range of physiological activities such as cell cycle, differentiation, proliferation, maturation and immune response and pathological processes, such as inflammation and cancer (13). For example, our data have shown that miRNAs mediate the differentiation, expansion and function of tumor MDSCs (14).

LncRNAs are non-protein-coding RNAs of approximately 200 nucleotides in length (15). According to the position of lncRNAs in the genome relative to protein-coding genes, they can be divided into five categories: sense, antisense, bidirectional, intronic and intergenic (16, 17). LncRNAs are ever regarded byproducts of RNA polymerase II transcription as “noise” of genomic transcription without biological function (5, 17). However, the increasing evidences have revealed that LncRNAs mediate gene expression through chromatin modification, transcriptional regulation and post-transcriptional regulation in the nucleus and extranuclear, and are also involved in the occurrence and development of tumors (18–22) (Figure 2). LncRNAs have been found to mediate the carcinogenesis of colon cancer through a variety of molecular mechanisms, suggesting that lncRNAs can be used as biomarkers for early diagnosis and treatment of colon cancer (23). LncRNAs are overexpressed during the development, differentiation and activation of immune cells, such as monocytes, macrophages, dendritic cells, neutrophils (24). Furthermore, the increasing data were conducted on the activity of lncRNAs on MDSCs in TME (16, 25–27). Both miRNA and lncRNAs, as Non-coding RNAs (ncRNAs) can modulate tumor MDSCs. Thus, here we discuss the regulatory mechanisms of miRNAs/lncRNAs on the biological status and immune activity of MDSCs in TME, and put forward our own opinions.




Figure 2 | The LncRNA Regulation in cancer. In cancer, lncRNAs inhibit targeted mRNAs through endogenous competition with miRNAs, resulting in mRNA downregulation and carcinogenesis, resulting in tumor gene disorder and cancer.





MiRNAs/LncRNAs

ncRNAs are mainly divided by length into small (< 200 nucleotides) and long (> 200 nucleotides) RNAs according to base length. ncRNAs are: miRNAs、lncRNAs、snRNAs、circRNAs (28). ncRNAs act as regulatory molecules that regulate for a wide range of cellular processes, such as chromatin remodeling, transcription and post-transcriptional modification (29). MiRNAs have been well investigated over the past decade, lncRNAs are actively studied for their diverse roles in gene expression regulation. Besides, lncRNAs themselves can interact with other ncRNAs, such as miRNAs (30). Both miRNA and lncRNA are transcribed by RNA polymerase II, and they play important roles in gene expression under both physiological and pathological conditions, as transcriptional and post-transcriptional regulators (28). Studies have shown that miRNAs and lncRNAs are involved in transcriptional regulation at different levels, miRNAs/lncRNAs directly determine gene expression by binding with mRNA, gene/transcript or histone modifiers (31). LncRNAs may play a functional role as miRNA sponges by base-pair blocking of miRNA binding to target mRNA-3’UTR (32) (Figure 3).




Figure 3 | The relationship between MiRNA and LncRNA. Both miRNA and lncRNA regulate gene expression through binding with mRNA, gene/transcript or histone modifiers. LncRNA may sponges miRNA by base-pair blocking of miRNA response elements binding to target mRNA-3’UTR.



Recent studies have highlighted the diverse roles of MiRNAs/LncRNAs in cancer progression and metastasis. Increasing numbers of miRNAs and lncRNAs are found to be dysregulated in cervical cancer, regulating metastasis through regulating metastasis-related genes and signaling pathways. Moreover, miRNAs can interact with lncRNAs respectively during this complex process (33, 34). In breast cancer, the lncRNA MALAT1 and miR-100 are indirectly interlinked through VEGFA. MALAT1 binds to miR-216b as a competing endogenous RNA to restore Pyridox(am)ine-5- phosphate Oxidase deficiency (PNPO) and promote cell proliferation, migration and invasion in breast cancer (33). Therefore, miRNAs/lncRNAs are involved in gene expression and transcriptional regulation. They also affect the development of cancer and regulate the expression of oncogenes and tumor suppressors in TME (28, 32, 35). Therefore, the regulation of miRNA/lncRNA is more conducive to the research of bioactive targets for cancer treatment.



Post-Transcriptional Regulation of Tumor MDSCs With MiRNAs/LncRNA

Researchers have found that the interactions between miRNAs/LncRNAs and transcription factor modulated the biological status and immune activity of MDSCs in TME (36). Here, we describe the regulation of miRNA/lncRNA on MDSCs in the TME. The abnormal expression of miRNAs/lncRNAs in MDSCs and their regulatory mechanism on MDSCs have become potential breakthrough points.


Expansion of MDSCs

The expansion of tumor MDSCs is regulated through several pathways. Members of the CCAAT/enhancer binding protein (C/EBP) family, as key regulatory transcription factors, may regulate many biological processes, including cell growth, differentiation, metabolism and death. In TME, C/EBP maintains the critical regulation of MDSCs (37, 38) (Figure 4). In Lewis lung carcinoma and B16 melanoma, the overexpression of miR-486 promotes the proliferation of MDSCs and inhibits the differentiation and apoptosis of MDSCs through targeting C/EBPA (39). During the tumor process, when the C-X-C motif chemokine receptor 2(CXCR2) is activated, the expression level of miR-449c targeting STAT6 mRNA in MDSCs is upgraded to promote the MDSC expansion (6). In 4T1-breast cancer cell, miRNA-494 which is upregulated by tumor-derived factor TGF-β1, promotes the accumulation and activity of MDSCs through targeting Phosphatase and tensin homolog (PTEN) and activating Akt pathway (40). miR-155 and miR-21 promote the expansion of tumor MDSCs through targeting ship-1 and PTEN (41). Furthermore, miR-155 enhances tumor MDSC inhibitory activity through SocS1 repression (42–44). MiR-155 deficiency is also found to diminish the aggregation of functional MDSCs in the colon cancer, indicating that miRNA-155 could accelerate the accumulation of MDSCs (43–45). In lung tumor mouse model, miR-21 maintained MDSC accumulation in the TME by downregulating RUNX1 and upregulating Yes-associated protein (YAP), indicating that targeting miR-21 in MDSCs may be developed as an immunotherapeutic approach to combat lung cancer (46). In mixed leukemia, tumor-secreted factors GM-CSF/IL-6 upregulate high expression levels of miR-21a/21b/181b through STAT3/CEBPβ pathway, further diminishing the expression of WD repeat-containing protein 5 (Wdr5), absent small or homeotic-like (ASH2L) and mixed lineage leukemia 1 (MLL1), which are involved in the expansion and differentiation of G-MDSC. Furthermore, knockdown of these miRNAs diminishes the expansion of GM-CSF/IL-6-induced G-MDSCs, suggesting that miR-21a/21b/181b stimulate accumulation of MDSCs in the TME (47) (Table 1).




Figure 4 | Development and role of MDSCs. MDSCs are differentiated from myeloid progenitor cells. During the differentiation process, two signaling models are mainly used: The signaling driven by tumor-derived growth factors (STAT3, IRF8, C/EBPb, Notch and NLRP3) is responsible for proliferation of immature bone marrow cells and inhibits their differentiation. The second type of signaling is mediated by factors which are produced by tumor stroma (NF-KB, STAT1, STAT6). It is responsible for pathological development of immature myeloid cells into MDSCs. The expansion and immune function of MDSCs are regulated by other different signaling mechanisms further.




Table 1 | Regulation of MiRNAs on tumor MDSCs.



Chemotherapy is one major method of cancer treatment. However, it also brings some side effects. Rong et al. found that chemotherapies (such as doxorubicin treatment) induced drug-resistance in breast cancers cells and stimulated proliferation and activation of MDSCs to inhibit T cell anti-tumor response. In doxorubicin-resistant breast cancer, Doxorubicin-induced miR-10 overexpression exaggerates the expansion and activation of MDSCs by activating the AMKP signaling pathway, leading to poor prognosis in breast cancer patients (52). Hox antisense intergenic RNA (HOTAIR) is one lncRNA which is regarded as oncogene to play crucial roles in the progression and metastasis of several cancers such as breast, colorectal and gastric cancers. Moreover, HOTAIR overexpression causes expansion and recruitment of MDSCs in cancer cells through the release of CCL2 (5) (Table 2).


Table 2 | Regulation of LncRNAs on MDSCs.



MiRNAs/lncRNAs also negatively regulate the numbers and expansion of MDSCs in the TME. In our previous studies, negative roles of miRNAs on MDSCs have been described (14). In tumor-bearing mice, miR-223 reduces the accumulation of MDSCs and inhibits immature myeloid cells differentiation into MDSCs by targeting Myocyte enhancer factor 2C (MEF2C) (36, 48). In ovarian cancer treatment, Lin et al. found that dexamethasone(DEX), a synthetic glucocorticoid (GC), stimulated miR-708 overexpression by targeting RaP1B, further diminishing the expansion and number of MDSCs in TME (53). Pyzer et al. demonstrated that miR34a overexpression led to the downregulation of c-myc expression by transmembrane glycoprotein Mucin 1 (MUC1) silencing, reducing the expansion of MDSCs in acute myeloid leukemia (AML) (50) (Figure 5).




Figure 5 | Effect of MicroRNA/LncRNA on MDSC’ proliferation in the TME. MiRNAs/LncRNAs modulate the proliferation of MDSCs through different genes and signaling pathways. In each process, microRNA/LncRNA play positive: ⊣ or negative: ⊣ roles.





Differentiation of MDSCs

Tumor-derived factors affect different stages of myeloid cell differentiation, leading to the generation of pathologically activated M-MDSCs and PMN-MDSCs. The differentiation process of MDSCs is mediated through two types of signaling panels. The first type of signaling, driven by tumor-derived growth factors (STAT3, IRF8, C/EBPb, Notch and NLRP3), is responsible for proliferation of immature bone marrow cells and inhibits their differentiation. The second type of signaling is mediated by factors produced by tumor stroma (the NF-KB Pathway, STAT1, STAT6). It is responsible for pathologically activating immature myeloid cells into MDSCs (68) (Figure 4). Accumulating evidence has demonstrated that tumor-related MDSCs are differentiated into mature myeloid cells, such as macrophages or neutrophils through the regulation of different miRNAs. The downregulation of miR-9 is found to improve the differentiation of tumor MDSCs via targeting Runx1, thereby hindering tumor growth (56). Shi et al. demonstrated that TNF-α-upregulated miR-136 enhanced the differentiation of MDSCs and inhibited tumor growth by targeting Nuclear factor I A(NFIA) (57).

MiRNAs/lncRNAs also negatively modulate the differentiation of MDSCs in the TME. The upregulation of miR-34a reduces immature myeloid cells differentiation into MDSCs via TGF-β and IL-10 (51). The productions of bone marrow are altered during tumor development, leading to the accumulation of immunosuppressive cells there. miR-142-3p is found to restrain the differentiation of MDSCs into mature cells by regulating STAT3 and C/EBPβ signaling pathways (13, 14). MiR-17 family members (such as miR-17-5p, miR-20a and miR-106a) are overexpressed in human progenitor cells and inhibit AML1(the leukemia-associated transcription factor acute myeloid leukemia 1; also known as runt-related transcription factor 1, or RUNX1), leading to downregulation of M-CSFR, which prevents differentiation and activity of tumor MDSCs (63). In human acute promyelocytic leukemia, the master transcription factor PU.1 is revealed to activate the transcription of miR-424 and repress NFI-A, an inhibitor of monocyte differentiation, thereby stimulating the differentiation of MDSCs into mature cells to reduce MDSC population (55) (Table 1).

Lnc-C/EBPβ is an intermediate gene encoded on chromosome 4 that is highly conserved in mice, humans and other species. There are two subtypes of c/EBPβ: liver-rich activating protein (LAP*, LAP) and liver-rich inhibitory protein (LIP) (64). Expression of lnc-C/EBPβ in murine M-MDSCs is found to block the differentiation and inhibitory activity of MDSCs. This is through down-regulating the expression of IL-4, suggesting that it could be a potential target in tumor immunotherapy (46, 47). Metastasis-Associated Lung Adenocarcinoma Transcript 1 (MALAT1), a nuclear intergenic lncRNA, is highly conserved among species and involved in various diseases. Recently, lncRNA MALAT1 was found to stimulate the proliferation, invasion, and metastasis of many types of cancer cells such as cervical cancer, lung cancer, colorectal cancer and liver cancer (69). Knockout of MALAT1 genes in MDSCs lead to the increased number of MDSCs by the inhibition of MDSC differentiation (67). However, the regulatory mechanisms need to be investigated further (Figure 6 and Table 2).




Figure 6 | Effect of MicroRNA/LncRNA on MDSC’ differentiation in the TME. MiRNAs/LncRNAs mediate the differentiation of MDSCs into monocyte, dendritic cells and neutrophils through different genes and signaling pathways. In each process, microRNA/LncRNA play positive: ⊣ or negative: ⊣ roles.





Immunosuppressive Function of MDSCs

In the TME, MDSCs inhibit the anti-tumor roles of many immune cells, such as Natural Killer (NK) cells, B cells and T cells. The inhibition of T cell function is most important for evaluating the activity of MDSCs (1) (Figure 4). MiRNAs/lncRNA upregulate the activity and immunosuppressive function of MDSCs through different signaling pathways and transcription factors within TME (39, 58). In B lymphoma mouse models, the expression of miR-30a in MDSCs promotes the immunosuppressive roles of MDSCs (56). In addition, miR-30a also targets SOCS3/STAT3 to enhance the inhibitory activity of MDSCs (55). In the most common type of non-Hodgkin lymphoma (NHL) —– diffuse large B-cell lymphoma (DLBCL), four circulating miRNAs (miR-21, miR-130b, miR-155, and miR-28) are considered to be novel prognosis biomarkers of DLBCL and modulate RAS protein signaling transduction via Insuline-like growth factor I(IGF1) and Jun. These four miRNAs are associated with the induction of MDSCs and Th17 cells through cytokines TGFB1, IL-6 and IL-17, resulting in the immune suppression of DLBCL (58). In gastric cancer, miR-494 is positively associated with the expression of tumor-derived TGF-β which exaggerates the suppressive roles of MDSCs (49). In various tumor mouse models (such as lung cancer, breast cancer and colon cancer), it has been found that the tumor-derived factor GM-CSF induces miR-200c overexpression to activate Akt by negatively regulating the transcriptional regulator friend of Gata 2 (FOG2) and PTEN expression, further enhancing the immunosuppressive activity of MDSCs (59) (Table 1).

Olfactory Receptor 29 Pseudogene 1 (Olfr29-ps1), as one lncRNA pseudogene, is conserved in vertebrates (70). Tumor-associated factors can increase the expression of Olfr29-ps1 in MDSCs. In colon and rectal cancer, Olfr29-ps1 stimulates proliferation and inhibitory activity of M-MDSC by the upregulation of pro-inflammatory factor IL-6 (16). Plasmacytoma Variant Translocation 1 (PVT1), an intergenic lncRNA, is conserved in humans and mice. In various cancers, tumor-associated factors induce the increased expression of PVT1 in MDSCs. Downregulation of Pvt1 expression in PMN-MDSCs can reduce suppressive activity of MDSCs through the reduced activity of both ROS and Arg-1. In addition, PVT1 also up-regulates the expression levels of hypoxia-inducible factor-1α to enhance the immunosuppressive activity of G-MDSCs under hypoxia (65). Similarly, lnc-CHOP, as an intronic lncRNA, increases the activity of both ROS and Arg-1 through interacting with both CHOP and C/EBPβ subtypes to promote C/EBPβ activity and H3K4me3 enrichment, further enhancing the suppressive activity of MDSCs within the TME (64).

Tian et al. found that lncRNA AK036396 and its target Ficolin B were highly expressed in mouse PMN-MDSCs. The downregulation of lncRNA AK036396 improved differentiation and diminished the suppressive roles of PMN-MDSCs through reduced Ficolin B protein stability. In addition, human M-ficolin, as an ortholog of mouse Ficolin B, stimulates the suppressive activity of MDSCs in patients with lung cancer through the induction of arginase1 expression. These results indicate that lncRNA AK036396 could accelerate inhibitory roles of PMN-MDSCs on T cell anti-tumor responses (66) (Table 2).

MiRNAs/lncRNAs also negatively modulate the immunosuppressive function of MDSCs in the TME. The STATs pathway is of vital regulatory function. In both lung carcinoma and 1D8 ovarian carcinoma, miR-17-92 cluster (miR-17-5p and miR-20a) could block the roles of MDSCs through targeting STATs (54). Tao et al. demonstrated that the restoration of miR-195 and miR-16 expression enhanced radiotherapy via T cell activation in TME by the inhibition of PD-L1 expression, after radiation with anti-PD-1 treatment on prostate cancer. The synergistic effect of immunotherapy and radiotherapy is associated with the proliferation of CD8+ T cells and inhibition of MDSCs and regulatory T cells (Treg), indicating that miR-195 and miR-16 may reduce the suppressive functions of MDSCs through PD-1 dependent pathways (60).

An intergenic lncRNA, HOXA Transcript Antisense RNA Myeloid-Specific1 (HOTAIRM 1) has been shown to downregulate the suppressive functions of MDSCs in the TME, since HOTAIRM1 can induce the high expression of HOXA1 in MDSCs to reduce Arg-1 expression and ROS production. In addition, increased expression of HOXA1 has been shown to decrease the percentage of MDSCs, and enhance the immune response in a tumor mouse model (26).

Therefore, miRNAs/lncRNAs effectively regulate the differentiation, proliferation, and immunosuppressive functions of MDSCs (47, 71) (Figure 7).




Figure 7 | Effect of miRNA/LncRNA on MDSC’ function in the TME. MiRNAs/LncRNAs modulate the immunosuppressive roles of MDSCs on T cell anti-tumor response. In each process, miRNAs/LncRNAs play positive → or negative ⊣ roles.






MiRNAs/LncRNAs From Tumor-Derived Exosomes Mediate the Function of MDSCs in TME

Exosomes are small extracellular vesicles with size 30-150nm in diameter that are secreted by most cells (72). Exosomes are rich in genetic material and molecules: DNA, miRNA, lncRNAs, proteins and lipids, which are essential for cell-cell communication and physiological status. Moreover, exosomes are also involved in the regulation of tumor progression in the TME (11). Recently, it has been demonstrated that exosomes secreted by tumor cells play critical roles in cancer progression and invasion, including TME remodeling, tumor metastasis and tumor-associated immunosuppression (73).

MiRNAs in tumor-derived exosomes mediate the activity of MDSCs in TME through different expression patterns, transcription factors and signaling pathways (61, 74). In pancreatic cancer, the increased expression of miR-let-7i in TDEs affects the levels of myeloid inhibitory intracellular inflammatory cytokines (IL-6, IL-17, IL-1β) and transcription factors, downregulating the anti-tumor immune response (74). In glioma, glioma-derived exosomes (GDEs) miR-29a and miR-92a increase the proliferation and suppressive roles of MDSCs through targeting high-mobility group box transcription factor 1 (Hbp1) and protein kinase cAMP-dependent type I regulatory subunit alpha (Prkar1a), respectively, further mediating the formation of suppressive TME (75). In LLC lung cancer model, miR-21a from LLC-Exosomes are revealed to increase both the autocrine production of IL-6 and phosphorylation levels of STAT3 by targeting Programmed cell death 4(PDCD4), thereby preventing the activation of cytotoxic CD8+T cells and enhancing the proliferation and activity of MDSCs (76). In addition, in hypoxia-induced GDEs miR-10a and miR-21 stimulate the expansion and activation of MDSCs by targeting RAR-related orphan receptor α (RORA) and PTEN (77). In breast cancer with high expression of interleukin-6, TDEs miR-9 and miR-181A activate the JAK/STAT to exaggerate the proliferation and inhibitory roles of MDSCs by targeting SOCS3 and PIAS3 (76). In gastric cancer, Ren et al. found that the TDE miR-107 prompted the proliferation and activation of MDSCs by targeting Dicer1 and PTEN (78) (Table 3).


Table 3 | Tumor derived exosome miRNA on tumor MDSCs.



lncRNAs are also secreted in exosomes as messengers of intercellular communication. Some lncRNAs are enriched in exosomes, while others are almost absent, suggesting that some lncrnas are selectively trafficked into exosomes. Furthermore, RNA sequencing in exosomes derived from tumors revealed that most of the non-coding transcripts of exosomes were lncRNAs (79). Meanwhile, exosomal LncRNAs are often found in clinical cancer samples, indicating that LncRNA may be a potential biomarker for cancer diagnosis. In primary urothelial bladder cancer (UBC) cells, exosomic lncRNA HOTAIR is secreted by proteins (SNAI1, TWIST1, ZEB1 and LAMB3), which regulate EMT, resulting in gene changes on epithelial cells. LncRNA ZFAS1 is found to increase in the serum exosomes of GC patients with gastric cancer (GC), suggesting that lncRNA ZFAS1 plays a positive role in the progression of gastric cancer (80). Exosomal LncRNA ZFAS1 also promotes the proliferation, migration and invasion of tumor cells from esophageal carcinoma (ESCC), and inhibits the apoptosis of ESCC cells by up-regulating STAT3 and down-regulating MiR-124, leading to the carcinogenesis of ESCC. LncRNA ZFAS1 is believed to be a competitive endogenous RNA regulating MiR-124, thereby enhancing STAT3 expression (81). In bladder cancer (BCs), lncRNA-PTENP1 is found to be reduced in tissues and plasma exosomes. Cells which secrete exosomal PTENP1, deliver it to BC cells to inhibit the biological malignant behavior of BC cells by increasing apoptosis and decreasing invasion and migration (82). The regulatory mechanism of TDEs lncRNAs on MDSCs has not been clarified thoroughly. A few studies have shown that TDEs lncRNAs play the important regulatory role in TME and tumor cell interactions, accelerating tumor growth (24). TDEs lncRNAs are transported to the TME to modulate the roles of various cells, including macrophages, endothelial cells and fibroblasts (24). In liver cancer cells, lncRNA TUC339 induces M2 polarization by interacting with cytokine-cytokine receptors to exaggerate tumor metastasis (83). It is well known that lncRNA urothelial carcinoma-associated (UCA1) is an lncRNA associated with the occurrence and progression of various cancers, including colorectal cancer. Meanwhile, the mechanism of tumor-derived exosome lncRNA-UCA1 has also been studied. In colon cancer (CRC), UCA1 plays a key role in CRC tumor progression by packaging into exosome, and UCA1 sequesters mir-143 via a sponge mechanism (84) (Table 4). However, the mechanism by which exosome miRNA/LncRNA affects MDSC in TME remains to be studied.


Table 4 | Tumor derived exosome LncRNA on cancer.





LncRNA/MiRNA Interaction Regulate MDSCs in TME

LncRNA not only directly participates in the regulation of gene expression, but also regulates the expression of miRNA (85). miRNA can regulate mRNA expression through the miRNA response elements (MREs) of mRNA 3 ‘- UTR. LncRNA can adsorb miRNA through MREs to competitively bind miRNA as one Competing endogenous RNA (ceRNA) and interfere with the binding of miRNA with downstream target genes, and then participate in various biological processes such as cell proliferation, differentiation, apoptosis and angiogenesis (86, 87). Luan et al. reported that LncRNA XLOC_006390z played a functional role as one ceRNA in cervical cancer. When XLOC_006390 is knocked out, the expression of Mir-331-3p target gene NRP2 and Mir-338-3p target gene PKM2 is significantly downregulated, further promoting the occurrence and metastasis of cervical cancer (88). MiRNA can regulate lncRNA expression as well as target mRNA expression. LncRNA structure is similar to mRNA. LncRNAs indirectly inhibit the negative regulation of miRNAs on target genes by competing with miRNA to bind the 3’-UTR of target gene mRNA. Some of lncRNAs can form miRNA precursors through intracellular shearing, and then process and generate specific miRNAs to regulate the expression of target genes and exert functions. In addition, Individual lncRNAs function as endogenous miRNA sponges and inhibit miRNA expression, further performing biological roles. Therefore, integrated analysis of the regulatory relationship between mirNA-lncrNA-mrna can explain the occurrence and development of diseases comprehensively. These indicted that miRNA may regulate lncRNA expression through the similar mechanism by which mRNA is regulated (Figure 8).




Figure 8 | Mechanism of MiRNA/LncRNA interaction. The interaction mechanism between miRNAs and lncRNAs is as follows: (1) The two directly interact with each other. (2) lncRNAs inhibit miRNAs by competitively binding the 3 ‘-UTR of miRNA target mRNA. (3) lncRNAs, as ceRNA, inhibit the expression of miRNA by using the “miRNA sponge”. MiRNAs may regulate lncRNA expression through the similar mechanism by which miRNAs regulate mRNA, since LncRNA structure is similar to that of mRNA.



Mir-155 was overexpressed in MEGO1 leukemia cell line and the expression level of target lncRNA was significantly decreased. When Mir-155 was silenced, the expression of target lncRNA was significantly increased. These results indicated that miRNA could regulate the expression of lncRNA (89). lncRNAs can act as one ceRNA to sequester miRNAs, regulating the abundance and activity of miRNAs, resulting in the de-repression of genes targeted by corresponding miRNAs in cancer progression (34, 90). Recently, the regulation of lncRNA/miRNA in MDSCs has become increasingly important. Studies have speculated that lncRNA-miRNA may have synergistic effects on the roles of MDSCs. MiR-9 and or Runx1 overlapping RNA (RUNXOR) are two non-coding RNAs involved in the differentiation and activation of MDSCs. Tian et al. showed that miR-9 directly downregulated the expression of lncRNA Runx to stimulate the differentiation of MDSCs and reduce the suppressive ability of MDSCs (36). The retinal non-coding RNA3 (RNCR3), an intragenic lncRNA, which is conserved sequence in mammalian genomes, has been shown to be highly expressed in glioblastoma and prostate cancer (91). Furthermore. Shang et al. recognized that RNCR3 expression in MDSCs is upregulated by inflammatory and tumor associated factors. In the TME, the expression of RNCR3 was up-regulated in MDSC. RNCR3 may function as one ceRNA to upregulate the expression of Arg-1 and iNOS on MDSCs to enhance the roles of these MDSCs through sponge mir-185-5p which binds to CHOP to upregulate CHOP expression [104]. Therefore, those results suggest that RNCR3/miR-185-5p/Chop may strengthen suppressive roles of MDSCs in the TME.



Concluding Remarks and Prospect

MDSCs, as immunosuppressive cells, seriously affect the progression, invasion and metastasis of tumors, and may be used as potential targets for tumor immunotherapy. The regulatory mechanism of tumor MDSCs has been widely investigated by us and other scientists (14, 92–95). Increasing evidence demonstrated that ncRNAs, especially miRNA and lncRNAs, played the key roles in the regulation of tumor MDSCs in the TME. Here we review that MiRNA/lncRNAs regulate the biological status and functional activity of tumor MDSCs through different regulatory mechanisms. Moreover, we discuss how both exosomal miRNAs/lncRNAs and the interaction of miRNAs/lncRNAs modulate tumor MDSCs. However, In the TME, the regulation of miRNAs/lncRNA on MDSCs is affected. It remains to be explored how those dysregulated miRNAs/lncRNA are combined in the TME to act on tumor MDSCs through tumor-related signaling pathway. In addition, the regulation of miRNA/lncRNAs on MDSCs provided opportunities and challenges for targeting MDSCs immunotherapy. Moreover, these functional data of miRNA/lncRNA on tumor MDSCs are gained from animal studies, there are a few data from human patients with cancer. Thus, miRNAs/lncRNAs application for tumor MDSCs in clinical patients with cancer need be further clarified. In summary, the interaction of dysregulated miRNAs/lncRNA on tumor MDSCs with transcription factors, cofactors and chromatin modifiers may target specific signals to treat tumor MDSCs in the TME, providing novel strategies for cancer treatment.
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Background: Emerging evidence shows that genome instability-related long non-coding RNAs (lncRNAs) contribute to tumor–cell proliferation, differentiation, and metastasis. However, the biological functions and molecular mechanisms of genome instability-related lncRNAs in endometrial cancer (EC) are underexplored.
Methods: EC RNA sequencing and corresponding clinical data obtained from The Cancer Genome Atlas (TCGA) database were used to screen prognostic lncRNAs associated with genomic instability via univariate and multivariate Cox regression analysis. The genomic instability-related lncRNA signature (GILncSig) was developed to assess the prognostic risk of high- and low-risk groups. The prediction performance was analyzed using receiver operating characteristic (ROC) curves. The immune status and mutational loading of different risk groups were compared. The Genomics of Drug Sensitivity in Cancer (GDSC) and the CellMiner database were used to elucidate the relationship between the correlation of prognostic lncRNAs and drug sensitivity. Finally, we used quantitative real-time PCR (qRT-PCR) to detect the expression levels of genomic instability-related lncRNAs in clinical samples.
Results: GILncSig was built using five lncRNAs (AC007389.3, PIK3CD-AS2, LINC01224, AC129507.4, and GLIS3-AS1) associated with genomic instability, and their expression levels were verified using qRT-PCR. Further analysis revealed that risk score was negatively correlated with prognosis, and the ROC curve demonstrated the higher accuracy of GILncSig. Patients with a lower risk score had higher immune cell infiltration, a higher immune score, lower tumor purity, higher immunophenoscores (IPSs), lower mismatch repair protein expression, higher microsatellite instability (MSI), and a higher tumor mutation burden (TMB). Furthermore, the level of expression of prognostic lncRNAs was significantly related to the sensitivity of cancer cells to anti-tumor drugs.
Conclusion: A novel signature composed of five prognostic lncRNAs associated with genome instability can be used to predict prognosis, influence immune status, and chemotherapeutic drug sensitivity in EC.
Keywords: endometrial cancer, genome instability, long non-coding RNAs, risk score, prognosis predicting, immune status
INTRODUCTION
According to the most recent cancer statistics, endometrial cancer (EC) is the most commonly diagnosed gynecologic cancer in the United States, with estimated 65,620 new cases and 12,590 deaths (Siegel et al., 2020). However, no significant improvement in the 5-year relative survival of these patients has been achieved. The Surveillance, Epidemiology, and End Results (SEER) database contained 83.05% of data in 2018 and 82.36% in 1988 (Doll et al., 2018). EC is broadly classified into two types based on distinct pathological and clinical outcomes. Changes in multiple pathways, most notably the PTEN/PI3K/AKT/mTOR pathway, are implicated in type I EC. Moreover, the RAS/RAF/mitogen-activated extracellular signal-regulated kinase 1 (MEK)/extracellular signal-related kinase (ERK) and WNT/β-catenin signaling pathway are frequently aberrantly activated (Dong et al., 2013; Morice et al., 2016). Meanwhile, obesity and high circulating estrogen levels are strongly linked to type I EC. Other risk factors for type I EC include tamoxifen use after breast cancer, physical inactivity, hyperinsulinemia, reproductive history, and oral contraceptives (Bergman et al., 2000; Parslov et al., 2000; Kaaks et al., 2002). Type II EC has lower morbidity but a higher mortality rate than type I EC. However, this classification of EC has flaws due to the overlapping morphological and immunohistochemical characteristics of type I and II EC (Soslow, 2013).
Long non-coding RNAs (lncRNAs) are a type of transcripts, typically longer than 200 nucleotides (nt), and have no protein-coding capacity but can regulate gene expression (Evans et al., 2016). The abnormal expression of lncRNAs influences cell proliferation, tumor metastasis, and progression by interacting with specific signaling proteins, mRNAs, and micro-RNAs, allowing the formation of sophisticated networks that can contribute to phenotypic diversity in tumor cells (Dong et al., 2019). Several abnormally expressed lncRNAs have been discovered in different cancers, but their function is unknown. Tong et al. found that the lncRNA NORAD holds great promise as a prognostic biomarker in EC because it plays an important role in EC progression as a tumor suppressor (Han et al., 2020).
Genomic instability, characterized by an increased tendency for genomic changes ranging from base pair mutations to chromosomal aberrations, contributes to somatic heterogeneity and genetic diversity, as well as the progression of genetically related diseases, including cancer (Andor et al., 2017). Genomic instability is widely regarded as one of the hallmarks of cancer as it accelerates tumor progression and decreases patient survival (Negrini et al., 2010). Many studies on the classification of endometrial carcinoma have been conducted to judge the prognosis and guide treatment, and the findings revealed that the majority of endometrial carcinoma were microsatellite instable hypermutated (MSI-H) (Kandoth et al., 2013). Hypermethylation of the MMR gene promoter in MSI-H type EC resulted in the accumulation of DNA replication errors in tumor proliferation, characterized by insertion and deletion of microsatellite sequences, as well as a significantly higher genomic mutation frequency than in microsatellite-stable tumors (Zhao et al., 2014). Therefore, the degree of EC genomic instability has important diagnostic, treatment, and prognosis implications (Khanduja et al., 2016). Furthermore, because effective EC biomarkers for assessing prognosis and determining appropriate treatment are still limited, it is critical to identify novel available markers (Salvesen et al., 2012). Mounting evidence demonstrates that lncRNA is strongly linked to genomic instability (Liu, 2016). Recently, Zhaohua et al. showed that nuclear lncRNA BGL3 directly plays a role in the regulation of the DNA damage response pathway by preventing the BRCA1/BARD1 complex from accumulating on the DNA double-strand breaks (Hu et al., 2020). So far, however, few studies have been reported on this phenomenon in EC.
In this study, we attempted to integrate the expression profiles and somatic mutation profiles of patients with EC to construct a genome instability-associated lncRNAs based on risk score for prognosis prediction, immune status determination, and therapeutic scheme selection.
MATERIALS AND METHODS
Data Acquisition and Preprocessing
The Cancer Genome Atlas (TCGA), a public database interacting with 33 cancer types, was used to obtain data on the expression profile, somatic mutation, and clinical information of endometrial carcinoma patients. The project was TCGA-UCEC, and the transcriptome data files were labeled “FPKM.” LncRNA and mRNA were extracted from the transcriptional profiling data, separately. We obtained complete lncRNA expression profiles, mRNA expression profiles, clinical features, and somatic mutation profiles for 511 samples.
Differential lncRNA Expression and Co-Expression Analysis
The computational framework was designed to identify the lncRNAs associated with genomic instability, and then, the number of mutations was counted in each sample (Bao et al., 2020). Subsequently, we arranged subjects in descending order based on the number of somatic mutations. The patients were divided into high (≥25% mutation number) and low mutation number (<25% mutation number) groups, respectively, and designated as the genomic unstable (GU) groups and the genomic stable (GS) groups according to the mutation number. The “limma” package in R software was used to identify differentially expressed lncRNAs (DELs) between the high and low mutation number groups with a |logFC| >1 threshold and a false discovery rate adjusted p-value < 0.05. The co-expression network of the DELs and genes was established with a coefficient |R2| > 0.3 and p < 0.001. Next, 511 EC samples were randomly divided into training (256 patients) and testing sets (255 patients) using the R software package “caret.” Table 1 shows the clinical and pathological characteristics of the tumor samples between two sets (p > 0.05, Chi-square test). The preprocessing processes were as follows: (1) RNA sequencing annotation with reference file; (2) eliminating missing values; and (3) normalizing expression values by R software (3.4.0) and correcting background using the robust multichip averaging algorithm.
TABLE 1 | Clinical features of included patients.
[image: Table 1]Functional Enrichment Analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were conducted via the Annotation, Visualization, and Integrated Discovery (DAVID) 6.8 (https://david.ncifcrf.gov) (Yu et al., 2012). p < 0.05 was regarded as significantly enriched.
Construction of Prognosis Predictive-Model and Nomogram
All patients were randomly assigned to the training and validation cohorts on a 1:1 ratio. The expression profile of DELs was then combined with prognosis data. Employing the survival package, the prognosis prediction model was developed with the formula of “Riskscore = [image: image]”. Patients with risk scores higher than the median were assigned to the high-risk group, whereas others were assigned to the low-risk group. The Kaplan–Meier survival curve was used to compare the prognosis difference of high- and low-risk groups (Liu et al., 2020a). The receiver operating characteristic (ROC) curve was used to assess the predictive potential of our prognosis model. Dimensionality was reduced using principal component analysis (PCA) (Liu et al., 2019). Risk scores and clinical characteristics of patients were combined to establish a nomogram for improved predictive ability, which was then tested using calibration plots. Genomic instability-related lncRNA signature (GILncSig) prognosis was assessed using univariate and multivariate Cox regression analyses, as well as stratified analyses. We compared the areas under the ROC curves (AUCs) to evaluate GILncSig performance.
Immune Microenvironment, Checkpoint Analysis, and Gene Set Enrichment Analysis
The immune cell landscape in the tumor microenvironment was quantified by ssGSEA algorithms (Zhu et al., 2016). When compared to traditional quantification algorithms, ssGSEA had a higher degree of freedom in calculating multiple immune cell scores based on the expression profile. The expression of immune checkpoint genes was also examined in the high- and low-risk groups to investigate the underlying effect on immunotherapy. GSEA (http://software.broadinstitute.org/gsea/index.jsp) was used to identify biological processes with a high gene rank. The EC samples in the TCGA set were divided into high-risk and low-risk groups based on the riskscore model. The underlying biological functions of the two groups were identified by comparing the enrichment of biological processes. The collection of annotated gene sets in the Molecular Signatures Database (MSigDB, http://software.broadinstitute.org/gsea/msigdb/index.jsp) served as the reference gene set in GSEA software. The Nom. p < 0.05 was chosen as the cutoff criterion (Song et al., 2017). The c2.cp.kegg.v7.4.symbols.gmt was chosen as the reference file.
Immunophenoscore Analysis
The immunophenoscores (IPSs) of patients with EC were obtained from The Cancer Immunome Atlas (https://tcia.at/home). The IPS analysis was performed randomly using machine learning to determine the immunogenicity of four categories of genes: effector cells, suppressive cells, major histocompatibility complex molecules, and immune modulators or checkpoints. The IPS was calculated using weighted averaged Z-scores from the above categories with a range of 0–10, and the scores were increased with higher immunogenicity (Charoentong et al., 2017).
ESTIMATE Algorithm
Estimation of Stromal and Immune cells in Malignant Tumours using Expression data (ESTIMATE) is an algorithm for determining the levels of stromal and immune cell infiltration in tumors (Yoshihara et al., 2013). ESTIMATE algorithm was used to evaluate the immune cell content (immune score), stromal cell infiltration (stromal score), strom-immune synthesis score (ESTIMATE score), and tumor purity for each EC sample.
TMB Calculation and Clinical Data Analysis
The tumor mutation burden (TMB) level was calculated by dividing the total number of mutations by the size of the coding region of the target region. The EC samples were divided into high-TMB and low-TMB groups based on the median TMB level. The TMB level from the TCGA database was combined with the corresponding survival data from each sample, and the differences in OS between different TMB level groups and different TMB levels combined with different risk groups were compared using Kaplan–Meier analysis. The Wilcoxon rank sum test was used to investigate the correlation of TMB with the risk score.
Somatic Mutation, Tumor Stemness, and Drug Sensitivity Analysis
The mutation data of endometrial carcinoma patients were obtained from the TCGA (Data Category = copy number variation; “maf” file). Fall plots were used to visualize the top 10 mutation genes via the maftools packages in R software (Mayakonda et al., 2018). As previously reported, the stem-like indices for each endometrial carcinoma sample were calculated using one-class logistic regression (Yi et al., 2020). Then, in the high-risk and low-risk groups of GILncSig, we estimated the half-maximal inhibitory concentration (IC50) of selected drugs from a public database called Genomics of Drug Sensitivity in Cancer (GDSC; https://www.cancerrxgene.org) using the “pRRophetic” packages (Song et al., 2020). The NCI-60 database, which was assessed via the CellMiner interface (https://discover.nci.nih.gov/cellminer), is currently the most widely used for cancer drug testing (Dong et al., 2020). Pearson correlation analysis was performed to explore the underlying drug sensitivity difference between the high- and low-risk groups.
Quantitative Real-Time PCR
A total of 15 paired EC tissues and normal tissues were obtained from patients at the First Affiliated Hospital of Nanjing Medical University. The Ethics Committee of the First Affiliated Hospital of Nanjing Medical University (Nanjing, China) approved this study. All patients signed informed consent forms. Total RNA was isolated from samples using TRIZOL reagent (Thermo Fisher Scientific, USA), then reverse-transcribed into cDNA using a Revert Aid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, USA), and analyzed by quantitative real-time PCR (qRT-PCR) with an SYBR-Green PCR kit (Takara, Tokyo, Japan). GAPDH was used to normalize the relative expression of the lncRNA. The sequences are listed in Supplementary Table S1.
Statistical Analysis
All the analyses were performed using the R software (version 4.1.0). All statistical tests were two-sided, with a p-value of less than 0.05 considered statistically significant. The Student t-test was used to compare the normally distributed variables in two groups, and the Wilcox test was used to compare non-normally distributed continuous variables.
RESULTS
Sample Clustering and Enrichment Analysis
Figure 1 depicts the research procedure for this study. According to the cumulative somatic mutations, we assigned the top 25% highest mutation and the bottom 25% lowest mutation to the GU (n = 133) and GS groups (n = 131). There were 109 DELs between the two groups, with 31 lncRNAs upregulated and 78 lncRNAs downregulated in the GU group (adj. p-value < 0.05, |logFC| > 1) (Supplementary Table S2). Supplementary Figure S1 shows a heatmap of 20 most significantly upregulated lncRNAs and 20 most significantly downregulated lncRNAs. Unsupervised hierarchical clustering analysis was used to classify all TCGA samples into GU (higher cumulative somatic mutations) and GS (lower cumulative somatic mutations) groups based on the set of 109 DELs (Figure 2A). As one of the members of the ubiquitin-like and ubiquitin-associated (UBL-UBA) protein family, UBQLN4 plays an important role in sustaining genomic stability by affecting nucleotide excision repair. Recent studies have revealed that the mutation of UBQLN4 could reflect genomic instability in cancers, thus affecting prognosis and the chemotherapy response (Jachimowicz et al., 2019). Therefore, UBQLN4 was selected to reflect the genomic instability. Similarly, the GU-like group had a higher level of somatic mutation count and UBQLN4 expression (Figures 2B,C). Meanwhile, a co-expression network of these lncRNAs and mRNA was constructed (Figure 2D). GO analysis revealed that the lncRNAs were significantly enriched in “sequence-specific DNA binding,” “anterior/posterior pattern specification,” “transcription factor activity, sequence-specific DNA binding”, “neuron differentiation”, and “regulation of immune system process” (Figure 2E). KEGG analysis demonstrated that the lncRNAs were significantly enriched in “signaling pathways regulating pluripotency of stem cells,” “cytokine-cytokine receptor interaction”, “hippo signaling pathway,” “pathways in cancer”, and “hematopoietic cell lineage” (Figure 2F). As of now, 109 lncRNAs have been identified as genome instability-related lncRNAs.
[image: Figure 1]FIGURE 1 | Research roadmap of this study.
[image: Figure 2]FIGURE 2 | Cluster analysis and functional annotation of genomic instability-related lncRNAs in patients with endometrial carcinoma. (A) Unsupervised clustering was performed on patients with endometrial carcinoma based on the expression patterns of 128 candidate genomic instability-related lncRNAs. (B) Level of somatic mutation count in GU and GS groups. (C) Expression level of UBQLN4 in GU and GS groups. (D) Co-expression network of genomic instability-related lncRNAs and mRNAs based on Pearson correlation coefficient. (E,F) Results of Gene Ontology analysis and Kyoto Encyclopedia of Gene and Genomes pathway enrichment analysis for lncRNAs co-expressed mRNAs.
Constructing the OS Prediction Model
We randomly divided 511 EC samples into a training group (n = 256) and a test group (n = 255) to investigate the prognostic value of 109 candidate lncRNAs associated with genomic instability. The Chi-square test and the Wilcoxon rank sum test were used to demonstrate that no significant differences in clinicopathological covariates existed between the training and the testing groups (Table 1). We used univariate and multivariate Cox proportional hazards regression to select five of 14 candidate lncRNAs as prognostic lncRNAs (Supplementary Tables S3, S4). Finally, in the training cohort, the lncRNAs AC007389.3, PIK3CD-AS2, LINC01224, AC129507.4, and GLIS3-AS1 were included in our prognosis model with the formula of “Riskscore = AC129507.4 *0.0336 + GLIS3-AS1 * 0.0183 + PIK3CD-AS2 *0.1192 + LINC01224 *0.1728 + AC007389.3 *0.2166”. Then, on the basis of the median value of the risk score, we calculated the risk score for each EC sample in the training set and divided it into the low-risk group (n = 128) and high-risk group (n = 128). The patients with EC were ranked in ascending order based on the risk score and observed the changes in the trend of GILncSig, the number of somatic mutations, and the level of expression of UBQLN4 (Figure 3A). The heatmap compared clinicopathological features between two groups based on the expression of five lncRNAs associated with genomic instability. The analysis revealed significant differences in terms of stage, grade, histological, type, and age (Supplementary Figure S2, p < 0.01). In the Kaplan–Meier analysis, we found that overall survival (OS) was higher in the low-risk group than that in the high-risk group (Figure 3B). According to the ROC curve, our GILncSig model exhibited good sensitivity and specificity in predicting the OS of patients with EC (5 years, AUC = 0.723; 3 years, AUC = 0.707; 1 year, AUC = 0.738) (Figure 3C). The PCA revealed that samples from the two groups were distributed in opposite directions (Figure 3D). Meanwhile, it was discovered that the number of somatic mutations was lower in the high-risk group than that in the low-risk group (Figure 3E).
[image: Figure 3]FIGURE 3 | Construction of the GILncSig for prognostic prediction model of genomic instability-related lncRNA. In training set, (A) distribution of somatic mutation, the expression level of UBQLN4 and five lncRNAs expression patterns as the risk score increased. (B) Prognostic prediction in the high-risk group and low-risk group by Kaplan–Meier. (C) Time-dependent ROC curves were used to verify the survival prediction model. (D) PCA analysis revealed the difference between the high- and low-risk groups. (E) Level of somatic mutation count in the high- and low-risk groups. GILncSig evaluation in the testing set. (F) Distribution of somatic mutation and expression level of UBQLN4 as well as expression patterns of five lncRNAs as the risk score increased. (G) Prognostic prediction in the high- group and low-risk groups by Kaplan–Meier. (H) Time-dependent ROC curves were used to verify the survival prediction model. (I) PCA analysis revealed the difference between the high- and low-risk groups. (J) Level of somatic mutation count in the high- and low-risk groups. GILncSig evaluation in the TCGA set. (K) Distribution of somatic mutation and expression levels of UBQLN4 as well as expression patterns of five lncRNAs as the risk score increased. (L) Prognostic prediction in the high- and low-risk groups by Kaplan–Meier. (M) Time-dependent ROC curves were used to verify the survival prediction model. (N) PCA analysis revealed the difference between the high- and low-risk groups. (O) Level of somatic mutationcount in the high-risk and low-risk groups. Red color represents the high-risk group, and blue color represents the low risk-group.
Validating the Prognostic Prediction Model in the Testing Set
Using the same risk scoring formula as in the training set, a total of 255 samples in the testing set were divided into the low-risk group (n = 129) and high-risk group (n = 126), and the predictive power was demonstrated in the testing set. The changes in the GILncSig trend, number of somatic mutations, and UBQLN4 expression level in the training set were similar to those in the testing set (Figure 3F). Moreover, the testing set exhibited prognostic patterns similar to the testing set (Figure 3G). The ROC curve demonstrated that the model had good sensitivity and specificity in predicting patient OS in the testing set (5 years, AUC = 0.674; 3 years, AUC = 0.677; 1 year, AUC = 0.639) (Figure 3H). PCA analysis displayed a different distribution pattern for the low-risk and high-risk groups according to the expression of five lncRNAs in the testing set (Figure 3I). The number of somatic mutations in the high-risk group was lower than in the low-risk group (Figure 3J).
Validating the Prognostic Prediction Model in the TCGA Set
The 511 samples To in the TCGA set were stratified into low-risk (n = 257) and high-risk groups (n = 254) based on the cutoffs in the training set to further validate the prediction model. The distribution patterns of GILncSig, somatic mutation number, and UBQLN4 expression level were consistent with the above results for training and testing sets (Figure 3K). In addition, the high-risk group had a much lower OS than the low-risk group (Figure 3L). The ROC curve revealed that the GILncSig in the TCGA set had good sensitivity and specificity in predicting patient OS in the testing set (5 years, AUC = 0.702; 3 years, AUC = 0.696; 1 year, AUC = 0.683) (Figure 3M). In the TCGA set, PCA analysis displayed a distinct distribution pattern for the low-risk and high-risk groups (Figure 3N). The number of somatic mutations in the high-risk group was lower than in the low-risk group (Figure 3O). Furthermore, GSEA was used to examine the transcript message of genomic instability-related lncRNAs in the high-risk and low-risk subgroups. Representative KEGG pathways in the high-risk subgroup model were “base excision repair,” “cell cycle,” “DNA replication,” “mismatch repair,” (MMR) and “nucleotide excision repair.” Representative KEGG pathways in the low-risk subgroup model were “asthma,” “autoimmune thyroid disease,” “cytokine-cytokine receptor interaction,” “graft-versus-host disease,” and “intestinal immune network for IgA production” (Supplementary Figure S3).
ROC Analysis of Clinical Factors and the Risk Score
ROC curve analysis revealed that the AUC of risk score was 0.707 and the clinical factor was 0.727 in this model, both significantly higher than histological type (AUC = 0.664) and stage (AUC = 0.688). Intriguingly, the AUC of clinical factor plus risk score (AUC = 0.762) was the highest in this ROC curve (Figures 4A,B). The ROC curve demonstrated a better predictive potential of GILncSig; however, combining clinical factors and GILncSig yielded the best predicting effect on OS in patients with EC. To demonstrate further the predictive performance of the ROC curve for lncRNA in this model, we compared two recently published articles on the signatures of lncRNAs (Tang et al., 2019; Wang et al., 2020a). Using the same TCGA patient cohort, it was revealed that the AUC of OS for the GILncSig in this model is 0.702, significantly higher than other models such as WangLncSig (AUC = 0.698) and TangLncSig (AUC = 0.641) (Figure 4C). As such, a nomogram incorporating risk score and clinical factors were developed to provide clinicians with a quantitative method for predicting OS in patients with EC (Figure 4D). The calibration curve of 1-, 3-, and 5-year survival showed that the nomogram was nearly an ideal model (Figures 4E–G). The prognostic factors of patients with EC are shown in Supplementary Figure S4; it was revealed that age, grades 3 and 4, histological type, and stage were the most important factor affecting the prognosis of patients with EC, whereas initial stage (grades 1 and 2) did not affect prognosis between the high-risk and low-risk groups. These findings suggest that, compared to nomograms based on lncRNA signatures, those based on GILncSig may better predict outcome and clinical features for patients with EC, thereby aiding clinical management.
[image: Figure 4]FIGURE 4 | Construction of nomogram for predicting survival of patients with EC. (A) Time-dependent ROC analysis to evaluate prognostic value of the risk score and clinical factors (histological type and stage). (B) Time-dependent ROC analysis based on risk score and merged clinical factors. (C) Time-dependent ROC analysis of OS for the GILncSig, WangLncSig, and TangLncSig. (D) The baseline nomogram from three clinicopathological parameters (stage, histological type, and risk score). (E–G) Calibration plots of 1-, 3-, and 5-year OS for the patient with predicting.
Assessing the Independent Prognostic Significance of Risk Score and Clinical Stratification Analysis
We performed univariate and multivariate Cox regression analyses on three datasets (training, testing, and TCGA) for variables, including age, histological type, stage, grade, and risk score to see if it is an independent prognostic factor from the clinicopathological features. After adjusting for other clinical factors, including age, gender, and tumor stage, clinical stratification analyses of the prognostic performance of GInLncSig in the TCGA dataset revealed that patients in the low-risk group had better survival outcomes than those in the high-risk group across all clinically stratified subgroups (p < 0.05, log-rank test; Table 2). These results suggested that the prognostic significance of GInLncSig in patients with EC is independent of other clinicopathological variables.
TABLE 2 | Univariate and multivariable Cox regression analysis of the GILnvSig and overall survival in different patient sets.
[image: Table 2]Prediction Performance Between the GILncSig and PTEN
Previous research has demonstrated that the phosphate and tension homolog deleted on chromosome 10 (PTEN) gene plays a critical role in EC progression (Wang et al., 2021). To learn more about the relationship between the GILncSig and PTEN mutations, we examined the proportion of patients with PTEN mutations in three groups. The analysis showed that PTEN mutations in the low-risk group were significantly higher than those in the high-risk group in the TCGA, testing, and training sets (Figures 5A–C). However, it is unclear whether higher PTEN mutation was a better predictor of survival outcomes than GILncSig. Compelling evidence shows that the TP53 mutation is an important prognostic factor in EC (Hollis et al., 2020), as such, we compared the predictive performance of GILncSig and the TP53 mutation simultaneously. PTEN/TP53-sequence wild type (PTEN/TP53 wild) and PTEN/TP53-sequence mutation type (PTEN/TP53 mutation) EC patients were divided into GU and GS groups. PTEN wild EC patients in the GS groups (defined as PTEN wild/GS-like) had a worse prognosis than PTEN mutation EC patients in GS groups (defined as PTEN wild/GS-like) (p < 0.001) and PTEN mutation EC patients in GU groups (defined as PTEN mutation/GU-like) (p < 0.001). Whereas, TP53 mutation in the GS groups (defined as TP53 mutation/GS-like) had worse OS than TP53 wild in the GS groups (defined as TP53 wild/GS-like) (p < 0.001) and in the GU groups (defined as TP53 wild/GU-like) (p < 0.05). Meanwhile, there was no difference in survival between the other groups (Figures 5D–E). These findings demonstrate that GILncSig holds great promise as an effective tool in predicting OS as PTEN mutation and TP53 mutation.
[image: Figure 5]FIGURE 5 | Combined survival analysis of the GILncSig and PTEN mutation. Proportion of PTEN mutation in the high- and low-risk groups in the TCGA set (A), testing set (B), and training set (C). (D,E) Kaplan–Meier curves were used to analyze the OS of PTEN and TP53 in mutation/GS-like, mutation/GU, wild/GS, and wild/GU groups.
Analysis of the Mutation Profiles of Two Risk Groups
To assess the immune status in the high-risk and low-risk groups, we compared the ESTIMATE scores (including immune scores and stromal scores) with tumor purity. The ESTIMATE algorithm results revealed that the ESTIMATE score, immune score, and stromal score of the high-risk group were lower than those of the low-risk group. Tumor purity, on the other hand, was higher in the high-risk group (Figure 6A). Human leukocyte antigen (HLA)–related genes had significant effects on immune regulation, and HLA-related gene expression was significantly lower in the high-risk group compared to the low-risk group (Figure 6B). Previous evidence shows that lncRNAs mediate the function of tumor-infiltrating immune cells (TICs) (Athie et al., 2020); therefore, we looked at the relationship between five prognostic lncRNAs and TICs (Supplementary Figure S5). Immune cells significantly impact the tumor immune microenvironment; as such, we compared tumor immune-related cells across the risk groups. The results showed that the abundances of aDCs were significantly decreased in the low-risk group, whereas the abundances of CD8+ T cells, DCs, iDCs, mast cells, neutrophils, pDCs, T helper cells, Tfh, Th1 cells, Th2 cells, TIL, and Treg cells were significantly decreased in the high-risk group (Figure 6C). The correlation of risk score and tumor immune-related cells, as well as the most relevant tumor immune cells, are illustrated in Figures 6D,E. Comparisons of 13 immune-related functions confirmed the difference of APC costimulation, CCR, checkpoint, cytolytic activity, HLA, inflammation-promoting, T cell co-inhibition, T cell costimulation, type I IFN response, type II IFN response in the high-risk and low-risk groups (Figure 6F).
[image: Figure 6]FIGURE 6 | Comparison of immune signature between the high- and low-risk groups of patients with EC. (A) Comparison of ESTIMATES score, immune score, stromal score, and tumor purity in the high- and low-risk groups. (B) Expression of HLA-related genes in different risk groups. (C) Comparison of tumor-infiltrating immune cells (TIICs). (D) Correlation of risk score and TIICs. (E) Association of Macrophages M0 and risk score (immune infiltration). (F) Scores of 13 immune-related functions in the high- and low-risk groups. Adjusted p-values were shown as follows: ns, not significant; *p < 0.05; **p < 0.01; and ***p < 0.001.
Immune checkpoint proteins were involved in immune response and interacted with immune cells in various ways. Among many immune checkpoint proteins, CD27, CD40, CD70, CD270, B7-H3, B7-H4, IDO1, PD-1, PD-L1, PD-L2, TIM-3, TIGIT, CTLA4, CD86, ICOS, and LAG3 have been extensively studied and are thought to be important immunomodulators. First, we looked at the correlations between immune checkpoint proteins and risk score (Figure 7A); the top six immune checkpoint proteins that were most negatively associated with the risk score are shown in Figure 7B. The scores of IPS, IPS-CTLA4, IPS-PD1-PD-L1-PD-L2, and IPS-PD1-PD-L1-PD-L2-CTLA4 in the high-risk and low-risk groups were calculated to evaluate immune signature and predict the potential role of immune checkpoint inhibitors (Figure 7C). Moreover, we found that the risk score was negatively correlated with MSI (p = 0.00063, Figure 7D). In addition, the expression levels of MLH1, MSH2, MSH6, and PMS2 were significantly higher in the high-risk group compared to the low-risk group (Figure 7E).
[image: Figure 7]FIGURE 7 | Immunophenoscore (IPS) score and gene expression analysis of immune checkpoint. (A) Correlation of risk score and expression of ICI related genes. (B) Correlation of CD27, CD58, CD270, CTLA4, PD1, TIGIT, and risk score. (C) Expression level of IPS, IPS-CTLA4, IPS-PD1-PD-L1-PD-L2, and IPS-PD1-PD-L1-PD-L2-CTLA4 in the high- and low-risk groups of patients with endometrial cancer. (D) Negative correlation between immune-related risk score and microsatellite instability (MSI). (E) The gene expression of MLH1, MSH2, MSH6, and PMS2 in the high- and low-risk groups.
Genome-Wide Mutation Profiling in EC Between Two Risk Groups
To investigate the prognostic value of TMB, we calculated the TMB value of EC samples in the TCGA database and divided them into high-TMB and low-TMB groups based on the median TMB value. The survival rate of the two groups was analyzed using the K-M curves and the results showed the best prognosis in patients with EC with high-TMB (Figure 8A). When the risk score and TMB analyses were combined, it was revealed that patients with EC with low-TMB and high-risk scores had the worst prognosis, whereas patients with EC with high-TMB and low-risk scores had the best prognosis (Figure 8B). Furthermore, we analyzed genome-wide mutations in EC high- and low-risk groups and found that missense mutations were the most common among different types of mutations, single-nucleotide polymorphisms were more common than deletions or insertions, and C > T transitions accounted for the highest proportion in both groups. Horizontal histogram demonstrated that the top 10 mutated genes in the two groups differed, but PTEN was among the top two (Supplementary Figure S6). In the high-risk group, 10 genes were mutated at a rate of more than 21%: TP53 (56%), PTEN (45%), PIK3CA (44%), ARID1A (33%), TTN (30%), PIK3R1 (23%), CHD4 (22%), CSMD3 (21%), KMT2D (21%), and PPP2R1A (21%). In the low-risk group, 10 genes were mutated at a rate of more than 29%: PTEN (84%), ARID1A (57%), PIK3CA (54%), TTN (47%), PIK3R1 (39%), CTCF (36%), CTNNB1 (33%), KMT2D (32%), ZFHX3 (31%), and MUC16 (29%) (Figures 8C,D). Moreover, we found that the risk score was negatively correlated with TMB (p = 0.01426, Figure 8E). TMB appeared to be higher in patients with EC in the low-risk group than in those in the high-risk group (Figure 8F). We also discovered that the low-risk group had more samples with PTEN, ARID1A, CTNNB1, CTCF, TTN, PIK3R1, KMT2D, and PIK3CA mutations than the high-risk group (Figure 8G). The mRNA stemness indices in the high-risk group were higher than those in the low-risk group, and there was no difference in the EREG-mRNA stemness indices between the two groups (Figures 8H,I).
[image: Figure 8]FIGURE 8 | TMB level and Somatic mutation analysis. (A) Survival analysis between patients with high- and low-TMB EC. (B) Two-factor survival analyses of risk score and TMB levels. (C,D) Landscape of mutation profiles was shown in the waterfall plot, in which the type of mutation is shown in the comment bar (bottom) and genes are ordered by their mutation frequency. (E) Relationship between tumor mutation burden (TMB) and immune-related risk score. (F) Differences of tumor mutation burden in the high-risk and low-risk groups. (G) Differences of mutated genes between the high- and low-risk groups. (H,I) mRNA stemness indices between the high- and low-risk groups.
Prognostic lncRNAs Expression and Cancer Cell Sensitivity to Chemotherapy
The IC50 of each EC sample was calculated and compared using a common chemical drug prediction model. We screened 20 chemotherapeutic drugs with lower IC50 (including Bicaluramide, AKT.inhibitor.VIII, X17.AGG, RDEA119, Bryostatin.1, FTI.277, AZD6244, XMD8.85, PD.0325901, Roscovitine, SB.216763, CHIR.99021, AZD6482, PF.562271, PD.0332991, Embelin, Bexarotene, Nutlin.3a, BMS.708163, Lapatinib, FH535, AZ628, BMS.754807, BMS.536924, LFM.A13) in comparison to the high-risk group (p < 0.05) (Supplementary Figure S7). Furthermore, we investigated the correlation of expression of the lncRNAs related to genetic instability in NCI-60 cell lines and the relationship between expression and drug sensitivity. The analysis demonstrated that increased LINC01224 expression was associated with decreased drug sensitivity of cancer cells to ARRY-162, Trametinib, Cobimetinib, Selumetinib, Dabrafenib, and Vemurafenib, whereas increased PIK3CD-AS2 expression was associated with increased drug resistance of cancer cells to 6-Mercaptopurine, Copanlisib, Dasatinib, and Pipamperone. Furthermore, as GLIS3-AS1 expression increased, cancer cell drug sensitivity to Vorinostat and 6-Thioguanine decreased (Figure 9). The results showed that lncRNAs associated with genome instability were potentially related to chemotherapy drug sensitivity (p < 0.05).
[image: Figure 9]FIGURE 9 | Scatter plot of relationship between the expressions of lncRNAs related to genetic instability and drug sensitivity.
Validating Genome Expression Levels of Instability-Related lncRNAs in EC Samples
To validate the expression levels of genome instability-related lncRNAs, we used qRT-PCR to detect the expression levels of five genome instability-related lncRNAs in 15 EC samples and 15 normal tissues. The findings revealed that PIK3CD-AS2 was significantly downregulated, whereas AC129507.4 was highly expressed (Supplementary Figures S8A,B). However, there was no difference in the expression of GLIS3.AS1, LINC01224, and AC007389.3 between EC and normal samples (Supplementary Figures S8C–E).
DISCUSSION
Globally, EC is among the most common female genital cancers and the prevalence of EC continues to increase every year. The lack of significant improvement in the 5-year survival rate for patients with EC suggests that the disease remains a serious threat to female health (Bray et al., 2018; Feng et al., 2019) Therefore, there is an urgent need for better surveillance and treatment programs for EC. The current study was aimed at identifying the GILncSig and its prognostic value in EC.
To investigate the value of lncRNA-related genomic instability on the prognosis of patients with EC, the patients were grouped based on mutation frequency and filter the target genes. First, a total of 109 lncRNAs with different expression levels in the quarter highest and guarter lowest mutation frequency samples were identified. The lncRNAs were then screened to be associated with genomic instability in patients with EC. In addition, it was also investigated whether the genomic instability-associated lncRNAs could predict clinical outcomes. Results of the present study showed that patients in the high-risk group had the worse outcomes and lower somatic mutation, which was validated by the testing set as well as the TCGA set.
Results of the ROC curve analysis show that the clinical factor combined with risk score exhibited the most significant effect in the model as compared with other models. The construction and validation of GILncSig revealed that GILncSig effectively predicted the prognosis and gene instability of patients with EC. Further, among the numerous lncRNAs, lncRNAs AC007389.3, PIK3CD-AS2, LINC01224, AC129507.4, and GLIS3-AS1 were included in the prognosis model employed in the current study. It has been reported that LINC01224 is highly expressed in epithelial ovarian cancer and can promote the development of the cancer through miR-485-5p–mediated PAK4 (Gong et al., 2020). Therefore, interference with the expression of LINC01224 can inhibit the proliferation of colon cancer cells and induce cell cycle arrest in G0-G1 phase (Xing et al., 2020). The PIK3CD-AS2 lncRNAs also promotes tumor cell proliferation and inhibit apoptosis, and this is thus associated with poor prognosis of lung adenocarcinoma (Zheng et al., 2020). On the other hand, GLIS3-AS1 lncRNAs may be a biomarker for pancreatic duct adenocarcinoma (Permuth et al., 2017).
In addition, it was evident that the largest difference in mutations between these two groups of lncRNAs (PIK3CD-AS2 and GLIS3-AS1) was PTEN mutation, which was more common in the low-risk samples than in the high-risk samples. A previous study conducted by Erkanli et al. reported that the mutation or deletion rate of PTEN protein in Ⅰ type EC was between 34% and 55%, and even >80% (Erkanli et al., 2006). Moreover, the analysis of PTEN gene mutation in patients with EC and precancerous lesions revealed that 83% of the patients had PTEN mutation and 55% of precancerous lesions also had genetic mutation, whereas normal endometrial tissue samples did not have PTEN mutation (Mutter et al., 2000). The results of the present study indicated that low-risk patients with more PTEN mutation have worse prognosis outcome than high-risk patients with fewer PTEN mutations. Therefore, the enrichment of co-expressed genes was associated with carcinogenesis, and genome stability as well as immune and genomic instability-related lncRNAs were found to predict the prognosis and be an indicator of genomic instability of patients with the cancer.
Currently, with the increase in understanding of the tumor microenvironment, the importance of and the role that immune cells play has been extensively elucidated. A previous study on head and neck cancer (HNC) has confirmed that some immune cells, such as M0 macrophages and NK cells, have longer dormancy time in tumor tissues than in the adjacent normal tissues, whereas other cells, such as B cell naïve, are shorter and thus are significantly relevant in the HNC survival (Xie et al., 2018; Liu et al., 2020b). Unlike other tumor-associated macrophages, it has been reported that M0 macrophages play a specific role in survival of patients with HNC.
In pancreatic ductal adenocarcinoma, Cansu et al., through tumor proliferation and apoptosis assay of their study, showed that M0 macrophages harbor anti-tumorigenic activities that M1 and M2 did not share (Helm et al., 2014; Tekin et al., 2020). In addition, investigation carried out by Peipei et al. demonstrated that NK cells are regulated by lncRNA GAS5 through upregulation of the expression of miR-544 to perform its role as liver cancer killer (Fang et al., 2019). Elsewhere, Mohsen et al. reported that the number of memory B cells, which can express granzyme B (GZMB), was smaller in metastatic as compared with non-metastatic lymph nodes, and this hence emphasized the importance of GZMB + b cells in patients with breast invasive ductal carcinoma (Arabpour et al., 2019; Chesneau et al., 2020). Cytokine negatively regulates IFNγ signaling through CSF1R expression, thus modulating the functions of tumor infiltration (Wang et al., 2020b).
Immune-microenvironment of the tumor has been considered to be crucial in the progression of the tumor and response to therapies. The present study showed that patients in the low-risk group were more prone to mutations as compared with those in the high-risk group. Further analysis confirmed that the risk score was positively correlated with tumor immune-related cells and negatively associated with TMB and MSI. In addition, it has been found that the immune checkpoint inhibitors prevent tumors from activating immune checkpoint protein receptors on the surface of immune cells. This prevented tumors from evasive immune responses and cause of the immune system to produce an anti-tumor response (Intlekofer and Thompson, 2013). In addition, some studies have shown a breakthrough in the treatment of advanced EC with a combination of PD-L1 inhibitor Pembrozumab and Lenvatinib (Pakish and Jazaeri, 2017; Makker et al., 2019; Makker et al., 2020).
Results of the present study found that 25% of patients with EC were associated with defects of DNA MMR, which is characterized by an error in nucleotide repeats during DNA replication, also referred to as microsatellite instability (MSI) (Le et al., 2015). MMR defects led to a higher rate of somatic cell mutation, which increased the tumor antigen load and the number of tumor-infiltrating lymphocytes of these tumors with MMR defects, corresponding to the increased expression of PD-1 as well as PD-L1 (du Rusquec et al., 2019; Howitt et al., 2015). Therefore, the high incidence of MSI in EC has promoted application of immunosuppressive agents as a new therapeutic intervention. The validation results hence indicated that the GILncSig not only predicts the prognosis and genomic instability but also is an indicator of immune infiltration of patients with EC.
The relationship between the effectiveness of chemo-drug and genomic instability-related lncRNAs on different risk groups was predicted by GDSC database. Results of the present study showed that LINC01224 was negatively associated with reduced sensitivity of cancer cells to drug such as ARRY-162, Trametinib, Cobimetinib, Selumetinib, Dabrafenib, and Vemurafenib. Further, ARRY-162 and Trametinib, as well as Cobimetinib and Selumetinib are the reversible inhibitor of MEK1 and MEK2 (Lugowska et al., 2015). In addition, it was evident that Trametinib inhibits BRAF V600 mutation-positive melanoma cell growth both in vitro and in vivo through activating MEK1/2 to regulate ERK pathway, which had been approved by Food and Drug Administration (FDA) to treat BRAF V600E or V600K mutation-positive melanoma and non–small cell lung cancer (Geraud et al., 2020; Roskoski, 2020). Meanwhile, Dabrafenib and Vemurafenib are also effective drugs for the treatment of melanoma (Chapman et al., 2011; Hauschild et al., 2012).
The increased expression of PIK3CD-AS2 was associated with increased drug resistance of cancer cells to 6-Mercaptopurine, Copanlisib, Dasatinib, and Pipamperone. Furthermore, drug sensitivity of cancer cells to Vorinostat and 6-Thioguanine was downregulated as the expression of GLIS3-AS1 was increased. It was also suggested that 6-mercaptopurine can be used as a maintenance therapy for acute lymphoblastic leukemia (Bell et al., 2004; Escherich et al., 2011). Results of the present study found that Copanlisib is a generic I type PI3K inhibitor with significant activity against PI3Kα and PI3Kδ subtypes, both of which play important roles in B-cell malignancies (Decaudin et al., 1999; Swerdlow et al., 2016).
Follicular lymphoma (FL) is a common form of indolent non-Hodgkin’s lymphoma, and the FDA has accelerated approval of copanlisib for the treatment of relapsed or refractory FL in adults who have received at least two systemic treatments (Magagnoli et al., 2020). Therefore, the reported correlation between the genomic instability-related lncRNAs and chemotherapy drugs suggested that GILncSig exhibited high therapeutic potential in patients with EC. The results of the present study also demonstrated that genomic instability-related lncRNAs can be used as therapeutic targets to overcome drug resistance or adjuvant drug sensitivity.
However, the current study has some limitations. First, patients in the representative samples were predominantly Western people, and thus, so whether the research results need to be verified if they hold true for Asians and other people in the world. Second, the conclusions of the present study may exhibit deviation because some clinical indicators records were incomplete. Furthermore, the preliminary findings still require to be further validated on a larger cohort and with biological experiments.
CONCLUSION
In conclusion, the present study identified and validated the GILncSig. Further, the prognostic prediction, somatic mutation, and chemotherapeutic drug sensitivity were performed to explore the roles of GILncSig in patients with EC. Therefore, the current study provided a critical approach of investigating the prognostic role of genome instability-related lncRNA, particularly in the areas of immune response, tumor microenvironment, and drug resistance, which is essential for the development of personalized cancer therapies.
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miR-874 is located at 5q31.2, which is frequently deleted in cancer. miR-874 is downregulated in 22 types of cancers and aberrantly expressed in 18 types of non-cancer diseases. The dysfunction of miR-874 is not only closely related to the diagnosis and prognosis of tumor patients but also plays an important role in the efficacy of tumor chemotherapy drugs. miR-874 participates in the ceRNA network of long non-coding RNAs or circular RNAs, which is closely related to the occurrence and development of cancer and other non-cancer diseases. In addition, miR-874 is also involved in the regulation of multiple signaling pathways, including the Wnt/β-catenin signaling pathway, Hippo signaling pathway, PI3K/AKT signaling pathway, JAK/STAT signaling pathway, and Hedgehog signaling pathway. This review summarizes the molecular functions of miR-874 in the biological processes of tumor cell survival, apoptosis, differentiation, and tumorigenesis, and reveal the value of miR-874 as a cancer biomarker in tumor diagnosis and prognosis. Future work is necessary to explore the potential clinical application of miR-874 in chemotherapy resistance.
Keywords: miR-874, cancer, tumor suppressor, non-cancer, diagnosis, prognosis, ceRNA, pathway
BACKGROUND
MicroRNA (miRNA) is a short RNA of 19–25 nucleotides in length that can regulate the post-transcriptional silencing of target genes. A single miRNA can target hundreds of mRNAs, thereby affecting the signal transduction of multiple pathways (Lu and Rothenberg, 2018). miRNA expression profiling shows that abnormal miRNA expression is related to the occurrence and progression of tumors and the response to anticancer drugs (Iorio and Croce, 2017). In addition, almost all developmental, physiological, and disease-related processes seem to be linked to miRNAs (Sun and Lai, 2013).
microRNA-874 (miR-874) is a new anti-cancer miRNA (Zhang et al., 2018b). It was originally obtained by sequencing a small RNA library (Song et al., 2016) and was first characterized in normal human cervical tissue samples (Xia et al., 2018). miR-874 is located on chromosome 5q31.2 that is often deleted in cancer (Zhang et al., 2018b). There are many target genes of miR-874 (Figure 1). By inhibiting the expression of these target genes, miR-874 is widely involved in cell proliferation, apoptosis, invasion, migration, cell cycle, epithelial-mesenchymal transition (EMT), and other cellular processes.
[image: Figure 1]FIGURE 1 | Dysregulation of miR-874 in human cancer and non-cancer diseases. HCC, Hepatocellular carcinoma; PDAC, Pancreatic ductal adenocarcinoma; NSCLC, Non-small cell lung cancer; OS, Osteosarcoma; EOC, Epithelial ovarian cancer; CC, Cervical cancer; TNBC, Triple negative breast cancer; r BC, Breast cancer; CRC, Colorectal cancer; ESCC, Esophageal squamous cell Squamous cell carcinoma; MSCC, Maxillary sinus squamous cell carcinoma; RB, Retinoblastoma; GC, Gastric cancer; RMS, Rhabdomyosarcoma; PTC, Papillary thyroid carcinoma; MM, myeloma; AML, acute myeloid leukemia; HNSCC, head and neck squamous cell carcinoma.
Since there is no comprehensive introduction of miR-874, this work summarizes the abnormal expression of miR-874 in cancer and non-cancerous diseases, and outlines the molecular mechanisms between it and protein-coding genes and non-coding RNAs.
THE ABERRANT EXPRESSION OF MIR-874 IN HUMAN DISEASES
As shown in Table 1, miR-874 is downregulated in at least 22 human malignancies, such as colorectal cancer (CRC) (Huang et al., 2020a; Yu et al., 2020; Que et al., 2017; Zhao and Dong, 2016; Han et al., 2016; Wang et al., 2021; Zhang et al., 2021c), gastric cancer (GC) (Huang et al., 2018; Sun et al., 2020; Yuan et al., 2020; Liu et al., 2017; Zhang et al., 2015; Jiang et al., 2014), hepatocellular carcinoma (HCC) (Zhang et al., 2018b; Jiang et al., 2017; Leong et al., 2017; Song et al., 2016), esophageal squamous cell carcinoma (ESCC) (Yuan et al., 2018), pancreatic ductal adenocarcinoma (PDAC) (Diao et al., 2018), non-small cell lung cancer (NSCLC) (Bu et al., 2020; Yang et al., 2017; Ahmad et al., 2015; Kesanakurti et al., 2013; Wang et al., 2020b), osteosarcoma (OS) (Tang et al., 2018; Liu et al., 2020; Dong et al., 2016; Ghosh et al., 2017), epithelial ovarian cancer (EOC) (Xia et al., 2018) cervical cancer (CC) (Liao et al., 2018; Liu et al., 2021a), retinoblastoma (RB) (Zhang et al., 2018a; Wang et al., 2020a), prostate cancer (PCa) (Pashaei et al., 2017) maxillary sinus squamous cell carcinoma (MSCC) (Nohata et al., 2011), breast cancer (BC) (Li et al., 2020; Zhang et al., 2017; Wang et al., 2014), triple-negative breast cancer (TNBC) (Wu et al., 2020), rhabdomyosarcoma (RMS) (Shang et al., 2019), papillary thyroid carcinoma (PTC) (Ding et al., 2021), endometrial cancer (Witek et al., 2021), cholangiocarcinoma (Pan et al., 2021), glioma (Li et al., 2021a), myeloma (MM) (Tian et al., 2021), head and neck squamous cell carcinoma (HNSCC) (Nohata et al., 2013) and acute myeloid leukemia (AML) (Zhang et al., 2021a).
TABLE 1 | The role of miR-874 in various cancers.
[image: Table 1]HNSCC is the sixth most common cancer in the world (Nohata et al., 2013). The expression of miR-874-3p is reduced in HNSCC, and miR-874-3p can be upregulated after 5-Aza-dC treatment, indicating that the downregulation of miR-874-3p in HNSCC may be due to the methylation of its upstream CpG island (Nohata et al., 2013). Histone deacetylase 1 (HDAC1) belongs to the HDAC family. HDAC removes acetyl groups from histones and other nuclear proteins that induce chromatin condensation and transcriptional inhibition. HDAC plays an important role in the abnormal epigenetic changes associated with human cancer (Witt et al., 2009). In HNSCC, miR-874-3p can directly target HDAC1, significantly inhibit cell proliferation, and induce cell cycle arrest and apoptosis (Nohata et al., 2013).
Also, miR-874 plays an important role in non-cancer diseases. Low expression of miR-874 is associated with the risk of ischemic stroke (IS) (Jiang et al., 2019; Xie et al., 2020; Zhang et al., 2021b), ischemic heart disease (IHD) (Chen et al., 2019), cardiomyocyte necrosis (Wang et al., 2013), diabetic erectile dysfunction (DMED) (Huo et al., 2020), diabetic nephropathy (DN) (Yao et al., 2018), sepsis (Fang et al., 2018), osteoporosis (Lin et al., 2018), Parkinson’s disease (PD) (Zhao et al., 2020), acute myocardial infarction (AMI) (Yan et al., 2017), intestinal barrier dysfunction (Su et al., 2016), periodontal tissue repair and regeneration (Huang et al., 2020b), idiopathic short stature (ISS) (Liu et al., 2021b), intervertebral disc degeneration (IDD) (Song et al., 2021a), pneumonia (Yang et al., 2021), and human periodontal ligament fibroblasts (Song et al., 2021b) (Table 2).
TABLE 2 | The role of miR-874 in human non-cancer diseases.
[image: Table 2]Highly expressed miR-874-3p is associated with the risk of bone porous (Kushwaha et al., 2016) and polycystic ovary syndrome (PCOS) (Wei et al., 2021), IDD (Li et al., 2021b). miR-874-3p in maternal osteoblasts increased 4–6 times during the child’s weaning period. Increasing the expression of miR-874-3p could enhance bone formation and restore the mother’s bone quality after pregnancy and lactation (Kushwaha et al., 2016). In granulosa cells, testosterone promotes p53 acetylation and expression by upregulating the expression of miR-874-3p and induces granulosa cell apoptosis (Wei et al., 2021), thereby promoting the occurrence and development of PCOS (Wei et al., 2021) (Table 2).
However, the results of the association between miR-874-3p expression and IDD are divergent. The expression level of miR-874-3p in the NP tissues of IDD patients was significantly reduced, thereby upregulating the expression of MMP2 and MMP3, eventually leading to the occurrence of IDD (Song et al., 2021a). In nucleus pulposus cells (NPCs), circ_0040039 can increase the stability of miR-874-3p and upregulate the miR-874-3p/ESR1 pathway to aggravate IDD (Li et al., 2021b). The different effects of miR-874-3p in IDD may be related to the tested sample types. It is worth noting that the sample size of IDD-related studies is small, and there is a lack of follow-up experiments to further explore the in vivo function of miR-874-3p. In the future, more samples and in vivo experiments are needed to confirm the mechanism of miR-874-3p in IDD.
THE EFFECT OF MIR-874 ON PROGNOSIS AND CHEMORESISTANCE
In patients of HCC, OS, or RMS, decreased expression of miR-874 is associated with tumor size, vascular infiltration, lymph node metastasis, tumor-node-metastasis (TNM) staging, clinical staging, and tumor differentiation (Dong et al., 2016; Zhang et al., 2018b; Shang et al., 2019). Subsequent cell function experiments revealed the tumor suppressor effects of miR-874, including inhibition of proliferation, invasion, metastasis, and promotion of apoptosis (Diao et al., 2018) (Table 3).
TABLE 3 | The contribution of miR-874 to the treatment, clinicopathological characteristics, and prognosis in cancer.
[image: Table 3]As shown in Table 3, compared with cancer patients with high miR-874 expression, patients with low miR-874 expression have a significantly worse prognosis. These cancers include GC (Huang et al., 2018), CRC (Han et al., 2016), HCC (Zhang et al., 2018b), ESCC (Yuan et al., 2018), NSCLC (Li et al., 2020), CC (Liao et al., 2018), BC (Zhang et al., 2017), RB (Wang et al., 2020a), and glioma (45).
In GC, CRC, NSCLC, and EOC, miR-874 can reduce the drug resistance of cancer cells (Huang et al., 2018; Han et al., 2016; Que et al., 2017; Bu et al., 2020; Xia et al., 2018). Among them, the upregulation of miR-874 expression in CRC cells can increase the sensitivity to 5-FU (Han et al., 2016; Que et al., 2017). The overexpression of miR-874 significantly enhanced the sensitivity of GC cells to DDP, VCR, and 5-FU (Huang et al., 2018). The MIR210HG/miR-874/STAT3 axis plays a carcinogenic regulatory role in the radiosensitivity and drug resistance of NSCLC (Bu et al., 2020). miR-874-3p and miR-874-5p can enhance the chemical sensitivity of EOC cells (Xia et al., 2018).
Cancer cells use autophagy to provide energy and develop resistance to anti-cancer drugs; therefore, inhibiting autophagy may promote cancer cell death and help overcome drug resistance (Levy et al., 2017). Autophagy involved in miR-874-3p is an important mechanism for regulating chemotherapy resistance in AML (Zhang et al., 2021a). In AML, the DANCR/miR-874-3p/ATG16L1 axis can promote autophagy, thereby enhancing the resistance of human AML cells to Ara-C (Zhang et al., 2021a). In addition, knocking out circ_0003489 can upregulate miR-874-3p and inhibit HDAC1, thereby prompting MM cells to switch from autophagy to apoptosis, and reducing the growth of MM cells (Tian et al., 2021).
The above findings indicate that miR-874 can be developed as a new diagnostic and prognositc biomarker for patients with the above cancer types and suggest a potential value of miR-874 in cancer drug resistance.
THE CERNA NETWORK CENTERED ON MIR-874
Non-coding RNA can regulate gene expression, thereby affecting cell proliferation, survival, and migration, and is related to genome stability and malignant transformation of inflammatory cells (Zhang et al., 2021a). There are interactions between non-coding RNAs. For example, lncRNAs and circRNAs can be used as ceRNAs to sponge miRNAs (Zhang et al., 2021a). The ceRNA network centered on miR-874 is involved with at least 10 lncRNAs or 12 circRNAs. The dysfunction of miR-874 is closely related to the occurrence and development of tumors and other diseases (Figure 2).
[image: Figure 2]FIGURE 2 | The ceRNA mechanisms of miR-874 in cancer and other non-cancer diseases.
In TNBC, lncRNA DANCR acts as a ceRNA for miR-874-3p, thereby regulating the derepression of SOX2 and promoting the EMT in TNBC (Wu et al., 2020). In CRC, the MCF2LAS1/miR-874-3p/FOXM1 axis (Liao et al., 2018) and MCF2LAS1/miR-874-3p/CCNE1 axis (Huang et al., 2020a) can promote cancer cell apoptosis, inhibit cancer cell proliferation, invasion, migration and EMT process. Also, the circ_0005576/miR-874/CDK8 axis can promote the malignant progression of CRC (Yu et al., 2020). In CRC cells, circ_0007142 can regulate the level of GDPD5 by sponging miR-874-3p (12). Knock-down of circ_0007142 can induce ferroptosis through the circ_0007142/miR-874-3p/GDPD5 axis, thereby increasing the effectiveness of chemotherapy or radiotherapy and inhibiting the malignant progression of CRC (Wang et al., 2021). In RB, the expression of lncRNA TP73-AS1 is upregulated, and the downregulated TP73-AS1/miR-874-3p/TFAP2B axis can inhibit the Wnt/β-catenin signaling pathway, thereby inhibiting tumor progression (Wang et al., 2020a). In NSCLC, the miR210HG/miR-874-3p/STAT3 axis plays a role in the progression of NSCLC cells (Bu et al., 2020). Besides, XLOC_008466, as the ceRNA of miR-874-3p, can increase the expression of MMP2 and XIAP and affect NSCLC cell proliferation, apoptosis, and invasion (Yang et al., 2017; Bu et al., 2020). In OS, the downregulated lncRNA XLOC_008466/miR-874-3p/CCNE1 axis can also inhibit tumor growth (Ghosh et al., 2017). The expression of lncRNA DCST1-AS1 increases in cervical cancer tissues and cells, and inhibition of DCST1-AS1 can increase the expression of miR-874-3p, thereby inhibiting the proliferation, migration and invasion of cervical cancer cells (Liu et al., 2021a). In PTC, miR-874-3p can inhibit FAM84A and exert carcinogenic effects through the Wnt/β-catenin signal transduction (Ding et al., 2021). LncRNA DANCR is a promising tumor-related lncRNA that can enhance cancer cell proliferation, stemness, invasion, and metastasis (Zhang et al., 2021a). In AML, DANCR regulates autophagy by promoting the miR-874-3p/ATG16L1 axis, thereby reducing Ara-C resistance in human AML cells (Zhang et al., 2021a). BTZ is a first-class proteasome inhibitor approved by the FDA for the treatment of newly diagnosed and relapsed MM patients. In MM, the circ_0003489/miR-874-3p/HDAC1 axis plays a crucial role in controlling the balance of autophagy and apoptosis in MM cells. Downregulation of circ_0003489 can increase the inhibition of miR-874-3p on HDAC1, and improve the efficacy of BTZ in the treatment of MM (Tian et al., 2021).
Besides, we found that the ceRNA network of miR-874 also plays an important role in non-cancer diseases. The H19/miR-874/AQP1 axis can help restore inflammatory response to lipopolysaccharide (LPS) and inflammation associated with sepsis-induced myocardial dysfunction (Fang et al., 2018). Also, the H19/miR-874/AQP3 axis plays an important role in maintaining the intestinal barrier function (Su et al., 2016). During the continuous osteogenic differentiation of periodontal ligament stromal cells (PDLSCs), the FER1L4/miR-874-3p/VEGFA axis can positively regulate the osteogenic differentiation of PDLSCs (Huang et al., 2020b). In PD, the HOTAIR/miR-874-5p/ATG10 axis can promote MPP+-induced neuronal damage (Zhao et al., 2020). miR-874-3p can reduce the levels of TNF-α, IL-1, IL-6, and IL-8, increase the level of IL-10, reduce neuronal apoptosis, and significantly inhibit brain inflammation in the IS model mice. LncRNA MIAT can sponge miR-874-3p to increase the risk of IS (Zhang et al., 2021b). In addition, circANAPC2 is upregulated in ISS patients, and it can inhibit the proliferation, hypertrophy, and endochondral ossification of chondrocytes through the circANAPC2/miR-874-3p/SMAD3 axis in vitro (Liu et al., 2021b).
It is worth noting that circRNA-mediated regulation of miRNA expression consists of two modes (Piwecka et al., 2017). One is the classical sponge mechanism, in which circRNA inhibits or does not affect miRNA expression. The other is a stabilization mechanism in which circRNAs increase the expression of miRNAs. In IDD, circ_0040039 can stabilize miR-874-3p and inhibit the expression level of ESR1, thereby promoting the apoptosis of the NPCs and inhibiting the growth of NPCs (Li et al., 2021b).
THE MIR-874 RELATED SIGNALING PATHWAYS
The target genes of miR-874 are involved in at least five classical signaling pathways, including the Wnt/β-catenin pathway [TFAP2B (Wang et al., 2020a), CDK8 (Yu et al., 2020), HMGB2 (Yuan et al., 2020), CXCL12 (Xie et al., 2020), and FAM84A (Ding et al., 2021)], the Hippo pathway [YAP1 and TAZ (Que et al., 2017)], the PI3K/AKT pathway [AQP3 (Li et al., 2020)], the JAK/STAT pathway [STAT3 (Zhang et al., 2015; Li et al., 2020; Zhao and Dong, 2016; Bu et al., 2020; Yuan et al., 2018; Shang et al., 2019)] and the Hedgehog signaling pathway [SUFU (Lin et al., 2018)] (Figure 3).
[image: Figure 3]FIGURE 3 | miR-874 regulate many biological processes within the cell. The target genes of miR-874 are involved in at least five classical signaling pathways, including the Wnt/β-catenin signaling pathway, P13/AKT signaling pathway, Hippo signaling pathway, JAK/STAT signaling pathway, and Hedgehog signaling pathway. EMT, epithelial-mesenchymal transition.
The Wnt/β-Catenin Signaling Pathway
The close relationship between miR-874 and Wnt/β-catenin signaling pathway is of great significance not only for tumor diseases but also for IS (Figure 3). Wnt/β-catenin signaling pathway plays a key role in regulating cell growth, cell development, and normal stem cell differentiation. Constitutive activation of the Wnt/β-catenin signaling pathway has been found in many human cancers (Yao et al., 2011). In RB tissues and cells, the TP73-AS1/miR-874-3p/TFAP2B axis can activate the Wnt/β-catenin signaling pathway and enhance the expression of downstream tumor-related factors TCF4, BCL2, CCND1, and MYC (Wang et al., 2020a).
Abnormal activation of the Wnt/β-catenin signaling pathway occurs in almost all CRC (Wang et al., 2020a). In CRC, the circ_0005576/miR-874-3p/CDK8 axis can cause the abnormal activation of the Wnt/β-catenin signaling pathway and the proliferation of CRC cells (Yu et al., 2020). In GC cell lines the downregulation of the miR-874-3p/HMGB2 axis can upregulate the expression of β-catenin, CCND1, and MYC, which shows that the abnormal activation Wnt/β-catenin signaling pathway may be regulated by the miR-874-3p/HMGB2 axis in GC (Yuan et al., 2020).
The expression of serum CXCL12 in patients with IS was higher than that in healthy controls. CXCL12 can act as a ligand for CXC motif chemokine receptor 4 (CXCR4) and is a downstream target gene of miR-874-3p (Xie et al., 2020). In mice with IS, the Wnt/β-catenin signaling pathway is inhibited, and downregulation of CXCL12 can activate the Wnt/β-catenin signaling pathway, thereby promoting angiogenesis and inhibiting the brain tissue apoptosis in mice with IS (Xie et al., 2020). This suggests that the miR-874-3p/CXCL12 axis can activate the Wnt/β-catenin signaling pathway, which provides a new hint for the treatment of IS (Xie et al., 2020).
In PTC, FAM84A can activate EMT and the Wnt/β-catenin signaling pathway, thereby inducing tumorigenesis of thyroid cancer (Ding et al., 2021). miR-874-3p can target the 3′UTR of FAM84A, thereby reducing the expression of FAM84A. Attenuation of miR-874-3p/FAM84A/Wnt/β-catenin axis can inhibit PTC tumor progression (Ding et al., 2021).
In addition, miR-874-3p/WNT/β-catenin axis can inhibit the osteogenic differentiation of hPDLF. During osteogenic differentiation of hPDLF, the downregulation of miR-874-3p corresponds to the increase in WNT3A expression, while overexpression of miR-874-3p can inhibit WNT3A expression, thereby upregulating the expression of the β-catenin protein (Song et al., 2021b).
The Hippo Signaling Pathway
The Hippo signaling pathway can regulate cell growth, differentiation, aging, contact inhibition, and other biological processes, and plays an important role in maintaining cell growth and maintaining the stability of apoptosis balance (Que et al., 2017). YAP1 and TAZ are downstream transcriptional effectors of the Hippo signaling pathway, which can promote cell growth, invasion, and migration (Que et al., 2017). In CRC cells, the ectopic expression of miR-874-3p can inhibit the expression of YAP1 and TAZ, and by downregulating the expression of BCL2 and BCL2L1, increasing the activity of CASP9 and CASP3, thereby promoting 5-FU-induced apoptosis (Que et al., 2017). Downregulation of miR-874-3p can inactivate the Hippo signaling pathway, thereby increasing the resistance of cells to 5-FU chemotherapy (Que et al., 2017) (Figure3).
The PI3K/AKT Signaling Pathway
The PI3K/AKT signaling pathway is downstream of many growth factor receptors. It promotes the proliferation and malignant transformation of tumor cells and inhibits tumor cell apoptosis through the phosphorylation of PI3K and AKT proteins (Lu et al., 2019). Downregulation of miR-874 in NSCLC tissues and cell lines can increase the expression of its target gene AQP3, promote p-PI3K and p-AKT phosphorylation, and activate the PI3K/AKT signaling pathway (Wang et al., 2020b). The above implies that miR-874 deactivates the PI3K/AKT signaling pathway by targeting AQP3 and exerts its tumor suppressor effect (Wang et al., 2020b) (Figure 3).
The JAK/STAT Signaling Pathway
The JAK/STAT signaling pathway includes a family of receptor-associated cytoplasmic tyrosine kinases (JAKs) that phosphorylate tyrosine residues in STAT homologs (Wang et al., 2019). The JAK/STAT signaling pathway plays an inhibitory role in various physiological processes, such as cell development and differentiation (Wang et al., 2019).
miR-874-3p can inhibit the JAK/STAT signaling pathway by inhibiting STAT3 (Figure 3). As an anti-apoptotic factor, STAT3 plays an important role in the regulation of gene expression and mitochondrial electron transport during cellular stress (Wang et al., 2019). miR-874-3p can inhibit STAT3 in several cancers, including GC (Zhang et al., 2015), CRC (Zhao and Dong, 2016), NSCLC (Bu et al., 2020), and ESCC (Yuan et al., 2018). In gastric cancer, constitutive STAT3 activation promotes VEGF-A expression and stimulates tumor angiogenesis. miR-874 can bind to the 3′-UTR of STAT3 and downregulate STAT3 expression, thereby inhibiting angiogenesis (Zhang et al., 2015). In CRC, miR-874 inhibits STAT3 expression by targeting its mRNA 3′UTR, thereby inhibiting cell growth and inducing apoptosis (Zhao and Dong, 2016). In NSCLC cells, miR210HG can downregulate the expression of miR-874, thereby promoting the expression of STAT3 (Bu et al., 2020). In ESCC, the overexpression of miR-874 can inhibit tumor development by targeting STAT3. Besides, in IHD, inhibiting miR-874-3p can activate the JAK2/STAT3 signaling pathway, thereby inhibiting the expression of BAX, upregulating BCL2, reducing cardiomyocyte apoptosis, and ultimately reducing the risk of ischaemia/reperfusion (I/R) damage in mice (Chen et al., 2019).
The Hedgehog Signaling Pathway
The Hedgehog signaling pathway is conservative and it is involved in the proliferation and differentiation of a variety of cells (Lin et al., 2018). SUFU is a negative regulator of the Hedgehog signaling pathway in vertebrates. SUFU can inhibit the GLI transcription factor and induce skeletal dysplasia, osteoarthritis, or chondroma (Lin et al., 2018). By inhibiting SUFU and activating the Hedgehog signaling pathway, miR-874 can promote osteoblast proliferation, increase alkaline phosphatase activity and calcium nodules, and inhibit osteoblast apoptosis (Lin et al., 2018).
SUMMARY
miR-874 is downregulated in many cancers and non-cancer diseases, suggesting that it plays a key role in the physiological and pathological processes of human disease. miR-874 plays an important role in the progression of malignant tumors by regulating a complex ceRNA network. The ceRNA network centered on miR-874 includes at least 10 ncRNAs and 12 protein-coding genes. miR-874 has also been shown to participate in at least 4 important signaling pathways, including the Hippo signaling pathway, Wnt/β-catenin signaling pathway, JAK/STAT signaling pathway, and Hedgehog signaling pathway.
It is worth noting that in the relevant research of IDD, the expression of miR-874-3p is inconsistent. This may be related to the cell state and type, and these differences need to be further verified in large-scale experiments. In IDD, circ_0040039 can enhance miR-874-3p through a stabilization mechanism. In the future, further exploration of miR-874-related stabilization mechanisms will help to understand the ceRNA network of miR-874 and the clinical effectiveness of targeting miR-874.
The abnormal expression of miR-874 is closely related to the clinicopathological characteristics of 15 cancers. Therefore, miR-874 can be used as a potential biomarker for the early prediction of cancer. In addition, in AML and MM, miR-874 participates in the regulation of autophagy-related functions and affects drug resistance of cells, which provides new ideas for overcoming drug resistance. However, the current research of miR-874 is focused on the exploration of the mechanism of its upstream and downstream genes. The potential clinical application of miR-874 in cancer prognosis and chemotherapy resistance is still lacking.
In existing studies, miR-874 is downregulated in all cancers studied and is related to the clinicopathological characteristics of cancer. Therefore, miR-874 is promising as a potential biomarker for the early prediction of cancer. In addition, in recent years, more and more non-cancer diseases have also recognized the evidence related to miR-874, but the specific regulatory mechanism of miR-874 in non-cancer diseases remains to be revealed. Future work is necessary to explore the mechanism of miR-874-related ceRNA network in cancer and non-cancer disease.
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Osteosarcoma is one of the most common bone tumors in teenagers. We hope to provide a reliable method to predict the prognosis of osteosarcoma and find potential targets for early diagnosis and precise treatment. To address this issue, we performed a detailed bioinformatics analysis based on the Cancer Genome Atlas (TCGA). A total of 85 osteosarcoma patients with gene expression data and clinicopathological features were included in this study, which was considered the entire set. They were randomly divided into a train set and a test set. We identified six lncRNAs (ELFN1-AS1, LINC00837, OLMALINC, AL669970.3, AC005332.4 and AC023157.3), and constructed a signature that exhibited good predictive ability of patient survival and metastasis. What’s more, we found that risk score calculated by the signature was positively correlated to tumor purity, CD4+ naive T cells, and negatively correlated to CD8+ T cells. Furthermore, we investigated each lncRNA in the signature and found that these six lncRNAs were associated with tumorigenesis and immune cells in the tumor microenvironment. In conclusion, we constructed and validated a signature, which had good performance in the prediction of survival, metastasis and immune microenvironment. Our study indicated possible mechanisms of these lncRNAs in the development of osteosarcoma, which may provide new insights into the precise treatment of osteosarcoma.
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Introduction

Osteosarcoma is one of the most common bone tumors, most commonly occurring in young children and adolescents (1). This tumor is most likely to happen in the metaphyses of the distal femur, proximal tibia, and proximal humerus (2–4). Osteosarcoma is prone to pulmonary metastases, and 20% of patients are found to have pulmonary metastases at the time of initial diagnosis (5). Medical advances have significantly reduced the mortality rate of osteosarcoma patients. However, the lack of specific markers makes early screening for osteosarcoma still difficult. Treatment of osteosarcoma is mainly based on local excision and chemotherapy, but chemotherapy for osteosarcoma is prone to drug resistance and has great toxic side effects (6–8). As a result, overall survival is still not satisfactory. It is urgent to figure out the mechanism of tumorigenesis, metastasis and drug resistance in osteosarcoma, and to discover potential target for earlier diagnosis and gene therapy.

The immune system is an important part of the human body. It can help us fight against pathogen infections and participate in the monitoring and prevention of cancer, playing an essential role in maintaining the integrity of the body. However, some tumor cells can evade the surveillance by immune system, or suppress the immune response, making cancer progression. Meanwhile, more and more evidence has shown that the imbalance of immune state in tumor microenvironment plays a decisive role in tumor development (9). Therefore, the role of immune-related factors in tumor development deserves to be studied.

LncRNAs are highly heterogeneous RNA characterized by their length of more than 200 nucleotides and do not encode proteins. With advances in gene chip technology, lncRNAs are being rapidly identified. Numerous studies have found that lncRNAs are involved in various physiological processes, including cellular differentiation, immune response, and tumor progression (10, 11). LncRNAs appear to play an important role in tumor progression, exhibiting tumor-inhabiting and tumor-promoting functions (12). LncRNA-ATB was reported to functions as a tumor promoter in papillary thyroid cancer (13). LOC285194 was reported to function as a tumor suppressor in non-small cell lung cancer and osteosarcoma (14, 15). As a result, lncRNAs are expected to be new biomarkers and therapeutic targets for cancer (16).

There was little research studied on the immune-related lncRNAs in osteosarcoma. In this study, we screened immune-related lncRNAs in osteosarcoma and made a bioinformatics analysis for them on the basis of TCGA data. The flowchart of our study is as follows (Figure 1).




Figure 1 | Flowchart of our study.





Materials and Methods


Sample Datasets

The RNAseq (level 3) data and corresponding clinical data of osteosarcoma were come from the TCGA database (https://portal.gdc.cancer.gov/), and all data was normalized by TMM method. We used the Ensembl Genome Browser website to annotate the mRNAs and lncRNAs in the expression matrix and subsequently extracted the mRNA and lncRNA expression matrix separately. To make the analysis accurate, we removed the samples with incomplete clinical information and overall survival time lower than 30 days (17). In total, 85 cases were contained for the following study. All TCGA data is available to the public, so there is no further approval needed from the Ethics Committee.



Immune-related lncRNA Acquisition

We acquired immune-related genes from the Molecular Signature Database v 7.1 (MSigDB) (http://www.broad.mit.edu/gsea/msigdb/) (17, 18). IMMUNE_RESPONSE.gmt and IMMUNE_SYSTEM_PROCESS.gmt were chosen as the annotated gene sets. We removed overlapped genes and ultimately obtained 331 immune-related genes. The expression information of these 331 immune-related genes was extracted from the mRNA expression matrix. Then Pearson correlation analysis was performed to calculate the correlation coefficient of each lncRNA with immune-related mRNAs. LncRNAs with coefficient > 0.6 and P value < 0.001 were defined as immune-related lncRNAs. Finally, the expression matrix of these immune-related lncRNAs was extracted.



Signature Construction

These 85 cases were separated into a train set and a test set randomly by “caret” package of R software (v 3.6.2). Meanwhile, all 85 cases were taken as the entire set. The train set was used to construct the prognostic signature. The test set and the entire set were used to verify the accuracy of the signature.

In the train set, we performed univariate Cox regression analysis to identify prognostic-related lncRNAs with p<0.01. Then Least absolute shrinkage and selection operator (LASSO) regression was performed to remove lncRNAs that could lead to phenomenon of overfitting. Finally, the lncRNAs was further screened by using multivariate Cox regression analysis. The coefficient, HR value and P value for each lncRNA were calculated. The risk score of each sample was calculated by the signature:

	

β is the coefficient of lncRNA, and expr(genen) stands for the expression value of lncRNA.



Signature Application and Validation

Firstly, we did the analysis in the train set. We used the formula above to calculate the risk score of each patient and divided patients into high or low risk groups according to the risk score by using “survminer” package. We ranked the patients by the risk score and plotted the dot-plot for the survival status of each patient. We mapped the lncRNA expression heatmap to observe the expression of lncRNAs in the high and low risk groups. We applied Kaplan-Meier method to explore the survival differences between high-risk group and low-risk group. Finally, receiver operating characteristic (ROC) curve of 5-years was applied for identifying the diagnostic value of the risk scoring signature.

Subsequently, the same analysis was performed in the test set and the entire set to verify the accuracy of the signature.



Comprehensive Analysis in the Entire Set

The entire set was used for the subsequent analysis. Firstly, principal component analysis (PCA) was used to test whether the signature can better distinguish the risk status. Secondly, survival analysis for each lncRNA in the signature was performed to estimate the effect of individual lncRNA on survival. Thirdly, metastasis correlation analysis was carried out to investigate the potential correlation between risk score and metastasis. Fourthly, Gene set enrichment analysis (GSEA; https://www.gsea-msigdb.org/gsea/index.jsp) (17) was performed based on two gene sets (IMMUNE_RESPONSE.gmt and IMMUNE_SYSTEM_PROCESS.gmt) to analyze immune response enrichment in the two groups. Fifthly, ESTIMATE algorithm (19) was used to assess the proportion of immune and stromal components, and to infer the tumor purity of the samples. We subsequently analyzed the relationship between tumor purity and risk scores. Finally, CIBERSORT method (20) was used to analyze the infiltration of 22 immune cells between high and low risk groups. The correlation between the infiltrating proportion of immune cells and risk scores and the lncRNAs were also analyzed.

All analyses were performed on the R software (version 3.6.2, https://www.r-project.org/). And P < 0.05 was considered statistically significant.




Results


Construction of Signature

By comparing mRNA expression data with two gene sets from MSigDB, we matched 331 immune-related genes. We calculated the expression correlation between lncRNAs and immune-related genes to obtain the immune-related lncRNAs. Subsequently, 423 immune-related lncRNAs was identified. Eight of them were screened out by univariate Cox regression analysis (Table 1). The result of the LASSO regression analysis showed that the partial likelihood deviation was smallest when -3 < lambda < -2 (Figure 2A), at which point AL137002.1 was excluded (Figure 2B). Finally, six lncRNAs were screened from the remaining seven lncRNAs by using multivariate Cox regression analysis, and their coefficients, HR values and p-values were calculated respectively (Table 2). The signature was constructed with the coefficients of lncRNAs as below.

	


Table 1 | Eight lncRNAs obtained after univariable Cox regression analysis.






Figure 2 | The LASSO regression analysis. When -3 < lambda < -2, the partial likelihood deviation was smallest (A), at which point AL137002.1 was excluded (B).




Table 2 | Six lncRNAs obtained after multivariable Cox regression analysis.



Among these lncRNAs, five immune-related lncRNAs were independent prognostic factors. One immune-related lncRNAs acted as a complement to others.



Validation of the Signature

We calculated the risk score of each sample by the signature and divided patients into the low-risk and the high-risk groups by the median value of risk score. We ranked patient by the risk score (Figure 3A) and plotted the dot-plot for the survival status of each patient (Figure 3B). The results showed that the higher risk score patients had, the shorter survival time patients might have. According to the heatmap, the expression levels of ELFN1-AS1, LINC00837, OLMALINC and AL669970.3 were higher in the high-risk group, while AC005332.4 and AC023157.3 were higher in the low-risk group (Figure 3C). The survival curve shows that the patients in the high-risk group had a lower survival time (Figure 3D). The area under curve (AUC) of 5 years in the train set was 0.937 (Figure 3E).




Figure 3 | Construction of immune-related lncRNA signature for osteosarcoma. (A) The risk curve of each patient reordered by risk score in train set. (B) The scatter plot of all patient’s survival state in train set. (C) The heatmap showed the expression levels of six lncRNAs between the low-risk group and high-risk group in train set. (D) Patients in the high-risk group indicated worse overall survival than those in the low-risk group in train set. (E) AUC for risk score of 5-year survival according to the ROC curves in train set.



The same signature was used in the test set and the entire set. And we got similar results in the two sets as we expected. Patients in the low-risk group have better overall survival. The results in the test set (Figures 4A, C, E, G) and the entire set (Figures 4B, D, F, H) were presented in the figure below. The area under curve (AUC) of 5 years in the test set was 0.797, and 0.879 in the entire set (Figures 4I, J).




Figure 4 | Validation of immune-related lncRNA signature for osteosarcoma. (A, B) The risk curve of each patient reordered by risk score in test set and entire set. (C, D) The scatter plot of all patient’s survival state in test set and entire set. (E, F) Patients in the high-risk group indicated worse overall survival than those in the low-risk group in test set and entire set. (G, H) The heatmap showed the expression levels of six lncRNAs between the low-risk group and high-risk group in test set and entire set. (I, J) AUC for risk score of 5-year survival according to the ROC curves in test set and entire set.



In order to test whether the signature can better distinguish the risk status, PCA analysis was carried out using the signature and genome-wide expression. When using the signature, the risk status of the patients was separated well (Figure 5A). While it did not display a clear separation when using the whole genome expression (Figure 5B).




Figure 5 | PCA analysis showed that the use of this signature (A) could better distinguish the risk status of patients than the use of the whole genome (B).





Survival Analysis for lncRNAs in the Signature

In order to estimate the effect of expression of individual lncRNAs in the signature, we performed survival analysis for each lncRNA in the signature. Patients with higher expression of AC005332.4 and AC023157.3 indicated better overall survival than those with lower expression (Figures 6A, B). However, the results for other lncRNAs were not statistically significant (Figures 6C–F).




Figure 6 | The survival curves for each of the six lncRNAs. (A) AC005332.4. (B) AC023157.3. (C) ELFN1-AS1. (D) LINC00837. (E) OLMALINC. (F) AL669970.3.





Metastasis Correlation Analysis

The prognosis of osteosarcoma is strongly related to the presence of metastasis, so it is important to verify whether the signature is predictive of metastasis. We carried out metastasis correlation analysis to investigate the potential correlation between risk score and metastasis in the entire set. The result showed that the risk score was correlated to metastatic status (P=0.0049) (Figure 7A). And one of the lncRNA, AC023157.3, was down-regulated in metastatic patients (P<0.05) (Figure 7B).




Figure 7 | Metastasis correlation analysis in the entire sets. (A) The risk score was correlated with metastatic (P=0.0049) (Some outliers are not shown in the figure). (B) AC023157.3 was highly correlated with metastasis (P<0.05). *: P<0.05, ns: P>0.05.





Analysis of Tumor Environment and Immune Infiltration

Further analysis by GSEA showed that immune response pathways were enriched in the low-risk groups (Figures 8A, B). The immune score calculated by ESTIMATE algorithm suggested that immune component was significantly higher in the low-risk group (P<0.01) (Figure 9A). The stromal score was also higher in the low-risk group, but it did not achieve statistical significance (P>0.05) (Figure 9B). The ESTIMATE score was higher in the low-risk group, suggesting the lower tumor purity in low-risk group (Figure 9C). We also found that the risk score was negatively correlated with immune score, stromal score and ESTIMATE score by correlation analysis (Figures 9D–F). We calculated the proportion of 22 immune cell in each sample using the CIBERSORT algorithm. The results showed the main components of the immune environment were T lymphocytes and macrophages (Figure 10A). We then group the samples according to the risk scores, and found that the high-risk group was enriched with CD4+ naive T cells (P=0.043), while the low-risk group was enriched with CD8+ T cells (p=0.041) and CD4+ activated memory T cells (p=0.033) (Figure 10B). In addition, we also analyzed the correlation between risk scores and 22 immune cells, and found risk scores was negatively correlated to CD8+ T cells and positively correlated to CD4+ naive T cells (Figures 10C, D). We then also analyzed the relationship between each gene in the signature and the proportion of immune cells. ELFN1-AS1 was negatively related to plasma cells (Figure 11A). LINC00837 was positively related to resting dendritic cells (Figure 11B). AL669970.3 was positively related to activated CD4+ memory T cells (Figure 11C). AC023157.3 was positively related to monocytes and M2 macrophages, and negatively related to memory B cells and M0 macrophages (Figures 11D–G). OLMALINC was positively related to activated mast cells, CD4+ naive T cells and negatively related to memory B cells (Figures 10H–J). AC005332.4 did not show association with immune cells.




 Figure 8 | GSEA analysis showed that immune-related responses were enriched in the low-risk groups. (A) GSEA analysis based on IMMUNE_RESPONSE gene set. (B) GSEA analysis based on IMMUNE_SYSTEM_PROCESS gene set. The green line was the running enrichment score (ES) for the gene set as the analysis walks down the ranked list. A positive value of ES indicates that the gene set was enriched in the high risk group, and a negative value of ES indicates that the gene set was enriched in the low risk group. The ranking metric score indicated a gene’s correlation with a phenotype. A positive value refers to high risk and a negative value refers to low risk. NES, normalized enrichment score; FDR, false discovery rates.






Figure 9 | Tumor microenvironment analysis showed risk score was negatively correlated with tumor purity. (A) Immune score between high-risk group and low-risk group. (B) Stromal score between high-risk group and low-risk group. (C) ESTIMATE score between high-risk group and low-risk group. (D–F) Immune score, stromal score and ESTIMATE score were negatively correlated with risk score.






Figure 10 | Immune infiltration analysis showed the relationship between risk score and immune cells. (A) The main components of the immune environment were T-lymphocytes and macrophages in osteosarcoma. (B) The composition of immune cells between high-risk group and low-risk group. (C, D) Risk score was negatively correlated to CD8+ T cells and positively correlated to CD4+ naive T cells.






Figure 11 | The relationship of each gene in the signature to the immune cells. (A) ELFN1-AS1. (B) LINC00837. (C) AL669970.3. (D–G) AC023157.3. (H–J) OLMALINC.






Discussion

Although the application of new treatment has increased overall survival in osteosarcoma, the prognosis for patients, especially the metastatic and recurrent patients, remains poor due to the lack of specific biomarkers and therapeutic target for early diagnosis and precise treatment. Therefore, it is urgent to find specific biomarkers and therapeutic target for osteosarcoma. Studies have emphasized that the immune response in the microenvironment plays a crucial role in the development of a variety of cancers, and lncRNAs are an important regulator of the immune response (21, 22). Many studies have also reported that lncRNAs were involved in the proliferation, metastasis and drug resistance of osteosarcoma (14, 23–26). There are also emerging evidence indicating that immune-related lncRNAs are valuable in predicting prognosis and also maybe targets for specific treatment (27, 28).

Based on a TCGA dataset, we included 85 samples with complete clinical information in our study. Then we identified a potential prognostic six-lncRNAs signature. This signature included ELFN1-AS1, LINC00837, OLMALINC, AL669970.3, AC005332.4 and AC023157.3. It was of great value in predicting the prognosis of patients in all set as we hope. The 5-years AUC of ROC was 0.879 in the entire set. The prognosis of almost all tumors is highly correlated with metastasis, especially osteosarcoma. We found that the risk score based on the signature was highly correlated with metastasis, suggesting that signature is also a better predictor of osteosarcoma metastasis. It might be one of the reasons that this signature is such a good predictor of patient outcomes. Principal component analysis showed that the patient’s risk status can be well differentiated when using this signature. Moreover, we found that AC005332.4 and AC023157.3 were mainly expressed in the low-risk groups, and they may improve the overall survival of patient. While ELFN1-AS1, LINC00837, OLMALINC and AL669970.3 were mainly expressed in the high-risk groups, and may reduce the overall survival.

Previous research has identifed ELFN1-AS1 was overexpressed in tumors and indicated that it might play an essential role in carcinogenesis (29). Importantly, Down-regulation of ELFN1-AS1 could inhibit the proliferation and migration of tumor cells in esophageal cancer and colorectal cancer. ELFN1-AS1 promoted tumor cell proliferation and metastasis by acting as a sponge of miR-183-3p to upregulate GFPT1 in esophageal cancer (30). ELFN1-AS1 could promote proliferation, metastasis and exert anti-apoptosis effect by up-regulating TRIM44 by sponging miR-4644 in colorectal cancer (31). However, till now the specific function of the lncRNA remains unknown in osteosarcoma. In our study, we found that ELFN1-AS1 was negatively related to plasma cells. Plasma cells have been shown to be positively associated with patient prognosis in colon cancer, non-small cell lung cancer and triple-negative breast cancer (32–34). We speculate that ELFN1-AS1 may influence the development of osteosarcoma by affecting the proliferation and function of plasma cells, and the exact mechanism remains to be further investigated. OLMALINC was reported to overexpress in the white matter of the human brain, which played a role in maintaining the maturation of oligodendrocytes (35). In our study, we found that OLMALINC was positively related to activated mast cells and CD4+ naive T cells, and negatively related to memory B cells. Mast cells have been observed to increase in tumor and peritumor tissues (36). However, Mast cells have different roles in different types of tumors. Mast cells were associated with promoting tumorigenesis in bladder cancer, colorectal cancer, lung cancer and hepatocellular cancer (37–40). Mast cells have antitumor activities in breast cancer, diffuse large B-cell lymphoma and ovarian cancer (41–43). Naive T cells were reported to express functional CXCL8 and promote tumorigenesis (44). Blocking naive CD4+ T cell recruitment into tumors reversed immunosuppression in breast cancer, which may be an attractive strategy for antitumor treatment (45). Memory B cells were associated with a good prognosis in gastric cancer and non-small cell lung cancer (46, 47). These studies were consistent with our results. OLMALINC may affect osteosarcoma development by inhibiting memory B cell proliferation and function, recruiting mast cells, and naive CD4+ T cells.

While, there was little research studied on the role of LINC00837, AL669970.3, AC005332.4 and AC023157.3. In our study, we found that LINC00837 was positively related to resting dendritic cells. Dendritic cells are the most important antigen-presenting cells in the immune system, playing a key role in regulating immunity. However, resting dendritic cells can induce immune tolerance through T cell deletion and induction of regulatory T cells (48). AL669970.3 was positively related to activated T CD4+ memory cells. But this is contrary to our common perception that activated T CD4+ memory cells can positively modulate immune function and inhibit tumor growth (49). It warrants further investigation. AC023157.3 was positively related to monocytes and M2 macrophages, while negatively related to memory B cells and M0 macrophages. Using a three-dimensional vascularized microfluidic model, Boussommier-Calleja et al. demonstrated that monocytes were able to directly reduce cancer cell extravasation, but that such an effect was lost when monocytes were converted to macrophages (50). Many studies have suggested that M2 polarized tumor-associated-macrophages (TAM) are associated with tumor growth, invasion, and metastasis (51, 52). However, Anne Gomez-Brouchet et al. found that the presence of CD163-positive M2-polarized macrophages was critical to inhibit OS progression (53). This suggests that M2-polarized macrophages may be influenced by other factors to exert distinctly different pro- or anti-tumor effects. Zhang et al. indicated that the level of polarization of M0 to M1 or M2 macrophages may be an important factor (54). It was also reported that the balance between M1 and M2 macrophage would affect the PD-1/PDL-1, which is an important immune regulatory system (55). In addition, we found that among these six RNAs, AC023157.3 was highly expressed in patients without metastasis. We speculate that AC023157.3 may inhibit tumor growth and metastasis by promoting the proliferation and function of monocytes and by regulating the level of polarization of M0 to M1 or M2 macrophages. The specific mechanism deserves further investigation. Combined with the above findings, we found that all the six RNAs in the signature had some relationship with tumorigenesis or the immune system, which could provide a theoretical basis for immunotherapy of osteosarcoma.

We analyzed the enrichment of immune-related pathways in high- and low-risk groups by GSEA analysis, and found that the immune-related pathways were mainly enriched in the low-risk group, suggesting that the development of osteosarcoma may be highly associated with a lack of immune response. ESTIMATE analysis showed that the low-risk group contained more immune cells with a higher immune score and ESTIMATE score, indicating the lower tumor purity. The risk score was also negatively correlated with immune score, stromal score and ESTIMATE score. The results indicated that risk scores were positively correlated with tumor purity. There were studies reported that a lower tumor purity and more immune cell components mean a poor prognosis (19, 54). However, it was different in osteosarcoma that patients with increased microenvironmental immune cell infiltration had a better prognosis (54), which was consistent with our results. It was reported that the main components of the immune environment in osteosarcoma are T-lymphocytes and macrophages (55). CIBERSORT analysis in our study showed similar results. There were more mature lymphocytes, including CD8+ T cells (p=0.041) and CD4+ activated memory T cells, enriched in the low-risk group. Meanwhile, CD4+ naive T cells were enriched in the high-risk group. The risk scores were also negatively correlated to CD8+ T cells, while positively correlated to CD4+ naive T cells. These results suggested immature immune function in the high-risk group might be an important factor for the development of osteosarcoma. Therefore, targeting the immune system and changing the composition and proportion of immune cells in the tumor microenvironment is a promising treatment option for osteosarcoma.

However, our study has limitations. First, the sample sizes of osteosarcoma are small. More data is needed to verify the accuracy of the signature. Second, because the microarray data for osteosarcoma are relatively scarce and the platforms used are relatively old, which are not sensitive enough for lncRNA, we did not find other external cohorts with survival information to validate the signature. Third, we need further experiments, such as immunohistochemical analysis, PCR, or western blot, to support these findings. Despite these limitations, we constructed a six lncRNAs signature with a good prognostic value in osteosarcoma. These lncRNAs may play essential roles in the progression of osteosarcoma. They deserve further study.



Conclusion

In conclusion, we identified an immune-related lncRNAs for osteosarcoma, which possess good performance in the prediction of survival, metastasis and immune microenvironment. Our study not only has great significance in predicting the prognosis but also has potential to guide future immunotherapy in osteosarcoma.
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Circular RNAs (circRNAs) are non-coding RNAs (ncRNAs) without 5′ caps and 3′ tails, which are formed from precursor mRNAs (pre-mRNAs) that are inversely back-spliced by exons. CircRNAs are characterized by a covalently closed circular structure and are abundantly expressed in eukaryotic cells. With the development of RNA-sequencing, it was discovered that circRNAs play important roles in the regulation of numerous human genes and are related to the occurrence, development, and prognosis of diseases. Studies in various cancers have revealed that circRNAs have both positive and negative effects on the occurrence and development of tumors. Circ-ABCB10, a circular RNA originating from exons of ABCB10 located on chromosome 1q42, has been proven to play an important role in different types of cancers. Here, we report the primary findings of recent research studies by many contributors about the roles of circ-ABCB10 in cancer and clearly formulate its influence and functions in different aspects of cancer biology, which gives us a broad picture of circ-ABCB10. Thus, this study aimed to generalize the roles of circ-ABCB10 in the diagnosis and treatment of different types of tumors and its related miRNA genes. In this way, we wish to provide a sufficient understanding and assess the future development direction of the research on circ-ABCB10.
Keywords: circRNA, circ-ABCB10, cancer, microRNA, tumor biology
INTRODUCTION
Circular RNAs (circRNAs) are a class of endogenous single-stranded closed circular RNAs formed by reverse splicing and covalent binding without a 5′ cap and 3′ poly (a) tail (Sanger et al., 1976; Chen, 2016; Pamudurti et al., 2017; Kristensen et al., 2018; Qu et al., 2018). CircRNAs were first discovered in RNA viruses in 1976 (Sanger et al., 1976) and were initially considered “splicing noise” in organisms but have become a research hotspot in the meantime (Kristensen et al., 2018). With the rapid development of RNA-sequencing technology, many circRNAs have been discovered. To date, more than 30,000 cyclic RNAs with unique structures have been identified and have attracted increasing attention. Most circRNAs are evolutionarily conserved across species (Pamudurti et al., 2017). CircRNAs can originate from introns, exons, or from both introns and exons (Su et al., 2019; Yu and Kuo, 2019). Because circRNAs have a specific closed-ring structure, they are more resistant to exonucleases than linear RNAs (Salzman et al., 2013; Shang et al., 2019). In addition, most circRNAs are usually found in the cytoplasm and are derived from protein-coding genes. These genes contain one or more exons toward the 5′ cap of the gene, with long introns on both sides (Dong et al., 2017a; Nicolet et al., 2018). The long introns containing the wing region will become circRNAs, which usually contain specific sequences (Qu et al., 2015). They can induce the formation of circRNAs by mutually complementing with circRNA promoters and are usually expressed in a cell type– or tissue-specific manner (Patop and Kadener, 2018; Shi et al., 2020). Moreover, it was found that circRNAs are abnormally expressed in colorectal cancer (CRC) and osteoarthritis (Bachmayr-Heyda et al., 2015; Yang et al., 2020a). Thus, circRNAs are widely expressed in various human cell types and will perhaps become a new direction in research on disease biomarkers for aging (Bahn et al., 2015) and therapy (Hou and Zhang, 2017; Tang et al., 2017). According to gene structures and their specific molecular cycling mechanisms, circRNAs are divided into four types: exonic circRNAs (ecRNAs) (Salzman et al., 2012), circular intronic RNAs (ciRNAs) (Zhang et al., 2013), exon–intron circRNAs (eIciRNAs) (Li et al., 2015), and intergenic circRNAs (Tang and Hann, 2020). Generally speaking, ecRNAs are mainly found in the cytoplasm (Memczak et al., 2013) and regulate the expression of genes. CiRNAs and eIciRNAs tend to be localized in the nucleus and play a significant role in regulating parental genes.
Studies have shown that circRNAs produced via back-splicing feature different biogenesis than typical splicing of linear RNA. First, acting as miRNA sponges, circRNAs are more likely to bind to other miRNAs and are known as “super sponges” (Hansen et al., 2013). According to previous reports, circRNAs can inhibit miRNAs from binding to their target genes (Thomas and Sætrom, 2014). Second, by binding to proteins and RNA-binding proteins (RBPs), circRNAs can affect their function and interaction with other proteins (Zang et al., 2020). Studies demonstrate that RBPs can also regulate the formation of circRNAs by forming RNA–protein complexes (RPCs) (Conn et al., 2015). Third, circRNAs retained in the nucleus can regulate alternative splicing, transcription, or translation (Li et al., 2018a; Guarnerio et al., 2019). For example, Circ-ubr5 might undergo a specific RNA–RNA interaction by binding to the splicing regulator QKI(Qin et al., 2018). CircITGA7 could increase the transcriptional expression of integrin alpha 7 (ITGA7) by inhibiting RAS-responsive element-binding protein 1 (RREB1) (Li et al., 2018a).
Moreover, circRNAs can function as autophagy regulators, affecting tumorigenesis. For example, Circ_104075 was found to act as an autophagy regulator in glioma cells (Chi et al., 2019). In general, the abnormal expression of circRNAs is associated with the occurrence and progression of human cancer by affecting the growth, migration, invasion, proliferation, and other pathological processes of cells (Conn et al., 2015; Khan et al., 2016; Dong et al., 2019). In addition, circRNAs are also associated with clinicopathological characteristics, such as lymph node metastasis, differentiation, or distant metastasis. All of these findings provide the basis for potential biomarkers and therapeutic targets in the diagnosis and treatment of human cancers. In addition, circRNAs can act as a protein sponge to adsorb one or more proteins through binding sites, thus acting as a protein scaffold to directly mediate protein–protein interactions and regulate gene expression. Recent studies have found that the abnormal expression of Circ-ABCB10, also known as hsa_circ_000871, may be involved in the occurrence and development of many different tumors, such as esophageal squamous carcinoma cells, glioma, non–small cell lung cancer, oral squamous cell carcinoma, lung cancer, epithelial ovarian cancer, breast cancer, thyroid cancer, and hepatocellular carcinoma (Cortés-López and Miura, 2016; Wang et al., 2017). Thus, it is significant to summarize the function of Circ-ABCB10 in the occurrence and progression of human cancers.
THE FEATURES AND BIOLOGICAL FUNCTIONS OF CIRC-ABCB10
Circ-ABCB10 originates from exons 2 and 3 of the ABCB10 gene, located on chromosome 1 (Duan et al., 2020). The antisense strand of Circ-ABCB10 undergoes back-splicing of the 5′ and 3′ ends to form circular RNA (Figure 1) With specific expression in different developmental stages and tissues, Circ-ABCB10 was first reported to promote breast cancer proliferation and migration by sponging miR-1271 (Chen et al., 2019). It was also found that Circ-ABCB10 is highly expressed in human brain regions such as the forebrain, cerebellum, occipital lobe, frontal cortex, and parietal lobe (Memczak et al., 2013). Different from linear RNAs, circRNAs are single-chain circular RNAs without 5ʹ to 3ʹ polarity or a polyadenylated tail. This blocked structure makes circ-ABCB10 more resistant to RNA degradation. Due to these unique characteristics, circ-ABCB10 is related to several characteristics of cancers (Jayson et al., 2014). Some studies have demonstrated that circ-ABCB10 could stimulate tumor growth (Liang et al., 2017; Zhao et al., 2021) and insulin resistance (IR) (Lux and Bullinger, 2018; Ouyang et al., 2018). Furthermore, the high expression of circ-ABCB10 was closely related to the pathological grade and tumor lymph node metastasis stage (Luo et al., 2018). Thus, circ-ABCB10 may be a promising diagnostic and prognostic biomarker and a target for novel treatment strategies in the future.
[image: Figure 1]FIGURE 1 | Gene encoding circ-ABCB10 is located on the chromosome Xq42.13. The antisense strand of circ-ABCB10 undergoes back-splicing of the 5′ and 3′ ends to form circular RNA. The green arrow indicates the “head-to-tail” splicing site of circ-ABCB10. 
CIRC-ABCB10 FUNCTIONS AS A MIRNA SPONGE
Like lncRNAs, the main role of circRNAs in molecular regulation is to act as a “sponge” to absorb functional miRNA to decrease their abundance in the cytoplasm and thereby regulate gene expression (Dong et al., 2017b; Li et al., 2017). Among the target miRNAs that can be regulated by circRNAs, it was demonstrated that miR-1252 can provide potential biomarkers and therapeutic targets in non–small cell lung cancer (Tian et al., 2019) and epithelial ovarian cancer (Chen et al., 2019). Similarly, it was also found that circ-ABCB10 can sponge miR-1271, which may have a complementary sequence, possibly regulating cell proliferation and migration of breast cancer and epithelial ovarian cancer cells (Liang et al., 2017; Lin et al., 2021; Zhao et al., 2021). Furthermore, since conserved miR-1271 target sites on circ-ABCB10 are complementary to miR-1271, these sites could be a lodging site for transport (Lin et al., 2021). In addition, circ-ABCB10 was reported to sponge miR-145-5p, affecting the miR-620/FABP5 axis, miR-1252 FOXR2, and miR-670-3p in oral squamous cell carcinoma, glioma, non–small cell lung cancer, and esophageal squamous cell carcinoma, respectively (Tian et al., 2019; Chen et al., 2020; Sun et al., 2020; Zhang et al., 2020). Furthermore, circ-ABCB10 was also found to promote glycolysis and colony formation by sponging miR-229-3p (Zhao et al., 2020). In addition, Circ-ABCB10 can promote angiogenesis via the microRNA-29b-3p/vascular endothelial growth factor A-axis (Tang et al., 2020) (Figure 2).
[image: Figure 2]FIGURE 2 | Overview of circ-ABCB10 function as a miRNA sponge in the proliferation and metastasis of various cancer cell types. Circ-ABCB10 is released from the nucleus, acting as a sponge of miRNAs that regulate target genes to promote or inhibit tumor growth.
THE ROLES OF CIRC-ABCB10 IN CANCER PROGRESSION
With the progress of circRNA research, relevant studies demonstrated that Circ-ABCB10 is abnormally expressed in various cancers, such as esophageal squamous cell carcinoma (Zhang et al., 2020) and esophageal cancer (Wang et al., 2020). The upregulation of circ-ABCB10 was found to promote cell proliferation in various tumors, including esophageal squamous cell carcinoma (Zhang et al., 2020), esophageal cancer (Wang et al., 2020), glioma (Sun et al., 2020), non–small cell lung cancer (Tian et al., 2019), and oral squamous cell carcinoma (Chen et al., 2020). However, the overexpression of circ-ABCB10 was also found to inhibit the migration and invasion of lung cancer cells (Hu et al., 2020; Wu et al., 2020), hepatocellular carcinoma cells (Yang et al., 2020b), and rectal cancer cells (Xian et al., 2020). Generally speaking, these studies indicate that the expression of Circ-ABCB10 is dynamically regulated in tumor progression. The details of its diverse roles are summarized in Table 1.
1) In Proliferation and Invasion
TABLE 1 | Expression and functions of circ-ABCB10 in different cancers.
[image: Table 1]It has been reported that circ-ABCB10 participates in tumor proliferation and migration by sponging several miRNAs via various transmitting pathways. It has been found that circ-ABCB10 can sponge miR-1252 and miR-584-5p in non–small cell lung cancer cells and accordingly stimulate the expression of the downstream targeted genes FOXR2 and E2F5 (He et al., 2018). It is worth saying that in the previous study, miR-584-5p exerts a promoting effect on gastric cancer. Thus, we can speculate that circ-ABCB10 may sponge different miRNAs to regulate the same tumor growth. At the same time, circ-ABCB10 can sponge miR-620 and upregulate the expression of the FABP5 axis to promote tumor growth and proliferation in glioma (Sun et al., 2020). In addition, circ-ABCB10 can sponge miR-203 and promote the proliferation of EC cells (Wang et al., 2020). MiR-203 can suppress slug/E-cadherin signals to inhibit cell invasion (Gao et al., 2017a). In addition, circ-ABCB10 can also promote the function of Bmi-1 by sponging miR-203 and enhance the tumor growth in osteosarcoma (Zhou et al., 2018). It indicates that there may be a correlation between circ-ABCB10 and miR-203 in the proliferation of tumor. Furthermore, the overexpression of circ-ABCB10 can stimulate tumor proliferation and invasion by sponging miR-1271, which is also a pivotal miRNA in most regulation processes of circRNAs in breast cancer (Wang et al., 2018) and promote the proliferation and progression of clear cell renal cell carcinoma by activating the target gene—miR-331-3p/miR-1228-5p (Huang et al., 2019). The interesting thing is that in rectal cancer, the number of circ-ABCB10 is decreasing but has an effect of inhibiting ferroptosis and apoptosis by regulating miR-326/CCL5 (Xian et al., 2020). This illustrates that the level of circ-ABCB10 can also have an influence on the proliferation and invasion of tumor. However, in hepatocellular carcinoma, in vivo experiments indicate that circ-ABCB10 may be an anti-oncogenic factor (Gao et al., 2017a). With the upregulation of circ-ABCB10, the downstream targeted genes of the signaling axis, namely, NRP1 and ABL2 are upregulated. In this case, it can easily be supposed that circ-ABCB10 can regulate the expression of multiple downstream genes, which has a synergistic effect on tumor growth. Coincidentally, circ-ABCB10 can also regulate the proliferation and EMT of cervical cancer by inhibiting the miR-128-3p/ZEB1 axis (Feng et al., 2021). In general, circ-ABCB10 can act as an oncogene by promoting tumor proliferation and migration in glioma, non–small cell lung cancer, esophageal cancer, breast cancer, and renal cancer (Tang et al., 2017; Deng et al., 2018; Wang et al., 2018; Wang et al., 2020; Zhao et al., 2020) and can also be an anti-oncogene by inhibiting the growth in hepatocellular carcinoma and cervical cancer (Gao et al., 2017a; Feng et al., 2021). It was also shown that circ-ABCB10 plays an obvious role in the proliferation and migration of tumors, with different effects on different cancers.
2) In Metastasis
Metastasis is an important step in cancer progression, and circ-ABCB10 can influence cancer metastasis in different ways (Gao et al., 2017b; Liang et al., 2017; Tang et al., 2017; Zhao et al., 2021). In oral squamous cell carcinoma, circ-ABCB10 was found to be upregulated and related to metastasis and tumor clinical staging of oral squamous cell carcinoma (OSCC) patients, aggravating the progression of OSCC by sponging miR-145-5p (Chen et al., 2020). In breast cancer, circ-ABCB10 acts as a miR-223-3p sponge and regulates the expression of the miR-223-3p targeted gene PFN2 to induce cell migration (Zhao et al., 2021). In addition, it can also promote invasion by sponging miR-1271 and reducing IR sensitivity (Tang et al., 2017). Similarly, the expression of ROCK1 is upregulated and is correlated with circ-ABCB10 expression in NPC cells (Liang et al., 2017). ROCK1 was upregulated following the overexpression of circ-ABCB10 in NPC (Liang et al., 2017). It is demonstrated that circ-ABCB10 has a positive role in cancer metastasis. Similar to proliferation and invasion, circ-ABCB10 also has an adverse effect on tumor metastasis. It is also seen in hepatocellular carcinoma that circ-ABCB10 can suppress the migration and metastasis by inhibiting the miR-340-5p/miR-452-5P—NRP1/ABL2 axis (Yang et al., 2020b). Thus, circ-ABCB10 plays a key role in tumor metastasis in different cancers.
3) In Angiogenesis
Angiogenesis, the creation of new blood vessels, plays a significant role in bone regeneration and osteoblast differentiation and provides essential nutrients and oxygen during bone formation (Hu et al., 2013; Kusumbe et al., 2014). Recently, it was found that circRNAs may be involved in the progression of angiogenesis during the occurrence and development of disease (Zheng et al., 2016; Zhong et al., 2016; Gao et al., 2017b; Deng et al., 2018; He et al., 2018). For example, there is evidence that circ-IARS in pancreatic cancer cells can influence human umbilical vein endothelial cell (HUVEC) monolayers to promote tumor metastasis (Li et al., 2018b). This fact indicates that circ-ABCB10 may also influence the angiogenesis of HUVECs. Vascular endothelial growth factor (VEGF) is another significant cytokine that promotes angiogenesis (Siveen et al., 2017). Kim et al. found that human amnion–derived mesenchymal stem cells (hAMSCs) can promote angiogenesis (Kim et al., 2012), and further research confirmed that hAMSCs can significantly increase the expression of VEGF and circ-ABCB10 (Tang et al., 2020). This implies that circ-ABCB10 may promote cell growth through related pathways. A series of experiments demonstrated that circ-ABCB10 can enhance the angiogenesis of HUVECs by sponging miR-29b-3p and VEGFA (Tang et al., 2020). It was also demonstrated that conditioned medium from hAMSCs (hAMSC-CM) can indirectly promote circ-ABCB10 transcription but not the release of hAMSC-CM by exosomes (Tang et al., 2020). However, there are still numerous questions related to the mechanisms through which circ-ABCB10 may promote angiogenesis.
CONCLUSION
In recent years, it has been found that circRNAs originate from the cyclization of pre-mRNAs and have many unique features not found in other RNAs. Because of their unique stable structure and tissue-specific expression, circRNAs have potential applications as novel biomarkers for assessing tumor progression (Jin et al., 2016; Zhang et al., 2017; Jakobi and Dieterich, 2019) and for the diagnosis and treatment of tumors (Lux and Bullinger, 2018; Ouyang et al., 2018). Increasing numbers of studies have found that circRNAs are abnormally expressed during tumorigenesis. In this article, we discussed and reviewed the role of circ-ABCB10 in different cancers and comprehensively summarized a list of related signaling pathways in various tumors. Circ-ABCB10 was found to promote the proliferation, migration, and metastasis of diverse cancers, such as esophageal squamous cell carcinoma, lung cancer, epithelial ovarian cancer, breast cancer, and hepatocellular carcinoma. Moreover, some studies demonstrated that circ-ABCB10 may also contribute to angiogenesis (Tang et al., 2020). From this perspective, circ-ABCB10 might be a potential biomarker for the diagnosis and prognosis of human cancers. However, the knowledge on the roles of circ-ABCB10 in cancer is still limited, and there are still many unresolved problems. For example, there is a lack of knowledge related to the relevant set of miRNA genes for each cancer. In addition, it is also necessary to identify the main sponging targets of circ-ABCB10. Understanding these processes may lead to completely new tumor therapies.
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Clinical parameters

n
T stage, n (%)

N stage, n (%)

M stage, n (%)

Gleason score, n (%)

Primary therapy outcome, n (%)

Residual tumor, n (%)

Zone of origin, n (%)

PSA (ng/ml), n (%)

Age, n (%)

Race, n (%)

Age, meidan (IQR)
PSA (ng/ml), meidan

Levels

T2
T3/T4
NO
N1
MO
M1

R2
Central Zone
Overlapping/Multiple Zones
Peripheral Zone
Transition Zone
<4
>4
<60
> 60
Asian
Black or African American
White

Low expression of SNHGIO

249
101 (20.5%)
144 (29.3%)
173 (40.6%)
30 (7%)
226 (49.3%)
1 (0.2%)
26 (5.2%)
147 (29.5%)
21 (4.2%)
52 (10.4%)
3 (0.6%)
17 (3.9%)
8 (1.8%)
12 (2.7%)
188 (42.9%)
168 (35.9%)
66 (14.1%)
4 (0.9%)
2 (0.7%)
48 (17.5%)
43 (15.6%)
2 (0.7%)
211 (47.7%)
13 (2.9%)
120 (24%)
129 (25.9%)
4 (0.8%)
19 (3.9%)
222 (45.9%)
61 (56, 66)
0.1(0.03,0.1)

High expression of SNHGIO

250
88 (17.9%)
159 (32.3%)
174 (40.8%)
49 (11.5%)
229 (50%)
2 (0.4%)
20 (4%)
100 (20%)
43 (8.6%)
86 (17.2%)
1 (0.2%)
11 (2.5%)
21 (4.8%)
28 (6.4%)
153 (34.9%)
147 (31.4%)
82 (17.5%)
1 (0.2%)
2 (0.7%)
78 (28.4%)
94 (34.2%)
6 (2.2%)
204 (46.2%)
14 (3.2%)
104 (20.8%)
146 (29.3%)
8 (1.7%)
38 (7.9%)
193 (39.9%)
62 (56, 66)
0.1 (0.02,0.2)

P-value

0.013

0.005

1.000

<0.001

<0.001

0.112

0.541

0.942

0.164

0.008

0.430
0.916

SD, stable disease; PD, progressive disease; PR, partial response; CR, complete response; PSA, prostate specific antigen. Bold values represent the statistically significant

p-values (P < 0.05).
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Total (N) Univariate analysis Multivariate analysis
Variables Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value
T stage (T3&T4 vs. T2) 492 3.785 (2.140-6.693) <0.001 1.5612(0.722-3.165) 0.273
N stage (N1 vs. NO) 426 1.946 (1.202-3.150) 0.007 0.8083 (0.455-1.417) 0.449
M stage (M1 vs. MO) 458 3.566 (0.494-25.753) 0.208
Gleason score (9&10 vs. 6&788) 499 4.590 (3.038-6.934) <0.001 2.385 (1.374-4.140) 0.002
Primary therapy
outcome (CR vs. 438 0.151 (0.099-0.231) <0.001 0.283 (0.159-0.502) <0.001
PD&SD&PR)
Residual tumor (R1&R2 vs. R0) 468 2.365 (1.566-3.570) <0.001 0.961 (0.566-1.632) 0.883
PSA (ng/ml) (=4 vs. <4) 442 4.196 (2.095-8.405) <0.001 1.711 (0.764-3.829) 0.191
Age (>60 vs. <60) 499 1.302 (0.863-1.963) 0.208
Race
(Black or African American vs. 484 0.579 (0.290-1.154) 0.120
White&Asian)
Zone of origin
(Peripheral Zone 263 0.799 0 363
vs. Overlapping/Multiple Zones) (0.492-1.296)
SNHG10 (High vs. Low) 499 1.874 (1.232-2.849) 0.003 1.651 (1.012-2.694) 0.045

SD, stable disease; PD, progressive disease; PR, partial response; CR, complete response; PSA, prostate specific antigen. Bold values represent the statistically significant

p-values (P < 0.05).
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Cancer type

Pancreatic cancer

Breast cancer

Colorectal cancer
Lung cancer (non-small cell lung cancer; NSCLC)

Liver cancer (hepatocellular carcinoma; HCC)

Gastric cancer

Bladder cancer

Pituitary adenocarcinoma
Neuroblastoma

Glioma

Thyroid

Giioblastoma
Ovarian cancer

Cervical cancer
Prostate cancer

Animal models

Nude mice

Female BALB/C nude mice
BALB/c nude mice
BALB/c nude mice
BALB/c athymic nude mice

Nude mice

Nude mice

Athymic nude mice
Nude mice

BALB/c male nude mice
BALB/c male nude mice
BALB/c nude mice

BALB/c nude mice
BALB/c mice

Male nude mice
Nude mice
BALB/c nude mice
BALB/c nude mice
BALB/c nude mice

BALB/c nude mice
BALB/c nude mice

BALB/c nude mice
BALB/c nude mice

Function

A SNHG7: | tumor growth
A SNHG7: | tumor growth
A SNHG7: | tumor growth
A SNHG7: | tumor growth
A SNHG7: | tumor growth,
1EMT, and |Notch-1 pathway
A SNHGT: | tumor growth
A SNHG7: | tumor growth
A SNHGT: | tumor growth
A SNHG7: | tumor growth
A SNHGT: | tumor growth
A SNHG7: | tumor growth
A SNHG7: | tumor growth,
and |metastasis

A SNHG7: | tumor growth
A SNHGT: | tumor growth
A SNHG7: | tumor growth
A SNHGT: | tumor growth
A SNHG7: | tumor growth
A SNHGT: | tumor growth
A SNHG7: [tumor cell proliferation,
and |'¥'l resistance

A SNHG7: | tumor growth,
and |metastasis

A SNHGT: | tumor growth
A SNHG7: | tumor growth
A SNHGT: | tumor growth,
and Teell cycle arrest

References (s)

Jian and Fan, (2021)
Cheng et al. (2019b)
Zhang et al. (20200)
Liet al. (2020d)

Sun et al. (2019)

Liet al. (2018b)

Li et al. (20200)
Wang et al. (2020b)
She et al. (2018)
Zhao et al. (2021)
Xie et al. (2020)
Yang et al. (2019)

Yao et al. (2019)
Wang et al. (2017b)
Wang et al. (20200)
Yue et al. (2021)
Jia et al. (2020)

Du et al. (2020)
Chen et al. (2021)

Ren et al. (2018)
Bai et al. (2020)

Zhao et al. (2020)
Qi et al. (2018)
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LncRNA Effects
FGDS-AS1 M2

XIST M2
GNAS-AS1 M2
SOX2-OT M2

NKILA CTLs/Th1
NEAT1 CTLs
SOX2-0T CTLs
SChLAP1 CTLs
HOTAIR CSCs
HOTAR CsCs
FOXF1-AS1 CSCs
TCF7 CsCs
LINC00662 CsCs
DUXAP10 CsCs
MCF2L-AS1 CsCs
LINCO1224 CsCs
LINCO1123 CsCs
DANCR CsCs
DHRS4-AS1 CsCs
MACC1-AS1 csCs
(00107985872 CsCs
SLNCR1 CsCs
LINCO0887 CsCs
HAND2-AS1 CsCs
TUSC-7 csCs
CASC11 CsCs
CCAT1 csCs
DGCR5 CsCs
NEAT1 CsCs
HOTAIRM 1 MDSCs
RUNXOR MDSCs
LNCANA Pyt MDSCs
AKO36396 MDSCs
MALAT1 MDSCs
LINCO0301 Tregs
C5orfB4 Tregs
NRK CAFs
LINCO0173.v1 Vasculature
EPIC1 Vasculature
LINCO0667 Vasculature
F630028010Rik Vasculature
MCMB3AP-AS1 Vasculature
PVT1 Vasculature
LINCO0312 Vasculature
Inc-MMP2-2 Vasculature

Mechanism

Regulating FGD5-AS1/miR-944/MACC1 axis

Regulates M2 polarization
GNAS-AS1/miR-4319/NECAB3 axis

Targeting miR-627-3p/Smads signaling pathway
Enhancing AICD of CTLs/Tht cells by suppressing NF-xB
Suppressing CGAS/STING Signaling
SOX2-OT/miR-30d-5p/PDK1

Regulating the AUF1/PDL1 axis

Inducing EMT and CSCs under the direct regulation of STAT3
Inducing CSCs-related biomarkers B-catenin and Kif4
Interacting with EZH2 to inhibit the EMT ability of tumor cells
Regulating TCF7/miR-200c/EpCAM

Interacting with Lin28

Inhibiting the Hedgehog signaling pathway signal
Regulating miR-873-5p

Interacting with ZNF91 dove irradiation resistance
Precipitating miR-449b-5p to activate NOTCH1 pathway signal
Activating DANCR/miR-216a signaling axis

Modulating DHRS4-AS1/miR-224-3p signaling
MACC1-AS1/UPF1/LATS1/2 axis

Activating the notch1 signaling pathway

Interacting with SPLA2

Stimulating multiple microRNAs (miRNAS)

Interacting negatively with TGF-1

sponging miR-146

Interacting with TGF-B1 to increase stemness of CSCs
Activating Wnt signalling

DGCRS/miR-330-5p/CD44 axis

Activating Wnt signalling

Targeting HOXAT

Regulating RUNX1 mRNA

Attenuating Arg1 activity and ROS production
Repressing Arg1 activity in vitro and CD244 expression
Unknown

Accumulating Tregs upon targeting TGF-p1

Decreasing Tregs abundance

Unknown

Sponging miR-511-5p as a ceRNA

Ang2 -Tie2 signaling pathway

Inducing eukaryotic translation initiation factor 4A3 (EIF4A3)
Sponging miR-223-3p

Targeting miR-340-5p/KPNA4 axis

Targeting the miR-29c/VEGF signaling pathway

Binding YBX1

Regulating MMP2 expression

References

Lv et al. (2021)
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Li et al. (20202)
Zhou et al. (2021)
Huang et al. (2018)
Ma et al. (2020)
Chen et al. (2021)
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Liu et . (2015)
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Wu and Wang (2017)
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Lin et al. (2021)

Li and Lin (2021)
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Yan et al. (2020)
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Guo et al. (2020)
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Tian et al. (2019)
Mizo et al. (2019)
Huang et al. (2019)
Fu et al. (2019)

Xu et al. (2018)
Wang et al. (2018)
Jiang et al. (2018)
Tian et al. (2018a)
Tian et al. (2018b)
Zheng et al. (2019)
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Clinical Samples

30 LUAD tissues and 30
matched non-tumor tissues
481 LUAD tissues and 47
normal tissues

86 HCC tissues and 86
matched non-tumor tissues

25 HCC tissues and 25
adjacent non-tumor tissues
70 HCC tissues and 70
adjacent non-tumor tissues
3 MCGC tissues, 1 SCC
tissue, 1 BCC tissue, 1
normal skin

134 NPC tissues and 40
non-NPC tissues

31 NSCLC tissues and 31
matched normal tissues
306 CC tissues and 3
normal tissues

20 CC tissues and 20
matched normal tissues

47 EC tissues and 47
adjacent non-tumor tissues
4 BC tissues and 4 adjacent
mammary gland epithelial
tissues

43 BC tissues and 10
adjacent non-tumor tissues

30 TNBC tissues and 30
adjacent normal tissues

6 GM tissues and 3 non-
tumor brain tissue

12 high-grade GM tissues
and 7 normal brain tissues
50 GM tissues and 50
normal tissues

6 GBM tissues and 6
adjacent normal tissues
49 OS tissues and 49
adjacent normal bone
tissues

30 PTC tissues and 30
adjacent normal tissues
50 CRC tissues and 50
adjacent normal tissues

10 CRC tissues and 10
adjacent non-tumor tissues

55 CRC tissues and 55
adjacent normal tissues

45 CRC tissues and 45
adjacent normal tissues

96 CC tissues and 96
adjacent normal tissues

36 EC tissues and 36
adjacent normal tissues

80 GC tissues and 80
adjacent non-tumor tissues
15 GC tissues and 15
adjacent non-tumor tissues
and 15 normal tissues

80 GC tissues and 80
adjacent normal tissues

35 TSCC tissues and 35
adjacent normal tissues
30 PC tissues and 45
normal tissues

Cell lines (Cancer cells and Normal
cells)

PC9 and BEAS-2B, HEK293T
H23, H1299, A549, SPC-A1

SMMC-7721, HepG2, Hep3B, SK-
HEP-1, MHCC97H and L02, 7701,
7702

HuH6, THLE-2 and ATCC, Manassas,
VA, USA

Hep3B, HepG2, SMMC-7721, Huh-7
and LO2

5-8 F, 6-10B, HNE-3, C666-1 and
NP69SV40T

Caski, Hela, C33a, SiHa
C33A, Hela, SiHa and Ect1/E6E7

ANSCA, HEC-59, HEC-1B, KLE and
HUM-CELL-0111

MCF-7, ZR75-1, T47D, SKBR3, MDA-
MB-231 and HEK293T

MDA-MB-231, BT549 and 293
MDA-MB-453, BT-549, MDA-MB-231,
HCC1937 and HBL-100
MDA-MB-436, MDA-MB-231, MDA-
MB-453, BT-20, HCC1937, SKBR3,
T47D, HEK293 and HPDE

us7, U251

A172, T98G, U87, U373, U251, U138

MG-63, SAOS-2, HOS, U20S and
hFOB1.19

KTC-1, TPC-1, BCPAP, K1, BHP10-3
and Nthy-ori3-1

HCT116, H29, SW620, LOVO, SW480
and NCM460

SW620, SW480, DLD1, HCT116,
LoVo, HT-29 and NCM460
DLD-1, HCT-116, SW-480, HT-29,
SW-620 and HIEC

SW620, HCT116, HCT8, SW480,
LS174T, HT29, RKO

HT29, SW480, HCT116 and CRL1790

HCT116, SW620, RKO, HCT8, HT29
and NCM460

EC-109, EC-1, TE-1, TE-10, KYSE-150
and HEEC

SGC-7901

BGC823, SGC7901, MKN45, MGC803
and GES-1

SCC9, SCC15, SCC25, UM1, CAL-27
and HOEC

PANC-1, SW1990, MIA PaCa-2 and
hTERT-HPNE
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Expression
Upregulation
Upregulation
Upregulation

Upregulation

Upregulation
Upregulation

Upregulation

Downregulation
Downregulation
Downregulation
Downregulation
Downregulation

Downregulation

Downregulation

Downregulation
Downregulation

Downregulation

Downregulation
Downregulation
Downregulation
Downregulation

Downregulation

Downregulation

Downregulation

Downregulation
Downregulation

Downregulation

Downregulation
Downregulation
Downregulation
Downregulation

Downregulation

Downregulation

Downregulation

Downregulation

Target
gene

GLit
SRCIN1

NDFIP1

TRIM25

TSLC1

zIc2

CDK3

uLBpP2

GLI

HDGF

PD-L1

Bel-2

IGF2BP1

HOXA9

CXcL16
JMJD8
TRAFS5/
TAB1

ZEB1

ELK1/
STRN4

TNNT1
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GLi
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Reference

®
(80)

@1

©2)

89)

(36)

(40)
©
1)
(“42)

(43)

(44)

©)

(45)
(46)

@7

(48)
(49)
(50)

1)

62)

63)

(54)

NSCLC, non-small cell lung cancer; LUAD, lung adenocarcinoma; HCC, hepatocellular carcinoma; MCC, Merkel cell carcinoma; LCA, lung cancer; CC, cervical cancer; EC, endometrial
cancer; BC, breast cancer; GM, glioblastomas; TNBC, triple-negative breast cancer; PDAC, pancreatic ductal adenocarcinoma; PTC, papillary thyroid cancer; CRC, carcinoma of colon

and rectum; GC, gastric cancer; ESCA, esophageal cancer; OS, osteosarcoma; NPC, nasopharyngeal carcinoma; PC, pancreatic cancer.

1: promotior

Inhibition.
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Cancer Materials Results Reference

HCC 86 HCC tissues and 86 The level of miR-873-5p in advanced liver cancer is higher than that in peripheral liver cancer. The overall survival ®)
matched non-tumor tissues and recurrence time of HCC patients with low miR-873-5p expression levels are much longer than those of HCC
patients with high miR-873-5p expression, which indicates that higher miR-873-5p expression is related to the
poor prognosis of HCC.
CRC 50 CRC tissues and 50 The level of miR-873-5p is negatively correlated with the degree of malignancy of CRC. Patients with high miR- 6, 49)
adjacent normal tissues; 96 873-5p levels have a longer overall survival rate than patients with low miR-873-6p levels, which indicates that
CRC tissues and 96 adjacent  lower miR-873-5p expression is related to a poor prognosis of CRC.
normal tissues

LUAD 481 LUAD tissues and 47 miR-873-5p is an independent prognostic factor of LUAD. The high expression of miR-873-5p indicates that the (29)
normal tissues survival rate of LUAD patients is lower.

GC 80 GC tissues and 80 Low miR-873-5p is associated with tumor enlargement in GC patients, advanced T-grade, and poor histological (52)
adjacent normal tissues type, and predicts poor OS and DFS.

L UAD, lung adenocarcinoma; HCC, hepatocellular carcinoma; CRC, carcinoma of colon and rectum; GC, gastric cancer; DFS, disease-free survival; OS, overall survival.
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Cancer type

Lung cancer

Esophageal cancer

Nasopharyngeal cancer

Liver cancer (hepatocelular
carcinoma; HCC)

Pancreatic cancer

Breast cancer

Golorectal cancer

Gastric cancer

Bladder cancer

Pituitary adenocarcinoma

Glioma

Glioblastoma (GBM)

Neuroblastoma

Ovarian cancer

Melanoma

Cervical cancer

Thyroid cancer

Prostate cancer

Osteosarcoma

Targets/Regulators
and signaling
pathways

miR-485-5p/WLS axis
miR-181a-5p/AKT/
mTOR axis
mIR-193/FAIM2 axis
miR-181a-5p/E2F7 Axis
miR-449a/TGIF2 axis
FAIM2

miR-34a-5p

miR-625/SNHG7 axis

miR-514a-5p/ELAVL1
axis
miR-140-5p/GLI3 axis

miR-122-5p/FOXK2 axis
miR-34a/SIRT1 axis
MiR-9-5p/CNNM1 axis
miR-122-5p/RPL4 axis

miR-425/Wnt/p-cateni
EMT pathway

miR-146b-5p/Robo’ axis
miR-342-3p/ID4 axis

Notchi/Jagged1/Hes-1
Signaling Pathway

miR-15a

miR-34a
miR-186

miR-34a-5p/LDHA
(Glycolysis) axis
miR-381
miR-34a/Noteh-1

pathway
miR-186

miR-23a-3p/CXCL12
axis
MIR-1930/K-ras/ERK/
oyclinD1 axis
miR-34a/GALNT7/PI3K/
AKUMTOR pathway
MIR-216b/GALNT1 axis
miR-34a/LDHA
(Glycolysis) axis
MiR-485-5p

miR-34a/Snal EMT axis
P15 and P16

miR-2682-5p/ELK1/Src/
FAK signaling pathway
Bax, p21, and E-cadherin

Whnt/p-catenin pathway

miR-449a

mMiR-342-3p/AKT2 axis
miR-506-3p/CTNNB1

axis
miR-138-5p/EZH2 axis

miR-449b-5p/MYCN axis
miR-5095/Wnt/b-catenin
pathway

miR-323a-5p and miR-
342-5p/CCND1 axis
miR-653-5p/STAT2 axis

EZH2/KLF2 axis
six human UM cell lines

DKK1/Wn/p-catenin axis

miR-485-5p/JUND axis

miR-449a/ACSL1 axis

BDNF
miR-9-5p/DPP4 axis
miR-324-3p/WNT2B axis

miR-503/cyclin D1 axis

DPS3/DNMT1 axis
miR-34a

miR-34a-5p/RADIA axis

Assessed cell lines

H1650, H1975, A549 and H1299
A549, and NCI-H1299
Beas-2B, H125, 95D, and A549

NCI-H520, SPC-A1, H-23, and
BEAS-2B
BEAS-2B, A549, and H1299

BEAS-2B, H125, 95D, and A594
NSCLC cells
TE1, EC109, TE13, and YES2

HEEC, Eca109, EC9706, TE-10, and
TE-11

NPB9, CNET, CNE2, C666-1 and
HNE1
CNE1, HONET, C666-1, and CNE2

SNU449, Hep38, and THLE-2

THLE-3, HEK-293, HepG2, and SK-
hep-1

THLE-3, BEL-7404, HCCLMS, HepdB
and HepG2

Hhu7, Hep3B, HCCLM3, and
MHCCO7H

HepG2, and HCC-LM3

PANC-1, SW 1990, BxPC-3 and
ASPC-1

HPDEB-C7, HEK293T, AsPC-1, BXPC-
3, SW 1990, PANC-1, and PaCa-2
PANC-1, and AsPC-1

MCF7, and T47D.
MCF-7, and MDA-MB-231
SK-BR-3, and AUS65

MCF10A, MDA-MMB-436, HS578T,
SKBR3, MDA-MB-231, and MCF-7
MCF-10A, ZR-75-1, HCC-1973, MDA
MB-231, and MDA-MB-468
MCF-10A, MCF-7, MDA-MB-231,
MDA-MB-157, and MDA-MB-435
MCF-10A, MCF-7, MDA-MB-231 and
SKBR3

SW480, LoVo, RKO, and HCT116

FHC, caco2, SW480, SW620, Het116,
and Lovo

FHC, SW480, SW620, LOVO, and
HCT-116
HGC27, and AGS

HS746T, HGC-27, SNU-1, AGS, and
GES-1

GES-1, MKN-45, SGC-7901, and N87
GES-1, BGC823, MGC803, SGC7901,
N87, and AGS

T24, SW780, J82, UM-UC-3, 5637,
and SE780
SW780, T24, UMUC, and 5637

SV-HUC-1, T24, 5637, 253 J, TCC,
J82, and EJ
SV-HUG-1, T24, J82, and SW780

GH1, RC-4B/C, GH3 and MMQ

A172, U87, U251, and SHG44
NHA, U87, U251, SHG44, and A172

LN229, A172, U251, and U87

NHA, T98G, U87, U251, and LN229
HEB, A172, U87, T98G, and SHG44

SH-SY5Y, SK-N-SH, NB-1, SK-N-AS,
and HUVEC

SK-N-AS, SK-N-SH, SH-SY5Y, IMR-
32, and SK-N-BE Hombach and Kretz
(2016) -C

OC A2780, OCC1, H8710 and SK-OV3

EZH2

H8, C-33A, CaSki, SiHa, and Hela

Ect1/E6E7, HEK-293T, Hela, SIHA, C-
33A and HT-3
Hela, and C-33A

Nthy-ori-3-1, FTG133, TPC1, BCPAP,
and 8505C

CAL62, and SW579
K1, TPC-1, SW579, and Nihy-ori 3-1

TPC-1, and B-CPAP.
RWPE, LNCaP, PC-3, and Du-145

WPMY1, LNCaP, VCaP, 22RV1,
DU145, and PC3

U208, HOS, MG-63, and Saos-2

hFOB1.19, MGE3, Sa0S2, HOS, and
1438
GSE70415 dataset

Function

A SNHGT: Jtumor cell proliferation, {migration, and
Jinvasion

A SNHGT: [tumor cel proliferation, |migration, linvasion
and Tapoptosis

11 SNHG7: 11FAIM2: Ttumor cell profferation, fmigration,
and finvasion

A SNHGT: Jtumor cell viabilty, |colony formation,
|migration, Jinvasion and Tapoptosis

A SNHGT: [tumor cell prolferation, |migration, Jinvasion,
and |EMT

A SNHGT: Jtumor cell proliferation, |migration, linvasion
and Tapoptosis

11 SNHG7: ftumor cel prolferation

A SNHGT: {tumor cel proliferation, |migration, and
Linvasion

A'SNHG7: |tumor cell proiferation, Tcell cycle arrest, and
Tapoptosis

11 SNHG7: ftumor cellprolferation, and Tcolony formation

A SNHGT: Jtumor cell proliferation, |colony formation,
1drug resistance, and Tapoptosis

A SNHGT: Jtumor cell prolferation, |migration, linvasion,
and |EMT
A SNHGT: TNLRP3-dependent pyroptosis

A SNHGT: Jtumor cell proiferation, |colony formation, and
Tapoptosis

A SNHGT: {tumor cel proliferation, | migration, and
linvasion

A SNHGT: Jtumor cel proliferation, |migration, and
linvasion

A SNHGT: [tumor cell proliferation, |migration, linvasion
and Tapoptosis

A SNHGT: Jtumor cell prolferation, |migration, and
Jinvasion

11 SNHGT: Tstemness, and | apoptosis SNHGT regulates
Folfinox resistance in pancreatic cancer cells

A SNHGT: Jtumor cell prolferation, and Jinvasion
A'SNHGT: Tohemosensitivty of cancer cells to Adriamycin
ASNHGT: | tumor cell prolferation, |migration and |EMT,
and apoptosis in chemoresistant cancer cells A SNHG7:
TTrastuzumab sensitivity

A SNHGT: | tumor oell proliferation, and |glycolysis

ASNHG?: |tumor cell prolferation, |colony formation, and
Jinvasion
A SNHG7: Jtumor cell prolferation, and Jinvasion

A SNHGT: [tumor cell proliferation, and |invasion

A SNHGT: Jtumor cell viabilty, |prolferation, and
Imigration
& SNHGT: Jtumor cell proliferation, and Tapoptosis

A SNHGT: Jtumor cell proiferation, |migration, Jinvasion,
Ivasculogenic mimicry, [cell cycle progression, and
Tapoptosis

A SNHGT7: Jtumor cell prolfferation, |migration, Jinvasion
and Tapoptosis

A SNHGT: | tumor cell viabiity and Tchemosensitivity of
cancer cells to cisplatin

A SNHGT: Jtumor cel proliferation, | migration, and
linvasion

& SNHGT: Jtumor cell migration, and Jinvasion

A SNHGT: {tumor cell migration, |colony formation,
Tapoptosis, and Teell cycle arrest

A SNHGT7: Jtumor cell prolferation, |migration, Jinvasion,
and Tapoptosis

A SNHG7: Jtumor cell proliferation, Jinvasion, Tapoptosis,
and Texpression of Bax, p21 and E-cadherin proteins

A SNHGT: Jtumor cell proliferation, |colony formation,
Lmigration, and Tcell cycle arrest

A SNHGT: Jtumor cell proliferation, Jinvasion, |EMT, and
Tapoptosis

A SNHGT: Jtumor cell proliferation, |migration, and
linvasion

11 SNHG7: ftumor cell prolferation, Tmigration, and
Tinvasion

A SNHG7: Jtumor cell proiferation, |colony formation, and
Tapoptosis

A SNHGT: [tumor cell proliferation

A SNHGT: |GBM cell viabiity, |migration, and Jinvasion
A SNHGT: Jtumor cell prolferation, |migration, linvasion,
and Tapoptosis

ASNHG?: Jtumor cell migration, linvasion, and glycolysis

A SNHGT: [tumor cell proliferation, |migration, Jinvasion,
LEMT, fcell cycle arrest, and Tapoptosis

A SNHGT: Jtumor cell prolferation, |migration, linvasion,
and |EMT

A'SNHG7: |tumor cell proiferation, Tcell cycle arrest, and
Tapoptosis

ASNHGT: |tumor cel proferation, |colony formation, and
Tapoptosis

A SNHG7: Jtumor cell prolferation, |migration, linvasion,
and |EMT

A SNHGT: Jtumor cell proliferation, and linvasion

A SNHGT7: Jtumor cell proliferation, Imigration, and
Tapoptosis

& SNHGT: Jtumor cell proliferation, and |cel cycle
ASNHG?: Jtumor cell proiferation, |colony formation, and
Tapoptosis

A SNHGT: [tumor cell proliferation, and | '*'l resistance

A SNHGT: [tumor cell proliferation, |migration, Jinvasion,
and |EMT
A SNHG7: Jtumor cell proliferation, and |colony formation

A SNHG7: |tumor cell proiferation, Tcell cycle arrest, and
Tapoptosis

A SNHGT: Jtumor cell prolieration, |migration, |invasion,
and |EMT

in situ evaluations showed that SNHG7 may enhance cel
proiferation and metastasis

A+ knockdown or slencing, |- decrease or repression, 1: increase or induction, 11 ovarexprassion, EMT: apithefal-to-mesenchyrmal fransition.
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Cancer type

Lung cancer

Esophageal cancer

Liver (hepatocelular
carcinoma; HCC)

Synchronous
colorectal liver
metastasis (SCLM)

Pancreatic cancer

Breast cancer

Gastric cancer

Bladder cancer

Pituitary
adenocarcinoma

Glioma

Glioblastoma

Neuroblastoma

Thyroid cancer

Cervical cancer

Colorectal cancer

Prostate cancer

Osteosarcoma

Chromophobe renal
cel carcinoma

Clinical samples

36 cancerous patient
tissues and matched
NATs

30 cancerous patient
tissues and matched
NATs

40 cancerous patient
tissues and matched
NATs

30 cancerous patient
tissues and matched
NATs

25 cancerous patient
tissues and matched
NATs
80 cancerous patient
tissues and matched
NATs
40 cancerous patient
tissues and matched
NATs

100 cancerous
patient tissues and
matched NATs

96 SCLM patients

50 cancerous patient
tissues and matched
NATs

40 cancerous patient
tissues and matched
NATs

43 cancerous patient
tissues

50 cancerous patient
tissues and matched
NATs

837 cancerous
patient tissues and
matched NATs

72 cancerous patient
tissues and matched
NATs

30 cancerous patient
tissues and 30
healthy tissues

36 cancerous patient
tissues and matched
NATs

162 cancerous
patient tissues and
matched NATs

60 cancerous patient
tissues and matched
NATs
92 cancerous patient
tissues and matched
NATs

30 cancerous patient
tissues and matched
NATs

30 cancerous patient
tissues and matched
NATs

20 and 33 cancerous
patient tissues and
matched NATs

53 cancerous patient
tissues and matched
NATs
53 cancerous patient
tissues and matched
NATs

45 cancerous patient
tissues and matched
NATs

92 cancerous patient
tissues and matched
NATs

56 normal samples
and 578 tumor
samples

45 cancerous patient
tissues and matched
NATs

60 cancerous patient
tissues and matched
NATs

48 cancerous patient
tissues and matched
NATs

198 cancerous
patient tissues and
matched NATs

499 cancerous
patient tissues and
matched NATs

42 cancerous patient
tissues and matched
NATs

127 cancerous
patient tissues and
matched NATs

30 cancerous patient
tissues and matched
NATs

Tesueexpressonof59
patients retrived from
the TCGA datakase
and 23 NATs

Expression
change in tumor
tissues
compared to
normal tissues

Upregulated

Upreguiated

Upreguiated

Upregulated

Upreguiated

Upreguiated

Upregulated

Upreguiated

Upregulated

Upregulated

Upreguiated

Upreguiated

Upregulated

Upregulated

Upreguiated

Upregulated

Upreguiated

Upreguiated

Upregulated

Upreguiated

Upreguiated

Upregulated

Upregulated

Upregulated

Upregulated

Upregulated

Upreguiated

Upregulated

Upregulated

Upreguiated

Upreguiated

Upreguiated

Upreguiated

Upregulated

Upregulated

Upregulated

Upregulated

Associated clinical
features.

Tumor size, TNM grade,
and Distant metastasis

Tumor stages, tumor grade,
and vascular invasion

TNM stage, and tumor
metastasis

Tumor number, ymph node
metastasis, and clinical
stage

Differentiation of primary
tumor, invasion depth of
primary focus, lymph node
metastases, number of iver
metastases, and liver
metastasis grade

tumor size, TNM stage,
lymph node metastasis,
and distant metastasis

Tumor size, TNM stage,
and Ki-67 index

Pathological stage, and
lymph node metastasis

Ginical Stage, lymph node
and distant metastasis

TNM stage, depth of
invasion, lymph node and
distant metastasis

Ginical stage

Tumor range, lymph nodes,
and pathological stage

Tumor grade

WHO Grade

Ginical stage

Lymph node metastasis,
INSS stage, and optic nerve
invasion

Pathology stage

Tumor Size, FIGO Stage,
and lymph-Node
Metastasis

TNM stage, lymph node
metastasis, and depth of
tumor invasion

Cinical stage, ymph node
and distant metastasis

Invasion depth

Gleason score, and tumor
stage

TNM stage, Gleason score,
bone, and pelvic lymph
node metastasis

Tumor size, high Enneking
staging, and distant
metastasis

OS: overall survival, DFS: disease-free survival, PFS: progression-free survival.

Kaplan-Meier
analysis

Patients with elevated
expressionlevels of SNHG7
demonstrated decreased
08 rate compared to those
with lower levels

Log-rank test demonstrated
that patients with high
SNHG? expression had
poorer OS.

Patients with high SNHG7
expression levels had

poor OS.

Elevated SNHG7
expression was markedly
associated with poor OS in
hepatic carcinoma patients
Patients with high SNHG7
expression demonstrated
worse OS and PFS relative
to those with low levels

Patients with high SNHG7
expression levels had
poor 0S.

Patients with elevated
expression levels of SNHG7
demonstrated decreased
suvival rate relative to those
with lower levels

Patients with high SNHG7
expression levels had

poor OS.

Patients with high SNHG7
levels had lower DFS
compared to those with
lower levels

High SNHG7 was
associated with decreased
survival in breast cancer
patients

High SNHG7 was
correlated with shorter
survival time in breast
cancer patients

Patients with high SNHG7
levels showed lower OS
compared to those with
high SNHG? expression

Patients with high SNHG7
levels showed unfavorable
prognosis

Patients with high SNHG7
levels had poor OS
compared to those with low
levels

Patients with high SNHG7
levels showed unfavorable
prognosis compared to
those with low levels

Patients with high SNHG7
levels had poor survival
rates compared to those
with low levels

Patients with low SNHG7
levels demonstrated longer
08 compared to those with
high levels

Patients with high SNHG7
levels had poorer prognosis
compared to those with
high levels

Patients with high SNHG7
levels shorter DFS times
compared with those with
low levels

Patients with high SNHG7
levels demonstrated poorer
08 compared with those
with low levels

Patients with high SNHG7
levels demonstrated poorer
08 compared with those
with low levels

High SNHG7 expression
was correlated with poor
survival

High SNHG7 expression
was correlated with

poor OS.

Patients with high SNHG7
expression had poor OS
compared to those with low
expression

Patients with high SNHG7
expression had poor
prognosis compared to
those with low expression

Patients with high SNHG7
levels had shorter survival
time compared with those
with low levels

SNHG7 level was
associated with OS

Multivariate cox
regression

SNHG7 expression
acts as an independent
prognostic factor in
HCC patients

SNHG7 expression
acts as an independent
prognostic factorfor OS
and occurrence in
SCLM patients

SNHG7 acts as an
independent factor for
poor O in patients with
gastric cancer

SNHG7 acts as an
independent factor for
poor O in patients with
gastric cancer

SNHGT expression is
an independent
prognostic risk factor
for OS in CRG patients

SNHGT acts as an
independent factor for
poor prognosis in
patients with prostate
cancer
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ID

Lower limit
Relative risk
Upper limit
p-Value
Coefficient

PRRT3-AS1

1.023583
1.060732
1.09923

0.001189
0.058959

LINC01503

1.00155

1.019693
1.038164
0.033254
0.019501

LINC01936

1.008181
1.378964
1.886111
0.04433

0.321332

CDKN2B-AS1

1.645618
2.793029
5.04718

0.000668
1.027127

LINC01629

1.09442

1.217429
1.354264
0.000294
0.196742

LINC01833

0.999163
1.05138

1.106327
0.043889
0.050104
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R-HSA-156580: Phase II - Conjugation of compounds

G0O:0002768: immune response-regulating cell surface receptor signaling pathway
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R-HSA-163125: Post-translational modification: synthesis of GPI-anchored proteins
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- small molecule catabolic process
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TTTGCCGGAGCTTGGAACA
CGTTCTCTGGGAACTCACCTC
AGTTCAATGGCTGAGGTGAGG
TGTTCCAAGCTCCGGCAAAG
GGTCAGACTGGGCAGGAGAT
CCCGTTCTCTGGGAACTCAC
GGTCAGACTGGGCAGGAGAT
GAGTGACAGGACGCACTCAG
GGGAGGTGAGTTCCCAGAG
CAGGGAGAGCCCTGTTAGG
GTGAGTTCCCAGAGAACGGG
GAGTGACAGGACGCACTCAG
CTAACAGGGCTCTCCCTGAG
CAGACCTTCCCAAGGGACAT
GGGAAGGTCTGAGACTAGGG
GGACATGGGAGTGGAGTGAC
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Gene name Primer sequences

Forward Reverse
TM4SF1-AS1 CCCATGGATTTGAGAAGGCTG AAGCAGGAGTGGAGAGTTTCA
GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG
E1 TTACGCGTGCTAGCCCGGGCTCGAGGGGAAATTCCTCTCACTTCAAT TGAGATGCAGATCGCAGATCTCTTTCAACTAAAAGTGAACT
E2 TTACGCGTGCTAGCCCGGGCTCGAGAATATGCATTACAAAAAACTTTCCA TGAGATGCAGATCGCAGATCACCAGAAGGGCACACTT
E3 gene synthesis
E4 TTACGCGTGCTAGCCCGGGCTCGAGACATGGCCTTTTGACCTTAT TGAGATGCAGATCGCAGATTAGGGTCATGCTTATTTGGA
E5 gene synthesis

NC TTACGCGTGCTAGCCCGGGCTCGAGTATATAAAGAATA GATACC TGAGATGCAGATCGCAGATACAGACATTTGTATATATTCAC
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Gene name

SITMA4SF1-AS1#1
SITM4SF1-AS1#2
SITM4SF1-AS1#3
SITM4SF1-AS1#4
siNC

siRNA sequences

Sense

GGCAUUGACUGUGCAACUCCU
GCCCUGGUUGAGGCUUUGAAA
GGUGAAACUCUCCACUCCUTT
GUUCAGACCAGUGAGAUUUTT
UUCUCCGAACGUGUCACGUTT

Antisense

GGAGGAGUUGCACAGUCAAUG
UCUUUCAAAGCCUCAACCAGG
AGGAGUGGAGAGUUUCACCTT
AAAUCUCACUGGUCUGAACTT

ACGUGACACGUUCGGAGAATT
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Kaplan-Meier
analysis

Patients with high DLX6-AS1 expression
had poor OS compared to those with lower
levels

High DLX6-AS1 expression levels were
correlated with poor OS in HCC patients
compared to low levels

Patients with high DLX6-AS1 expression
had shorter OS compared to those with
lower levels

High DLX6-AS1 expression levels were
associated with poor OS.

High DLX6-AS1 expression levels
correlated with shorter survival in gastric
cancer patients compared to those withlow
levels.

Patients with high DLX6-AS1 expression
levels exhibited shorter OS compared to
those with low levels

High DLX6-AS1 expression levels were
correlated with shorter OS in osteosarcoma
patients compared to low levels

High DLX6-AS1 expression levels were
correlated with shorter OS in osteosarcoma
patients compared to low levels

Patients with low DLX6-AS1 expression
levels exhibited higher survival rate
compared to those with high levels

High DLX6-AS1 expression levels were
significantly associated with shorter OS in
neuroblastoma patients compared to those
with low levels

High DLX6-AS1 expression levels were
correlated with shorter OS in
neuroblastoma patients compared to those
with low levels

Patients with high DLX6-AS1 expression
levels had shorter OS and DFS compared
o those with low levels

Multivariate cox
regression

DLX6-AS1 expression is an
independent predictor of poor
prognosis

DLX6-AS1 expression level is an
independent prognostic factor

DLX6-AS1 expression is an
independent prognostic factor for
survival in ovarian cancer patients
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Animal models

BALB/c nude mice
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Function

+ | tumor growth
+ | tumor growth

+ | tumor growth
+ | tumor growth, and |metastasis

+ | tumor growth

11 DLX6-AS1: Ttumor growth and Tlymph node metastasis

A DLX6-AS1
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+ | tumor growth
: | tumor growth
+ | tumor growth
: | tumor growth

+ | tumor growth
+ | tumor growth
: | tumor growth
+ | tumor growth, and |chemoresistance to cisplatin
+ | tumor growth

+ | tumor growth
+ | tumor growth
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+ | tumor growth

+ | tumor growth
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+ | tumor growth
+ | tumor growth

+ | tumor growth
 [tumorigenesis and [tumor growth

: | tumor growth
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Cancer type

HCC

Pancreas

Prostate

Kidney (renal cell
carcinoma; RCC)
Liver

Neuroblastoma

Glioma

Osteosarcoma

Endometria

Cervix

Breast

Breast (riple-negative;
TNEC)

Ovaries

Bladder

Colorectal

Larynx

Nasopharynx

Esophagus

Stomach

Lung (NSCLC)

Ewing's sarcoma

Targets/Regulators
and signaling pathways

miR-513c/Cul4A/
ANXA10 axis
miR-203a/MMP-2 axis

miR-181b/ZEB2 axis

miR-497-5p/FZD4/FZD6/
Wnt/-catenin axis

miR-497-5p/SNCG axis

DNMT1/LARGE axis

miR-26a/PTEN axis
miR-424-5p/WEE1 axis

CADM1/STATS axis

miR-513¢-5p/PLK4 axis
miR-506-3p/STAT2 axis
miR-497-5p/YAP1 axis

miR-107/BDNF axis
miR-197-5p/E2F1 axis
miR-129-5p/DLK1 axis
miR-641/HOXA9 axis

DLX6

miR-16-5p/ARPP19 Axis

miR-19%a
miR-506-3p/RUNX2 axis
miR-199b-5p/paxillin axis

miR-195-5/FHL2 axis

Notch

MiR-195-5p/VEGFA

Wnt/g-catenin

miR-223/HSPY0B1 axis

miR-26a/EZH2 Axis

PIBK/AKT/mTOR
pathway

miR-26a/TRPC3 axis
miR-376¢
miR-199a-5p/HIF-1a

axis

miR-4290/PDK1 axis
FUS/MAP4K1 axis

MiR-204-5p/0CT1 axis

miR-144/PRR11 axis

miR27b3p/GSPT1 axis

miR-124-3p/CDK4 axis

Assessed cell lines

Hep3B, HepG2, Huh7, PLC/PRF/5,
and THLE-3

Hep3B, MHCCY7L, HCCLM3,
HepG2, Huh7, and LO2

‘CAPAN-1, BxPC-3, SW 1990, PANC-
1, and HPDE6-C7

Panc-1, AsPC-1, Bxpc-3, Capan-1,
CFPAC-1, and MIA PaCa-2

LNGap, DU145, PC-3, VCap, and
WPMY1

CWR22rv1, LAPC-9, DU145, LNCaP,
PC-3M, and PrEC

A498, ACHN, Caki-1, Caki-2, 786-O,
G401, and HK-2

MHCCO7L, HCCLM3, SK-HEP-1,
Hep3B, Huh7, and HEK293T
Hep3B, HepG2, SMMC-7721,
HCCLM3, Huh7 and L02

SK-N-SH, SK-N-AS NB, and HUVEC
SK-N-SH and LAN-6

SK-N-AS, SK-N-SH, SH-SY5Y, and
SK-N-BE

NB-1643, SK-N-SH, NB-1691, SK-N-
AS, IMR-32, and SH-SY5Y

U251, T98G, UB7MG, SHG44,
and NHA

MG63 and U20S

Saos-2, MG-63, U20S and hFOB

HEC-1-B, HHUA, HEC-1-A, RL-952,
and HEC-251

SiHa, HelLa, C-33A, CaSki, and End1/
E6E7

CaSki, ME-180, C-33A, SiHa, Hela,
and NC104

MDA-MB-231, MDA-MB-468, BT-
474, MCF-7, T47D, and MCF-10A

(CCD-10958k, MDA-MB-231, HCC
1806, HCC1599, and HS578 T

SKOV3, A2780, IOSE80, and 293 T

IOSES80, HEY, SKOV3, and OVCAR-3

T24, RT4, 5637, J82, SW780, and
SV-HUC-1
5637, J82, T24, and SV-HUC-1

T24, SW780, and SV-HUC-1

DLD-1, HCT-116, HT-29, SW480,
SW620, and NCM460

HCT116, HT-29, SW480, and
NCM460

HEp-2 and Tu-177

Hep2

518, 526, CNE-1, CNE-2, HONE-1,
5-8F, and NP69

EC109, KYSE30, and Het-1A

HGC-27, SGC7901, MGC803,
MKN45, and GES-1

AGS, HGC-27, SGC-7901, BGC-823,
and GES-1

MGC-803, HGC-27, MKN-7, MKN-
28, MKN-45, AGS, SGC-7901, and
GES-1

HGC27, BGC823, SGC7901, AGS,
and GES-1

H1975 and A549

CALUS, CALUS, A549, H1299,
and HBE

SK-ES-1, A673, RD-ES, and
mesenchymal stem cells (MSCs)

Function

A DLXE-AS1: [tumor cell viabilty, linvasion, and
migration
A DLX6-AS1: Jtumor cll proliferation, linvasion, and
migration

A DLX6-AS1: Jtumor cell proliferation, |migration, and
linvasion

11 DLXG-AS1: Ttumor cel proliferation, Tmigration, and
Tinvasion, while A DLX6-AS1 reversed the tumorigenic
effects

A DLX6-AS1: Jtumor cel prolferation, Tapoptosis

11 DLX6-AS1: Ttumor cell prolferation, Tmigration, and
Tinvasion

A DLX6-AS1: Jtumor cel prolferation, and |colony
formation

A DLX6-AS1: [tumor cell proiferation, |migration, and
Linvasion

A DLX6-AS1: |seff-renewal, |ampliication, and
Iproiferation in liver cancer stem cells

A DLX6-AS1: Jtumor cell viabilty, |colony formation,
Imigration, Jinvasion, Tapoptosis and fcell cycle arrest
A DLX6-AS1: |tumor cell proliferation, |glycolysis and T
cell cycle arrest at G1/S phase

A DLX6-AS1: |tumor cell proiferation, |migration,
linvasion, and |EMT

A DLX6-AS1: Jtumor cel prolferation, |migration,
Linvasion, and Tapoptosis

A DLX6-AST: [tumor cell proliferation, and Jinvasion

A DLX6-AS1: | number and size of tumor spheres, and
1CSCs in osteosarcoma cell lines

DLX6-AST triggers Wnt signaling

A DLXB-AS1: Jtumor cel proliferation, |migration,
linvasion, and Tapoptosis

A DLX6-AS1: [tumor cell proliferation, |invasion, and
Tapoptosis

DLX6-AS1 up-regulated DLX6 through inducing its
promotor via p300/E2F1

A DLXG-AS1: [tumor cel prolfferation, |migration, [EMT
and Tapoptosis

A DLXB-AS1: Jtumor cel prolferation, |colony
formation, |migration, and Tapoptosis

A DLX6-AS1: Jtumor cel proliferation, |migration,
linvasion, and Tapoptosis

A DLXB-AS1: [tumor cell proliferation, |EMT,
Tapoptosis, and |chemoresistance to cisplatin

A DLXB-AS1: | tumor cell proliferation, |migration,
linvasion, and Tapoptosis
A DLXB-AS1: | tumor cell proliferation, |migration,
linvasion, and Tapoptosis

A DLX6-AS1: | tumor cell proliferation, |migration,
linvasion, and Tapoptosis

11DLX6-AS1: T tumor cell proliferation, Tmigration,
Tinvasion, and TEMT. Knockdown reversed the
malignancy phenotype of cells

A DLX6-AS1: | tumor cell proifration, and Jinvasion

A DLX6-AS1: | tumor cell proiferation, migration,
linvasion, and Tcell cycle arrest

11 DLX6-ASH: T tumor cel prolferation, Tmigration,
Tinvasion, and |apoptosis. A DLX6-AS1 retumed the
malignant phenotype of cancer cells

4 DLXE-AS1: | tumor cell prolfferation via decrease in
mitochondrial radical oxygen species

DLX6-AS1 regulates metaboiism of cancer cells

A DLX6-AS1: | tumor cell proliferation, linvasion, and
Tcell cycle arrest

A DLX6-AS1: | tumor cell proliferation, |migration, and
linvasion

4 DLX6-AS1: | tumor cell proifferation, |migration,
Linvasion, and |EMT

A DLX6-AS1: | tumor cell proliferation, Tapoptosis, and
caused glucose metabolism impairment

A DLX6-AS1: | tumor cell proifferation, |migration,
and [EMT

A DLX6-AST: | tumor cell proliferation, |migration,
linvasion, and |EMT

A DLX6-AS1: | tumor cell proliferation, |colony
formation, |migration, Jinvasion, |EMT, and |cel cycle
progression

A DLX6-AS1: | tumor cell proiferation, Imigration,
Linvasion, and Tapoptosis
A DLX6-AS1: |proliferation, |migration, and Jinvasion

A DLX6-AS1: | tumor cell proliferation, and Tapoptosis

A+ knockdown or slencing, |- decrease or rapression, T increase or stimulation, 11: overexpression, CSCe: cancer stam cale.
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Cancer type Role Related Functions PMID
genes
Lung cancer Oncogene miR-744- Proliferation 34090440
5P/CDCA4
miR-93- Proliferation 33535997
5P/STAT3
IF144 Chemoresistance 31841994
Gastric cancer Oncogene miR- Invasion and 31632064
145/CASC11 migration
Glioma Oncogene IL-1B Proliferation and 32358484
migration
VEGFA Proliferation, 33760190
invasion, and
migration
Osteosarcoma Oncogene miR-744- Proliferation 33760190
5P/MDM2
miR-520a-  Cell viability and 30098545
3P/IL6R migration
Colorectal cancer  Oncogene TPM1 Proliferation and 33499872
angiogenesis
miR-9- Proliferation, 33116633
5P/STMN1  invasion and
migration
Oral squamous cell Oncogene miRNA-136  Tumorigenicity 31452270
carcinoma
Neck squamous Oncogene MYC Migration and 31703161
cell carcinoma invasion
Prostate Oncogene / Proliferation 33311496
adenocarcinoma
cell
Epithelial ovarian ~ Oncogene / Proliferation and 30178832
cancer migration
Breast cancer Oncogene miR- Proliferation 29687853

145/ESR1
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Cancer type Sample Expression Clinical Prognosis PMID
characters
Lung cancer 594 cases High Advanced Poor 32913506
tumor stage
84 cases High Prognosis Poor 32913506
62 cases High Advanced Poor 33535997
tumor stage
318 cases High Prognosis Poor 33987935
Osteosarcoma 104 cases High Higher clinical Poor 31486480
stage
Glioma 135 cases High Early tumor Poor 31933922
metastasis
37 cases High Prognosis Poor 32358484
Gastric cancer 73 cases High Prognosis Poor 32141549
76 cases High Prognosis Poor 31632064
Colorectal 62 cases High Lower clinical Poor 33116633
cancer stage
80 cases High Prognosis Poor 33499872
Oral squamous 58 cases High Prognosis Poor 31308744
cell carcinoma
Neck 44 cases High / 7/ 31452270
sguamous cell
carcinoma
Prostate 15 cases High / / 28131897
adenocarci-
noma
cell
Epithelial 90 cases High Prognosis Poor 30178832
ovarian cancer
Breast cancer 94 cases High Advanced Poor 29687853

tumor stage
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Tumor Type

Non-small Cell Lung
Cancer (NSCLC)
Breast cancer

Esophageal cancer
(EC)
Gastric cancer (GC)

Nasopharyngeal
carcinoma (NPC)

Numbers of clinical samples

126 NSCLC patients and 60 healthy
controls

160 pairs of breast cancer tissues
and ANCTs

162 pairs of ESCC tissues and
ANCTs

30 tumor tissues and ANCTs

89 GC patients and 73 healthy
controls

80 pairs of GC tissues and ANCTs
101 NPC patients and 101 healthy
controls

101 NPC patients and 20 chronic
nasopharyngitis patients

101 NPC patients and 20
asymptomatic EBV carriers

Distinguish between

patients with NSCLC vs. healthy
controls
Cancer tissues vs. ANCTs

Cancer tissues vs. ANCTs

Cancer tissues vs. ANCTs
patients with GC vs. healthy
controls

Cancer tissues vs. ANCTs
patients with NPC vs. healthy
controls

patients with NPC vs. chronic
nasopharyngitis patients
patients with NPC vs.
asymptomatic EBV carriers

Area Under Sensitivity

Curve

0.759

0.736

0.802

0.67
0.820

0.8802
0.665

0.625

0.620

0.693

74%

73.3%

70%
76.4%

81.25%
0.640

0.590

0.592

Specificity Accuracy Reference

0.883 0.759 (75)

69% _ (40)
79.4% _ 83)
63.3% _ ©)
56.2% 67.3% (@5)
83.75% _ (84)
0838 _ 86)
0822 ,

0.819

ANCTs, adjacent non-cancerous tissues; ESCC, esophageal squamous cell carcinoma.
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Tumor type Numbers of clinical Expression Kaplan-Meier analysis Univariate cox Multivariate cox regression Clinicopathologic Reference
samples (Tumor vs. characteristics of patients
Normal)
Non-small Cell Lung 44 NSCLC patient  high - - _ _ ®)
Cancer (NSCLC) ~tissues and ANCTs
165 NSCLC high o s = Paired t test: AFAP1- AST was ©
patients, 118 benign correlated with pathological grade,
lung tumor tissues, TNM staging and metastatic abilty.
and 173 healthy
samples
GEO analysis high _ N - _
92 pairs f NSCLG ~ high Patients with high levels of AFAP1-  Histological grade, TNM  Histological grade, TNM stage, and  Chi-square test: Relative levels of (10)
tissues and ANCTs AST had poorer OS. stage, and AFAP1-AST  AFAP1-AS1 expression were AFAP1-AS1 were associated with
expression were identified  independent predictors for OSin  tumor burden.
as three prognostic NSCLC patients.
factors.
7 NSCLC tumor high _ _ - - a1
tissues and ANCTs
126 NSCLC patients  high _ N . Mann-Whitney U test: High serum 5)
and 60 healthy levels of AFAP1-AS1 were strongly
controls associated with DM, LNM, poor
cinical stage, and larger tumor
size.
82 pairs of NSCLC  high = s = - 76)
tissue and ANCTs
52 NSCLG patients ~ high AFAP1-AST down-regulation was  _ High expression level of ASAP1-S1
correlated with improved survival was an indicator of poor survival.
time.
Non-small Cell Lung 96 pairs of lung high AFAP1-AST over-expression was  _ = 55 @7
Cancer (NSCLC) ~ cancer tissues and related with short OS and PFS,
ANCTs
GEO and TCGA high = - = 5
analysis: _
121 NSCLG patients high AFAP1-AST over-expression was  _ AFAP1-AST was an independent  Chi-square test: AFAP1-AS1 (@)
and 79 healthy related with short OS. prognostic indicator for NSCLG expression was infiuenced by
controls patients. cinical stage, smoking history,
infitration extent, LNM and distant
metastasis.
36 studies: 6267 high . . . . 78)
NSCLC patients
TCGA analysis: high - = = = 79)
465 LUAD patients
and 49 ANCTs
53 newly diagnosed  high a2 - = =
LUAD tissues and
ANCTs
20 pars of LUAD  high » - = = ©0)
and LUSG tumor
tissues and ANCTs
TCGA analysis: 57 high N _ n -
paired LUAD and
normal samples and
16 paired LUSC and
normal samples
Lung cancer 98 pairs of lung high N N N Patients with high levels of AFAP1- @8)
cancer tissues and AS1 had poor histology type, great
ANCTs tumor size, LNM, distant
metastasis, and advanced TNM
stage.
GSE31210 analysis:  high High levels of were associated with  _ N _ (12)
226 primary lung poor 0S.
cancer samples and
20 normal lung
samples
GSE19804 analysis:  high s - = -
60 pairs of lung
cancer tissues and
ANCTs
GSE27262 analysis:  high _ _ _ N
25 pairs of tumor
tissues and ANCTs
GSE18842 analysis:  high _ _ N N
46 pairs of tumor
tissues and ANCTs
GSE37745 analysis:  high High levels of were associated with  _ N N
106 lung cancer poor 0S.
biopsies
187 parafiin- high High AFAP1-AS1 expressionwas ~ _ N _ (16)
embedded lung tightly correlated with poorer OS.
cancer tissues and
36 normal lung
specimens
Lung cancer 36 lung high High levels of AFAP1-AST were = - (@39
adenocarcinoma associated with shorter DFS.
tissue samples and
ANCTs
Breast cancer (BC) 160 pairs of breast  high The 3-years OS of patients with high  AFAP1-AS1 expression,  High level of AFAP1-AS1 was _ @0)
cancer tissues and AFAP1-AST expression was lower.  tumor grade, TNM stage, ~ correlated with the malignant
ANCTs and LNM were Significant ~ features.
factors.
20 pairs of breast  high _ _ N _ )
cancer tissues and
ANCTs
TCGAanalysis: - high = = N = (18)
high B _ ©0)
31 pairs of TNBC High levels of AFAP1-AS1 were AFAP1-AST could be regarded as an
tissues and ANCTs correlated with poorer DFS and OS. independent prognostic factor in
TNBC.
TCGA analysis: _ high High expression of AFAP1 was & = 5 @®1)
correlated with short surviavl in
patients with Luminal B, HER2 +, and
basal tumors and worse OS Luminal
Aand HER2 + tumor subtypes.
8 pairs of TNBC high _ _ _ N (19)
tissues and ANCTs
64 HER-2 positive  Higher in _ _ _ @1
patients and 40 HER-2
HER-2 negative positive than
patients HER-2
negative
51 parsof tumor  high . o = Its expression was low i ki-67 (©2)
tissues and ANCTs negative tumor tissues.
Osteosarcoma 8 pairs of high _ _ _ _ (22)
Osteosarcoma
tissues and ANCTs
4508 tissuesand  high Patients who had high AFAP1-AST  _ _ N (29)
ANCTs expression level indicated poor OS
rate than those who had low AFAP1-
AS1 expression level.
49 pairs of 0S high Patients with higher expression of  _ = = (24)
tissues and ANCTs AFAP1-AS1 showed lower OS and
PFS rates.
Esophageal cancer 42 ESCC tissues  high = = = = 30)
EC) and 35 ANCTs
65 pairs of tissues  high = _ < Chi-squared test: high level 1)
and ANCTs of AFAP1-AS1 was correlated with
tumor size and advanced TNM
stage.
48 pairs of ESCC  high _ _ _ _ ©3)
tissues and ANCTs
162 pairs of ESCC  high High levels of AFAP1-AS1 were Tumor depth, LNM, TNM  Tumor depth, dCRT response, and  Chi-squared test: higher expression
tissues and ANCTs strongly associated with shorter PFS. ~ stage, dORT response,  AFAP1-AS1 expression were of AFAP1-AS1 was strongly
and AFAP1- independent prognostic factors for  correlated with LNM, distant
AS1 expression were PFS. Moreover, high levels metastasis, advanced clinical
associated with PFS and ~ of AFAP1-AS1 indicated unfavorable  stage, and lack of response to
0s. 0s. dCRT.
Gastric cancer (GC) 20 pairs of GG high 5 2 = 5 [e0)
tissues and ANCTs
52 pairs of GG high . N . _ “3)
tissues and ANCTs
91 pairs of primary  high Patients with high levels of AFAP1-  _ Lymph node metastasis, TNM stage, X2 test: expression of AFAP1-AS1 ©5)
gastric cancer AS1 showed poor OS than those and AFAP1-AST expression levels  was associated with LNM and
tissues and their with low levels. were independent prognostic factors  TNM stage.
ANCTs for OS time.
52 pairs of GG high Patients with high expression of " = - ©8)
tissues and ANCTs AFAP1-AS1 had a significantly poorer
0S compared to those with low-
expression of AFAP1-AST.
30 tumor tissues  down _ _ _ Levels of AFAP1-AS1 were higher ©
and ANCTs in patients who showed lymphatic
or vasoular invasion in comparison
with those who did not.
66 pairs of GG high = = Expression of AFAP1-AS1, clinical  Higher expression level of AFAP1- (@4)
tissues and ANCTs stage, and tumor difierentiation could  AS1 was correlated with tumor
be regarded as the factors that were  mass, clinical stage, and tumor
independently correlated with OS.  differentiation.
89 GG patients, 55 high _ _ N Logistic regression analysis: high “5)
benign gastric lesion level of AFAP1-AS1 was
groups, 73 age- significantly correlated with tumor
matched healthy size, TNM stage and LNM.
volunteers
80 pairs of GG high Patients with high levels of AFAP1- . = 4
tissues and ANCTs AS1 had shorter OS than those with
low levels of AFAP1-AS1.
Prostate cancer 30 PCatissues and  high = = - i @1
corresponding
nearby healthy
tissues
38 pairs of prostate  high Patients with high expression of _ _ Chi-Square test: AFAP1-AS1 @2
cancer tissues and AFAP1-AST had lower OS. expression was associated with
ANCTs histological grade and distant
metastasis.
Nasopharyngeal 10 pairs of freshly  high Patients with high expression of _ _ N (46)
carcinoma (NPC)  frozen samples and AFAP1-AS1 showed lower OS.
ANCTs
100 pairs of paraffin-
embedded samples
and ANCTs
96 paraffin- high Patients with high expression of N N Patients with high expression 85)
embedded NPC AFAP1-AS1 had a poor prognosis, of AFAP1-AS1 were showed
samples with shorter OS. distant metastasis when they
relapsed.
32 nasopharyngeal  high = = = High expression of AFAP1- @3)
carcinoma samples AS1 was highly correlated with
and 13 non tumor cinical TNM stages, neck LNM,
and T stages of the patients.
nasopharyngeal
epithelium tissues
101 NPC patients ~ high _ _ _ _ (86)
and 101 healthy
controls
101 NPC patients
and 20 chronic
nasopharyngitis
patients
101 NPC patients
and 20
asymptomatic EBV
carriers
23 NPC samples high - - - - “n
and 7 non-tumor
nasopharyngeal
epithelium samples
112 paraffin- high High expression of AFAP1-AS1 was _ Expression of AFAP1-AS1 was
embedded NPC and correlated with poor OS and poor associated with distant tumor
10 NPE tissue RFS. metastasis.
samples
Endometrial 73 pairs of EC high = = = = (48)
carcinoma (EC) tissues and ANCTs
Cholangiocarcinoma 20 pairs of CCA high = - E = (49)
(CCA) tissues and ANCTs
56 pairs of tumor  high Patients with high expression of - . High expression of AFAP1-AS1 (50)
tissues and ANCTs AFAP1-AS1showed shorter OS. had positive association with tumor
size, vasoular invasion, and
advance TNM stage.
Colorectal cancer 68 CRC patients ~ high = = = Chi-squared test: plasma levels of 1)
(CRC) and 60 healthy AFAP1-AS1 were correlated with
volunteers cinical stage.
52 pairs of CRC high Patients with up-regulation of AFAP1- AFAP1-AS1 expression,  AFAP1- AS1 expression, TNM stage, High levels of AFAP1-AST were 62
tissues and ANCTs AS1 had a significantly poorer tumor size, TNM stage,  and distant metastasis were strongly associated with tumor size, TNM
prognosis. and distant metastasis  correlated with OS and DFS. stage and remote metastasis.
were significantly
correlated with OS and
DFS.
15 pairs of CRC high = = = = (53)
tissues and ANCTs
TCGA analysis: 50
pairs of cinical
colorectal cancer
tumors and the
peritumoral tissues
80 CRC tissues and ~ high Patients who had high AFAP1-AS1 _ _ (64
10 normal colon mRNA levels indicated worse
tissues prognosis compared with those with
low.
Colon Cancer GEO analysis: _ high - = = = (55)
TCGA-COAD high Patients with high expression of _ B
analysis AFAP1-AST indicated shorter OS
and DFS.
Hepatocellular 17 pairs of tumor  high N _ N N (56)
carcinoma tissues and ANCTs
17 pairs of HCC high Patients with high levels of AFAP1- AFAP1-AS1 expression couldbe  High levels of AFAP1-AST were ©7)
tissues and ANCTs AS1 showed a shorter median regarded as an independent correlated with pathological staging
survival time. prognostic factor for OS in HGG and lymph-vascular space invasion.
patients.
156 pairs of HOC ~ high Patients with low levels of AFAP1- N High levels of AFAP1-AST were ©8)
tissues and ANCTs AS1 showed better OS and DFS. correlated with tumor size, vascular
invasion, and TNM stage.
Cervical cancer (CC) TCGA analysis: _  high Patients with high expression of - - High levels of AFAP1-AS1 were (59
AFAP1-AS1 expression had a short correlated with TNM stage.
0s.
Laryngeal carcinoma 24 pairs of tumor  high _ _ _ _ @4
tissues and ANCTs
Thyroid cancer 36 pairs of tumor  high Patients with high expression of - AFAP1-AS1 expression might bea _ (60)
tissues and ANCTs AFAP1-AS1 expression had a short positive, independent prognostic
os factor.
Glioma 52 gioma cases and  high High expression of AFAP1-AS1 = - Expression of AFAP1-AS1 was ©1)
5 non-tumor control predicted worse prognosis in glioma closely correlated with glioma
cases patients. grading and KPS scores.
Ovarian cancer (OC) 65 pairs of OC high x - - Upreguiation of AFAP1-AST was ©2)
tissues and ANCTs correlated with high FIGO stage
and resistance response.
39 pairs of OC high Patients with low expression of - Chi-square analysis: Upregulation (@5)
tissues and ANCTs AFAP1-AST showed greater survival of AFAP1-AS1 was correlated with
probabilty. FIGO stage.
Pancreatic cancer 75 pairs of PC high = = = Upreguiation of AFAP1-AS1 was (36)
(PC) tissues and ANCTs positively associated with TNM
stage, LNM, and tumor size.
GEO analysis: _ high " - = o ©4)
63 pairs of PC. high Patients with high AFAP1-AS1 - - Upregulation of AFAP1-AS1 was
tissues and ANCTs expression showed a shorter 5-year positively associated with
OS rate. advanced TNM stage, tumor size
and LNM.
Pancreatic ductal 8 cases of PDAC  high = - - - (66)
adenocarcinoma tissues and 4 cases
(PDAC) of CP tissues
90 pairs of PDAC  high Patients with high expression of N _ Upregulation of AFAP1-AS1 was
tissues and ANCTs AFAP1-AS1 showed worse OS and positvely associated with LNM and
PFS. perineural invasion,
Renal cell carcinoma 60 coRCC tissues  high Patients with high expression of _ _ Upregulation of AFAP1-AS1 was ©7)
(RCO) and 20 ANCTs AFAP1-AS1 showed worse OS. positvely associated with LNM and
TNM stage.
Gallbladder cancer 40 pairs of GBC high Upregulation of AFAP1-AS1 indicated _ _ Upregulation of AFAP1-AS1 was (©8)
(GBC) tissues and ANCTs apoor prognosis in gallbladder positively associated with tumor
cancer. size.
Pituitary adenoma 60 pairs of pituitary  high _ _ _ _ (70)
adenomas tissues
and ANCTs
Retinoblastoma s8freshlyfrozen  high Patients with high expression of High-expression of High-expression of AFAP1-AS1 was  Upregulation of AFAP1-AS1 was 2
retinoblastoma AFAP1-AS1 had shorter OS. AFAP1-AS1 was found to  found to be an independent positively associated with tumor
tissue samples and be an unfavorable unfavorable prognostic factor. bulk as wel as choroidal or optic
10 non-cancerous prognastic factor. nerve invasion.
retina samples
Tongue squamous 103 pairs of high High AFAP1-AST expression was ~ _ _ Expression level of AFAP1- 73
cel carcinoma tumor tissues and related to poor survival. AS1 was associated with tumor
ANCTs diferentiation, T classification,
cinical stage, invasion depth, and
relapse.
Oral squamous cell 48 pairs of OSCC  high Patients with high AFAP1- _ - Expression level of AFAP1- (74)

carcinora (OSCC)

tissues and ANCTs

AS1 expression had a poor OS.

AS1 was associated with an
advanced cinical stage and LNM.

(ANCTs, adjacent non-cancerous tissues; OS, Overall suvival; DFS, Disease-free survival; PFS, progression free survival; TNM, tumor-node-metastasis; dCRT, definitive chemoradiotherapy; DM, distant metastasis; LNM, lymph node

metastasis; TCGA, The Cancer Genome Atlas: GEO, Gene Expression Omnibus: KPS, Kamofsky Performance Stat

P, chronic pancreatitis tissues).
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Tumor Type

Animal models

Results

Reference

Non-small Cell Lung Cancer

Lung cancer

Breast cancer (BC)

Osteosarcoma

Esophageal cancer (EC)

Gastric cancer (GC)

Prostate cancer

Nasopharyngeal carcinoma (NPC)

Endometrial carcinoma (EC)
Cholangiocarcinoma (CCA)

Colorectal cancer (CRC)

Hepatocellular carcinoma (HCC)

Pancreatic cancer (PC)

Pancreatic ductal adenocarcinoma
(PDAC)

Renal cell carcinoma (RCC)
Melanoma

Tongue squamous cell carcinoma
(TSCC)

Oral squamous cell carcinoma
(OSCC)

(A: knock down or deletion).

male athymic nude BALB/c mice

male BALB/c nude mice
BALB/c nude mice
BALB/c nude mice

murine xenograft mice
female nude mice

female nude mice

Female BALB/c nude mice
female nude mice

BALB/C specific-pathogen-free nude

mice

male BALB/c nude mice

female BALB/c nude mice

male athymic BALB/c nude mice
female BALB/c nude mice

male BALB/c nude mice
nude mice

male BALB/C nude mice
nude mice

male BALB/c nude mice
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A AFAP1-AS1: | tumorigenicity, | chemo-resistance

A AFAP1-AS1: | mRNA and protein of IRF7 and RIG-I-like receptor signals
1 AFAP1-AS1: 1 mRNA and protein of IRF7 and RIG-I-like receptor signals
A AFAP1-AS1: | tumor volume, | tumor weight

A AFAP1-AS tumor weight, | tumor size
A AFAP1-AS tumor volume, | tumor weight, | tumor growth
A AFAP1-AS tumor growth

A AFAP1-AS1: | metastatic nodules

A AFAP1-AS1: | tumor growth

A AFAP1-AS1: | tumor growth

A AFAP1-AS1: | tumor growth, | tumor weight

A AFAP1-AS1: | tumor volume, | tumor weight, | tumor growth
A AFAP1-AS1: | tumor resistance, | metastasis

A AFAP1-AST: | tumor growth, | invasion

A AFAP1-AS tumor volume, | tumor weight, | tumor growth
A AFAP1-AST: | tumor size, | tumor weight

A AFAP1-AS1: |ATF2, 1 miR-26a

A AFAP1-AS1: | tumor volume, | tumor weight, | tumor growth
A AFAP1-AS1: | tumor volume, | tumor weight, 1 C-caspase 3
1 AFAP1-AS1: 1 metastasis

A AFAP1-AS1: | number and size of the metastatic foci

A AFAP1-AS1: | tumor volume, | tumor weight

A AFAP1-AS1: | tumor volume, | tumor weight, | number and size of the
metastatic foci

A AFAP1-AS1: | tumor volume, | tumor weight

A AFAP1-AS1: | tumor volume, | tumor weight

A AFAP1-AS1: | tumor growth

A AFAP1-AS1: | tumor weight

A AFAP1-AS1: | tumor weight, | tumor growth, | Ki-67 expression

A AFAP1-AS1: | tumor volume, | tumor weight

A AFAP1-AS1: | tumorigenicity, | EMT process

CUB-induced A AFAP1-AS1: | tumor volume, | tumor weight, | tumor
growth

A AFAP1-AS1: | tumor volume, | tumor weight

A AFAP1-AS1: | tumor volume, | tumor weight
A AFAP1-AS1: | tumor volume, | tumor weight, | tumor size

A AFAP1-AS1: | tumor growth, | tumor weight, | tumor size

A AFAP1-AS1: | tumor volume, | tumor weight
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Tumor type Interactions Cell lines Effects Reference
Non-small Cell Lung  miR-139-5p, RRM2, EGFR/AKT H1975, PC-9, A549, SPCA-1, A AFAP1-AS1: | proliferation, | chemo-resistance, 1 )
Cancer signaling pathway BEAS-2B apoptosis
_ A549, H1975, H1650, H1395, A AFAP1-AS1: | proliferation 1 AFAP1-AS1: 1 invasion, )
H12994 1 migration, | apoptosis
p21, EZH2 16HBE, A549, SPC-A, H1299 A AFAP1-AS1: | proliferation, 1 cell cycle arrest (10)
PPP1R13L, VASP, SPTAN1, STAT1, H1299, PC9, H1975, 293T A AFAP1-AS1: | invasion, | migration 1 AFAP1-AS1: 1 (11)
NF1, FBN2, AFAP1 invasion, 1 migration
HBP1 16HBE, A549, SPC-A1, PC-9, A AFAP1-AS1: | proliferation, | migration, 1 GO/G1 cell (37)
H1299, H1975 cycle arrest, 1 apoptosis
Lung cancer AFAP1, KRT1 A549, H1299 and H460, 95-D, A AFAP1-AS1: | proliferation, | migration (38)
16HBE
RhoA, Rac2, Rab10, Rab11a, A549 A AFAP1-AS1: | invasion, | migration, | metastasis (12)
Rhogdi proteins, Pfn1, RhoC,
Rab11b, LIM, Lasp1
miR-545-3p, HDGF _ A AFAP1-AS1: | proliferation | invasion, | migration, 1 (15)
apoptosis
SNIP1, c-Myc, ZEB1, ZEB2, SNAIL  A549, PC9 A AFAP1-AS1: | invasion, | migration, | EMT process (16)
= H1915, HCC827 A AFAP1-AS1: | invasion, | growth, 1 apoptosis (39)
Breast cancer (BC) MCF-10A, MCF-7, SK-RB-3, A AFAP1-AS1: | proliferation, | colony formation, | (40)
MDA-MB231, MDA-MB-468 metastasis 1 apoptosis, did not affect AFAP1
expression, did not affect actin filament integrity
miR-497-5p HCC70, BT-549, MCF-7, MDA- A AFAP1-AS1: | proliferation, | migration, 1 apoptosis (17)
MB-231, MCF-10A
miR-145, MTH1, ATF6 MDA-MB-231, MDA-MB-468, A AFAP1-AS1: | viability, | colony formation, | invasion (18)
MDA-MB-4358S, and HCC1937,
MCF-10A
Whnt/B-catenin signaling pathway, C-  184A1, MCF-10A, BT474, MCF- A AFAP1-AS1: | proliferation | invasion, | migration, | (20)
myc, SLUG, SNAIL, vimentin, 7, T47D, BT483, BT20, MDA-MB- EMT process, 1 apoptosis
fibronectin, N-cadherin, E-cadherin 468, BT549, MDA-MB-231
miR-2110, Sp1 MCF-10A, BT-549, MDA-MB- A AFAP1-AS1: | proliferation | invasion, | migration (19)
468
ERBB2, AUF1 KBR-3, BT474, A AFAP1-AS1: | trastuzumab resistance (21)
Osteosarcoma Twist1, N-cadherin and Vimentin, E-  MNNG/HOS, MG63, Sa0S-2, A AFAP1-AS1: | proliferation, | invasion, | migration, | (22)
cadherin, RhoC/ROCK1/p38MAPK  hFOB 1.19 actin filament integrity, | EMT process, | VM formation
signaling pathway capacity, 1 apoptosis, 1 GO/G1 cycle arrest
miR-497, IGF1R MG-63, 143B, U20S, Saos-2, A AFAP1-AS1: | proliferation | invasion, | migration, 1 (23)
hFOB 1.19 apoptosis,
miR-4695-5p, TCF4, Wnt/B-catenin  hFOB 1.19, Saos-2, U20S, MG- A AFAP1-AS1: | proliferation | invasion (24)
pathway 63, 143B
Esophageal cancer ~ miR-26a, ATF2 PBMCs, KYSE410 A AFAP1-AS1 in M2 Macrophage-Derived Exosomes: | (29)
(EC) invasion, | migration, | metastasis
miR-498, VEGFA HET-1A, Eca109, KYSE-30 A AFAP1-AS1: | proliferation, | Migration, 1 apoptosis (30)
_ ECA-109, TE-1, HEEC A AFAP1-AS1: | proliferation, 1 apoptosis 41)
— OE-33, SK-GT-4, FLO-1, HEEpic A AFAP1-AS1: | proliferation, | invasion, | anchorage- (42)
dependent growth did not affect the expression level
of AFAP1
Gastric cancer (GC) ~ KLF2, EZH2 GES-1, AGS and SGC-7901 A AFAP1-AS1: | proliferation, | invasion, | viability, 1 (26)
apoptosis
intrinsic pathway, PTEN/p-AKT AGS, MGC-803, SGC-7901, A AFAP1-AS1: | proliferation, t apoptosis 27)
Pathway BGC-823, GES-1
_ MKN-45, MGC-803 and AGS A AFAP1-AS1: | proliferation, | migration, | invasion, 1 (43)
GO/G1 phase arrest, 1 apoptosis
= AGS, BGC823, MGC-803, SGC- A AFAP1-AS1: | proliferation, | invasion, | EMT (25)
7901, GES-1 process, | cell cycle progress
miR-155-5p, FGF7 MKN-28, BGC-823, MGC-803, A AFAP1-AS1: | proliferation, | migration, | invasion (28)
SGC-7901, GES-1
_ GES-1, HGC-27, MGC-803, A AFAP1-AS1: | proliferation, | migration, | invasion (44)
BGC-823, SGC-7901
_ GES-1, AGS, BGC-823, MKN-45, A AFAP1-AS1: | proliferation, | migration, | invasion, | (45)
SGC-7901 EMT process
Prostate cancer miR-195-5p, FKBP1A PC3, DU145 A AFAP1-AS1: 1 PTX sensitivity, T apoptosis, | 31)
migration, | invasion
miR-512-3p 22RVA (32
A AFAP1-AS1: | proliferation, | migration, | invasion, 1
GO/G1 phase arrest
Nasopharyngeal YAP, KAT2B, RBM3 HNE-1, C666-1, SUNE-1, CNE-1, A AFAP1-AS1: | proliferation (46)
carcinoma (NPC) CNE-2, NP69
miR-423-5p, Rho/Rac signaling, 5-8F, HNE2 1 AFAP1-AS1: 1 migration, 1 invasion 33)
FOSL2, LASP1
AFAP1, RhoA, Rac2, Rab10, 5-8F, HNE2 and HK-1 A AFAP1-AST: | migration, | invasion, | stress filament 47)
Rab11a, Rhogdi, Pin1, RhoC, integrity
Rab11b, Lasp1
Endometrial miR-545-3p, VEGFA Ishikawa, HEC-1-B, HEC1-A, A AFAP1-AS1: | proliferation, | migration, | invasion, | (48)
carcinoma (EC) AN3-CA, hEEC, angiogenesis
Cholangiocarcinoma ~ AFAP1 HuCCT1, TFK-1, HIBEpic A AFAP1-AS1: | proliferation, | migration, | invasion, | (49)
(CCA stress filament integrity
MMP-2, MMP-9 QBC939, CCLP1, HUCC-T1and A AFAP1-AST: | proliferation, | migration, | invasion, 1 (50)
RBE, BEC, 293T GO/G1 phase arrest
Colorectal cancer GAS8-AS1 CR4 (Sigma-Aldrich, USA), RKO 1 AFAP1-AS1: 1 proliferation (51)
(CRC) (ATCC, USA)
_ HCT116, SW480 A AFAP1-AS1: | proliferation, t GO/G1 phase arrest (52)
AFAP1 HCT116, SW480 A AFAP1-AS1: | proliferation, | migration, | invasion (53)
EZH2 LOVO, SW1116, SW480, A AFAP1-AS1: | proliferation, 1 cell-cycle arrest (54)
HCT116, SW620, HT29
Colon cancer actin-cytokeratin signaling pathway, =~ SW480, SW620, HCT116, HT-29 A AFAP1-AS1: | proliferation, | migration, | invasion (55)
E-cadherin, vimentin, MMP9, ZEB1,
ZO-1, B-catenin
Hepatocellular N-cadherin, vimentin, E-cadherin, Huh7, HepG2, HCCLM3, LO2 A AFAP1-AS1: | proliferation, | migration, | invasion, | (56)
carcinoma (HCC) CRKL, Ras, MEK, c-Jun EMT process
RhoA/Rac? signaling SMCC7721 and HepG2 A AFAP1-AS1: | proliferation, | invasion, 1 S phase (67)
arrest, 1 apoptosis
_ LO2, SMMC-7721, Bel-7402, A AFAP1-AS1: | proliferation, | migration, | invasion (58)
MHCC-97 L, MHCC-97H
Cervical cancer (CC)  RhoA/Rac? signaling, Vimentin, B- ATCC no. CCL-2, A AFAP1-AS1: | migration, | invasion, | EMT process (59)
catenin, ZO-1
Laryngeal carcinoma miR-320a, RBPJ HEp-2 A AFAP1-AS1: | stemness, | cisplatin resistance, 1 (34)
apoptosis
Thyroid cancer K-1, TPC-1, SW579, FTC133, A AFAP1-AS1: | proliferation, | migration, | EMT (60)
XTC-1, I Nthy-ori3-1 process, 1 apoptosis
Glioma = UB7MG, U251, SHG-44, A172 A AFAP1-AS1: | invasion 61)
Ovarian cancer (OC) _ SKOV3, OV90, TOV112D, ES2 A AFAP1-AS1: | proliferation, 1 apoptosis 1 AFAP1- 62)
AS1: 1 proliferation
miR-107, PDK4 IOSE80, COV504, OVISE, OV90 A AFAP1-AS1: | proliferation, | migration, | invasion (35)
and SKOV3
Pancreatic cancer miR-384, ACVR1 SW1990, Capan-1, AsPC-1, A AFAP1-AS1: | stemness (36)
(PC) MIAPaCa-2, PANC-1, HPC-Y5
ZEBH1, N-cadherin, E-cadherin, BxPC-3, PANC-1 Oridonin-induced A AFAP1-AS1: | proliferation, | (63)
MMP-2, MMP-9, Slug, Snail migration, | EMT process, 1 apoptosis, 1 cell cycle
arrest
miR-133a, IGF1R AsPC-1, BXxPC-3, PANC-1, PaCa- A AFAP1-AS1: | proliferation, | invasion, | metastasis, t (64)
2 and SW1990 apoptosis
EGFR/Akt signaling, miR-146b-5p ASPC-1, BXPC-3, HPAC, CUB-induced A AFAP1-AS1: | proliferation, 1 cell cycle (65)
MiaPaCa-2, HPDEG-C7 arrest
Pancreatic ductal Panc1, MIAPaCa-2, Capan2, A AFAP1-AS1: | proliferation, | migration, | invasion (66)
adenocarcinoma SW1990, BXPC-3, HPDE6
(PDAC)
Renal cell carcinoma  PTEN/AKT signaling HK2, 786-0, Caki-1, ACHN, A498 A AFAP1-AST1: | proliferation, | migration, | invasion, | 67)
(RCO) EMT process
Gallbladder cancer NOZ, H69, GBC-SD, SGC-996 A AFAP1-AS1: | proliferation, | invasion, | epithelial (68)
(GBC) phenotype to mesenchymal phenotype
Pituitary adenoma miR-103a-3p, PI3K/AKT Signaling GH3 and MMQ A AFAP1-AS1 + miR-103a-3p inhibitor: 1 proliferation, 1 (69)
Pathway cell cycle progression, | apoptosis
PTEN/PIBK/AKT signaling pathway ~ GH3, MMQ A AFAP1-AS1: | proliferation, 1 cell cycle arrest, 1 (70)
apoptosis
Melanoma miR-653-5p, RAI14, E-cadherin, N-  HEMa-LP, A375, M21, B16F10, A AFAP1-AS1: | proliferation, | migration, | invasion (71)
cadherin, Ki67 SK-MEL-2
Retinoblastoma Weri-Rb1 and Y79, ARPE-19, A AFAP1-AS1: | proliferation, | migration, | invasion (72)
HRMECs
Tongue squamous  Wnt/B-catenin, SLUG, SNAIL1, VIM, SCC-15, Tca8113, SCC-4, SCC- A AFAP1-AS1: | proliferation, | migration, | invasion, t (73)
cell carcinoma CADN, ZEB1, ZEB2, and TWIST1 9, CAL-27 GO/G1 cell cycle arrest
(TSCC)
Oral squamous cell  miR-145, HOXA1 SCC9Y, SCC15, SCC25, HOKs A AFAP1-AS1: | proliferation, | migration, | invasion (74)

carcinoma (OSCC)

(A: knock-down, CuB: Cucurbitacin B).
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Radiosensitivity/
‘Chemoresistance

DDP, VCR, 5-FU
5-FU

5-FU

Radiosensitivity,
chemoresistance

chemoresistance

Ara-C
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Clinicopathological characteristics/Prognostic
value

prognostic factor of 0S

prognostic factor of OS correlated with lymph node metastasis and
TNM stage

prognostic factor of OS and RFS corelated with tumour size,
vascular invasion, TNM stage, tumour differentiation and inferior
patient outcomes

independent prognostic factor of OS

prognostic factor of 0S
correlated with TNM stage, tumor size, and lymph node metastasis

correlated with TNM stage, tumor size, and lymph node metastasis

prognostic factor of OS correlated with tumour differentiation and
lymph node metastasis
correlated with pathological differentiation and tumor size

prognostic factor of OS correlated with pathological differentation,
TNM staging and lymph node metastasis
correlated with tumor stage

prognostic factor of OS correlated with different cinicopathological
stage

correlated with the advanced ciinical stage, lymph node metastasis,
and distant metastasis of RMS

independent prognostic factor for OS correlated with tumor size,
KPS score, and TNM stage
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prolferation] , invasion|
proliferation|, migration |, invasion|

prolferation], migration , invasion|
proferation], migration , invasion, EMT|

proliferation], migration|, invasion|

prolferation |, invasion, apoptosist

invasion], de-differentiationt, migration|
prolferation, migration],, invasion|
prolferation,, migration],, invasion]
prolferation], apoptosist, migration],, invasion].
invasion], migration|

colony formationl,, apoptosisT, paciitaxel
sensitivityT, migration], invasion],
chemoresistance|

proliferation|, migration |, invasion|
prolferation, apoptosis], migration|, invasion|

proliferation], migration|, invasion|, EMT|

prolferation, apoptosisT, cel circle]
proliferation], cell cyclel, apoptosisT
prolferation] , invasion|

proliferation], migration], invasion|, apoptosisT
proliferation], migration, invasion|, EMT|
migration, invasion|, apoptosisT

prolferation, migration |, invasion|
migration] , invasion, EMT|

viabiity |, proliferation, autophagy |, apoptosisT
proliferation], migration|, invasion],
apoptosisT, EMT|

cell cycle]

autophagy!

GDPD5
IncRNA MCF2L-AS1/miRNA-
874-3p/FOXM1

IncRNA MCF2L-AS1/miRNA-
874-3p/CONE1
circ_0005576/miRNA-874-3p/
CDK8/Wnt/p-catenin
miR-874-3p/YAP1, TAZ/Hippo
signaling

miR-874-3p/STAT3

miR-874-3p/XIAP/CASP3,
CASP7, CASP9/5-FU
miR-874-3p/ATG16L1

MiR-874-3p/SPAGY
1A (TSN)/MIR-874-3p/HMGB2/
Wnt/p-catenin
MiR-874/ARHGEF25

miR-874-3p/STAT3VEGFA
miR-874-3p/CASP3, AQP3

miR-874/OPRD1/EGFR/
MAPK1 caggca
miR-874-3p/SOX12
miR-874-3p/PPNE1

miR-874-3p/MAGEC2
miR-874-3p/STAT3

miR-874-3p/PAX6
miR-874-3p/AQP1

MIR210HG/mIRNA-874-3p/
STAT3

IncRNA XLOC_008466/miR-
874-3p/MMP2, XIAP
CDF/miR-874/MMP2
25901198
miR-874-3p/MMP2, PLAU

miR-874-3p/CDK9
miR-874-3p/RGS4
miR-874-3p/E2F3

IncRNA XLOG_008466/miR-
874-3p/CCNE1
miR-874-3p, miR-874-5p/SIK2

miR-874/ETS1

IncRNA DANCR/MIRNA-874-
3p/SOX2

miR-874/CDK9
miR-874-3p/HDAC1
miR-874-3p/PPP1CA
miR-874-3p/MTDH

INcRNA TP73-AS1/miRNA-874-
3p/TFAP2B/Wt/p-catenin
miR-874-3p/GEFT

MiR-874-3p/CCNE1/NF-<B
signailing pathway
circ_0003489/miR-874-3p/
HDAC1
MiR-874-3p/FAMBAAWNY/B-
catenin

IncRNA DANCR/miR-874-3p/
ATG16L1

(2021)

Zhang et al.
(20210)

Huang et al.
(20202)

Yu et al. (2020)

Que et al. (2017)

Zhao and Dong,
(2016)
Han et al. (2016)

Huang et al
(2018)

Sun et al. (2020)
Yuan etal. (2020)

Huang et al.
(2018)

Zhang et al.
(2015)

Jianget al. (2014)

Zhang et al.
(2018b)
Jiangetal. (2017)
Leong et al.
(2017)
Songetal. (2016
Yuan etal. (2018

Diao et al. (2018
Wang et al.
(2020b)

Bu etal. (2020)

Yangetal. (2017)

Ahmad et al.
(2015)
Kesanakurti et al
(2013

Tang etal. (2018)
Liu et al. (2020)
Dongetal. (2016

Ghosh et al.
(2017)
Xia et al. (2018)

Liu et al. (2021a)
Liao et al. (2018)
Pashaei et al.
(2017)

Wu et al. (2020)

Zhang et al.
(2017)

Wang et al.
(2014)

Nohata et al
(2013)

Nohata et al
(2011)

Zhang et al.
(2018a)

Wang et al.
(2020a)

Shang et al
(2019)

Li et al. (2021a)
Pan et al. (2021)

Tian et al. (2021)
Ding et al. (2021)
Witek et al.
(2021)

Zhang et al
(20212)

HCC, Hepatocelluer carcinoma; PDAC, Pancreatic dluctal adenocarcinoma; NSCLC, Non-small cellung cancer; OS, Osteosarcoma; EOC, Epithelial ovarian cancer; CC, Cervicalcancer;
PCa, Prostate cancer; TNBC, Triple negative breast cancer; BC, Breast cancer; CRC, Colorectal cancer; ESCC, Esophageal squamous cell Squamous cell carcinoma; MSCC, Maxillary
sinus squamous cell carcinoma; RB, Retinoblastoma; GC, Gastric cancer; RMS, Rhabdomyosarcome; PTC, Papillry thyroid carcinoma; MM, myeloma; AML, acute myeloid leukemia;
HNSCC, head and neck squamous cell carcinome; CDF, Novel difiorobenzylidene analogue of curcumin; TSN, Tanshinone lIA: EMT, epithalial-mesenchyrmal transition.
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Type Molecular Cancer

mBA writer METTL3.

mBA writer METTL3

mBAwriter METTL14

mBA eraser AKbhS

mBA eraser FTO

1GF2BPs

m6Areader YTHDF1

YTHDR2

Leukemia

Globlastoma

Lung cancer
Liver cancer
Bladder cancer
Ovarian carcinoma
Endometrial cancer
Breast cancer

Acute myeloid
leukemia

Leukemia,

Globlastoma
Endometrial cancer

Hepatoma
Acute myeloid
leukemia

Gioblastoma
Breast cancer
Globlastoma

Acute myeloid
leukemia

Pancreatic cancer
Giioblastoma
Leukemia

Lung cancer
Cenvical squamous
cell carcinoma

Acute myeloid
leukernia

Ovarian and Liver
cancer
Melanoma and
colon cancer
Liver cancer
Pancreatic cancer

Role in cancer
Oncogene

Oncogene
Anti-oncogene

Oncogene
Oncogene
Oncogene
Oncogene
Anti-oncogene
Oncogene

Oncogene
Oncogene

Oncogene
Anti-oncogene
Anti-oncogene

Oncogene
Oncogene

Oncogene
Oncogene
Oncogene
Anti-oncogene

Oncogene

Oncogene

Oncogene

Oncogene

Oncogene
Anti-oncogene

Mechanism

Promoting the transiation

Enhancing the mRNA stabiity
Regulating oncogenes

Promote the translation

Enhancing the translation
Reguiating target

Promoing the translation
Promoting the translation
Stimulating AKT activation
Promoting the expression
Enhancing

mBA RNA moification and
gene expression

Regulating mANA stabiity and
translation

Reguiating oncogenes
Stimulating AKT activation
Regulating the miRNA
processing

Regulating is target
Promoting tumorigenesis

Promoting expression
Strengthening mRNA stabilty
Promating expression

Los of ALKBHS copy number

Reducing methyation
Regulating oncogenes
Reguiating expression

Promoting the stabilty
Reguiating expression

Promoting tumorigenesis
Promoting proliferation

Enhancing mRNA stabilty
Promoting the expression
Regulating is target

Promoting growth and
migration

Related targets.

o-MYC, BCL2, and PTEN

soxe
ADAMI9, EPHAS, and KLF4

EGFR, TAZ, MAPK2MMK; ),
DNMT3A

BRD4

socs2

GPCPY

AXU

PHLPP2

HBXIP

socs2
SPit

ADAM19, EPHAS, KLF4
PHLPP2
DGCR8

socs2
MYC and MYB

FOXM1
NANOG
FOXM1

ALKBHS.

KCNK15-ASt
ADAMI9, EPHA3, and KLF4
ASB2 and RARA

MZF1
p-catenin

ASB2 and RARA
MYC and CEBPA

SRF

lysosomal proteases

socs2
mBA-containing MANA

Function

Inhibit and induce diferentiation, promote cell growth,
and thus delay the occurrence of Leukemia

Reduced sensitivity to y radiation

Inhibit the formation, growth, and development of
gioblastoma

Promotes growth, invasion, and survival

Promote tumor growth
Promotes cell prolferation and migration

Promote malignant transformation of cells

Promote cell proliferation Inhibiton of cel

Inhibition of cellprofferation, invasion and migration
Promote cell proliferation

Promote tumor growth

Inhibit the differentiation of leukeria cells and promote
the self-renewal of stem

Promote tumor cell growth and seff-renewal
Inhibition of cell, profferation, invasion, and migration

In vivo inhibits cellinvasion and migration, and inhibits
tumor growth

Promote cell profferation
Promote tumor growth

Promote cel prolferation
Increase the number of tumor stem cells
Promote cell profiferation

Decrease the copy number of ALKBHS

Reduces methylation and inhibits tumor cell metastasis
Inhibit growth and tumor formation

It promotes the transformation of AML cells and inhibts
celldiferentiation

Promote the growth of tumor cells
Promote resistance to radiation therapy

Reduced m6A levels in transcripts
Inhibit tumor cellproliferation and survival

Promote tumor cel growth and cellinvasion

Promote tumor growth

Promotes cell prolieration and migration
Promote tumor cel growth and cell invasion
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Variables

Low-risk group

High-risk group

(n =309) (n = 309)
NO. % NO. % p-Value

Age 0.808
—<60 175 56.6 172 55.7

—>60 134 43.4 137 44.3

Stage 0.081
—I 4 13.3 62 20.1

—Il 179 57.9 177 57.3

—1il 81 26.2 65 21.0

-V 8 2.6 5 1.6

T stage 0.045
—T1 68 22.0 86 27.8

-T2 194 62.8 174 56.3

—T3 34 11.0 44 14.2

—T4 13 4.2 5 1.6

N stage 0.089
—NO 131 424 157 50.8

—N1 107 34.6 102 33.0

—N2 48 15.5 31 10.0

—N3 23 7.4 19 6.1

M stage 0.400
—MO 301 97.4 304 98.4

—M1 8 2.6 5 1.6

Subtype 0.042
—Non-triple negative 272 88.0 254 72.2

—Triple negative 37 12.0 55 17.8
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Training set Validation set
Factors AUC (95% CI) p-Value AUC (95% CI) p-Value
Nomogram 0.880 (0.850-0.907) 0.799(0.751-0.842)
Age 0.731 (0.694-0.766) 0.710(0.656-0.759)
AJCC stage 0.740 (0.703-0.774) 0.676(0.622-0.727)
IHC subtype 0.617 (0.577-0.655) 0.492(0.472-0.536)
Nomogram vs. 0.019 0.4
age
Nomogram vs. 0.022 0.034
AJCC stage
Nomogram vs. 0.002 0.02

IHC subtype
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LncRNA

HISLA
CamK-a
Lnc-BM
LNMAT1
LNcRANA-MM2P
H19
LINCO0862
RPPH1

MALAT4
JHDM1D-AS1
INcRNA cox-2
MALAT4
NIFK-AS1

Xist

ANCR

CCAT1

UCA1
LOC100129620
LINCO1140
LINCO0514
PCAT6
LincRNA-p21
RP11-361F15.2
SNHG15
HOTTIP
LINCO1116
MALAT4

Put1

Oifr29-pst
Lnc-C/EBPB

Xist
Lnc-chop
Lnc-C/EBPB
MALAT1

RNUXOR
AK036396

NKILA
Inc-EGFR
Flicr

Lnc-Tim3
SNHG1

MALAT1
Lnc-sox5
NEAT1
LINC00473
LIMIT
UCA1
NNT-AS1
LINC00301
LINC00473

LINC00240

Immune
component

Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Macrophage
Neutrophil
Neutrophil
Dendritic cell
MDSC

MDSC
MDSC

MDSC
MDSC
MDSC
MDSC

MDSC
MDSC

Tcell
Tcell
Teell

Teell
Tcell

Tcell
Tcell
Tcell
Tcell
Tcell
Tcell
Tcell
Teell
Tcell

Natural killer
Tcell

Mechanism

Stabiize HIF-1a in cancer cells via extracelular vesicle
Activate NF-xB pathway through Ca®* signaling

Bind and reguiate JAK2/STATS pathway, express
coL2

Recruit nRNPL to promoter and upregulate
expression of COL2

Reducing phosphorylation of STAT6 and regulate
secretion of cytokines

Upregulate activation of miR-193b/MAPK axis induced
by macrophages

Activate Wnt/p-catenin signaling

Interact with TUBB3 mediated by exosomes

Activate STATSMALAT1 pathway mediated by M2
macrophages secreted IL-8
Increase the formation of CD31* blood vessels

Decrease the expression of 1L-10, INOS, and TNF-ain
M1 macrophages

Modulate FGF2 protein secreted by tumor-associated
macrophages

Act as ceRNA of miR-146a

Suppress the expression of IL-4, mediated by TCG-4
Regulate expression of FoxO1

Act as ceRNA via CCAT1/miR-148a/PKCY, regulation
Upregulate protein levels of p-AKT

Promote IL-10 expression in osteosarcoma cells

Act as ceRNA via LINCO1140/miR-140-5p/FGFQ axis

Upregulate Jagged1-mediated notch signaiing
pathway

M2 macrophages secret VEGF to stimulate the
upregulation of PCATG in breast cancer cel

MDM2 eliciting proteasome-dependent regulation to
P53/NF-kB/STAT3 pathway

Actas ceRNA viaRP11-361F15.2/miR-30c-5p/CPEB4
s

Act as SNHG15/CDK6/miR-627 circuit by palbociclib

Enhance IL-6 expression

Enhance DDX5-mediated IL-1B expression in glioma
cell

Upregulate expression of Snail and activate functions of
coLs
Regulate the downstream functions of G-MDSC

Regulate the actiity of transcripts, such as COX2,
NOX2, NOS2, and Arg-1
Act as ceRNA via miR-133a-3p/RhoA regulation

Interact with CHOP and the G/EBP isoform liver-
enriched inhibitory protein
Regulate IL4i1 mediated by C/EBPp LIP and WDR5

Upregulate of Arg-1 and increase proportions of
MDSCs

Bind with RUNX1 and increase levels of Arg-1in MDSC
Enhance stability of Ficolin B

Modlate activated-induced cell death via NKILA
actiity mediated by Ca2+

Protect EGFR from ubiquitination and activate AP-1/

NF-AT1 pathway

Regulate transcription of Foxp3 mediated by modifying
chromatin accessibility in CNS3/AR5 region of Foxp3
Bind to Tim-3 and induce nuclear translocation of Bat3
Act as ceRNA via miR-448/IDO regulation

Act as ceRNA mediated by miR-195

Upregulate expression of IDO1 and modulate infitration
and cytotoxicity of CD3'CD8" T cells
Act as ceRNA via miR-155/Tim-3

Act as ceRNA mediated by miR-195-5p/PD-L1
regulation

Upregulate the LIMIT-GBP-HSP1 axis to boost MHC-,
but not PD-L1

Upregulate the miR-148a/PD-L1 pathway in tumor cells

Upregulate the TGF-p signaling pathway
Upregulate the TGF- signaling pathway via the
FOXC1/LINCO0301/HIF1a pathways

Upregulate PD-L1 via LINCOO473/miR-195-5p

Induction of miR-124-3p/STAT3/MICA-mediated
NKT cell tolerance

Function

Upreguiate aerobic glycolysis in breast cancer cells

Remode! tumor microenvironment and recruit
macrophages

Recrit macrophages and promote brain metastasis in
breast cancer

Recrit macrophages and promote lymphatic
metastasis of bladder cancer

Promote M2 macrophages polarization

Promote cell aggressiveness in hepatoceliuiar
carcinoma

Promote M2 macrophages polarization and
hepatocelular carcinoma progression

Promote M2 macrophages polarization and colon
cancer metastasis

Promote tumorigenesis of prostate cancer

Promote infitration of CD1 1+ macrophages and tumor
growth

Reduce cell prolferation invasion, EMT, and
angiogeness in hepatocelluar carcinoma

Promote angiogenesis of thyroid cancer

Inhibit M2 polarization of macrophages

Promote M2 polarization of macrophages and
progression of lung cancer

Inhibit M1 polarization of macrophages and promote
invasion and migration of gastric cancer

Inhibit M2 polarization of macrophages and migration of
prostate cancer

Promote invasiveness of breast cancer cel

Promote M2 polarization of macrophages, proliferation,
angiogenesis of osteosarcoma

Promote aggressiveness and macrophage M2
polarization of bladder cancer cell

Promote M2 polarization and metastasis of breast
cancer

Promoting angiogenesis in triple-negative breast cancer

Promote M2 polarization and progression of breast
cancer

Promote M2 polarization and tumorigenesis of
osteosarcoma

Promote M2 polarization of gioma associated microglia
in glioblastoma multiforme

Upreguiate the expression of PD-L1 in neutrophils to
potentiate immune escape of ovarian cancer cells
Promote tumor proliferation and tumor-associated
neutrophils recruitment

Promote colon cancer progression

Enhance suppressive immunity in tumor
microenvironment

Suppressive functions of MDSCs

Promote inflammation-civen colorectal cancer
progression
Regulate impressive functions MDSCs in TME

Modulate differentiation of MDSCs
Inhibit Immunosuppression in lung cancer

Immunosuppression in lung cancer
Inhibit maturation and accelerate immunosuppression
of PMN-MDSCs in lung cancer

Sensitizing T cells and promote tumor immune evasion

Stimulate differentiation of Tregs and promote immune
evasion in hepatocellular carcinoma
Enhance immune escape dominated by Tregs

Exacerbate CD8" T cel exhaustion

Regulate Tregs differentiation and affect immune
escape of breast cancer

Promotes tumorigenesis and immune escape of diffuse
B cell lymphoma

Promote progression in colorectal cancer

Enhance the antitumor activity of CD8" T cel against
hepatocellular carcinoma

Modulate the activation of CD8" T cells for attacking
cancer cells

Promote tumor antigen recognition and T cells
infitration

Attenuate the kiling effect of cytotoxic CD8 + T cells on
anaplastic thyroid carcinoma cells

Decrease tumor CD4 lymphocyte infitration in
hepatocelular carcinoma

Triggers an immune-suppressing microenvironment in
non-small cel lung cancer

Suppress the activation of CD8" T cell

Suppress natural killer T cell cytotoxic activity in cervical
cancer
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Variable

Training set (n = 256)
Risk score
Age
Grade
Stage
Histological_type
Testing set (n = 255)
Risk score
Age
Grade
Stage
Histological_type
TCGA set (1 = 511)
Risk score
Age
Grade
Stage
Histological_type

Univariable model

Multivariable model

HR

1.216
1.337
2.965
3.164
2216

1.000
2.447
4170
5.806
4.247

1.000
1.778
3.363
4.116
3.044

95% Cl p-value
1.133-1.305 5.54E-08
0.7116-2513 0.368
1.062-8.282 0,038
1.765-5.636 0.000
1.228-3.999 0.008
1.000-1.000 0.006
1.204-4.973 0013
1.007-17.266 0.049
3.036-11.104 1.06E-07
2.320-7.774 2.75E-06
1.000-1.000 0.003
1.112-2.843 0.016
1.467-7.770 0.004
2.670-6.275 4.82E-11
2.003-4.624 1.84E-07

HR

1.176

1.566
2220
1.439

1.000
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cancer (NSCLC)
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Prostate carcinoma
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carcinoma (HCC)

Osteosarcoma

Colorectal cancer
(CRC)

Interactions
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miR-4500, USP21, YY1

miR-146a, MUC5AC

miR-16-5p, SMADS5,
TGF-p1/SMADS pathway,
CD73

miR-98, E2F5

let-7a-5p, RRM2
GLUT1
hsa-miR-93

miR-17-5p, p62, MTOR
pathway, NF-kB pathway
miR-186

miR-4500, STAT3
miR-302a-3p, FGF19
miR-605-3p, NF-kB
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miR-140-5p
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CCLM3, MHCC97L, MHCC-97H, L02,
Hep3B and HepG2

HepG2, SK-hep1, Huh7, and HCCLM3,
LO2, HepG2/SOR

HepG2, SMMC7721, Hep3B, Bel7402,
Huh7, LO2

MHCCO7H, HuH7, SMMC7721, Hep3B,
HepG2, LO2, HEK293

U208, Saos-2, HOS, MG-63, hFOB 1.19

SAOS2, U20S, OBS3, 293T
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MNNG/HOS

HEK293T, FHC, Sw480, HCT116, DLD-1,
LOVO
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A SNHG16: | proliferation, | migration, |

invasion, 1 apoptosis
A USP21: | proliferatio
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n, J migration, |
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migration, 1 invasion
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A SNHG16: | proliferation

A SNHG16: | metastasis, | EMT process
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AS

AS

sorafenib resistance

HG16: | proliferation, | invasion
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AS
cispl

process

AS

HG16: + G2/M cell cycle arrest, |
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AS
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Clinical Features TCGA-train TCGA-test P
Event

Alive 42 42 1
Dead 46 46

Stage

| 12 9 0.2715
Il 74 71

1l 1 2

I\ 0 4

X 1 2

Grade

G1 16 14 0.3309
G2 50 44

G3 19 29

G4 2 0

GX 1 1

Age

<65 46 47 1
>65 42 41

T Stage

T 6 1 0.3342
T2 10 14

T3 70 70

T4 1 2

> 1 1

N Stage

NO 26 23 0.3709
N1 61 61

NX 1 4

M Stage

MO 40 39 0.1281
M1 0 4

MX 48 45

Gender

Female 39 41 0.8797
Male 49 47

Alcohol

NO 32 32 0.4739
YES 48 52

Unknown 8 4

Radiation_therapy

NO 53 48 0.6802
YES 14 18

Unknown 21 22

Chemotherapy

NO 30 30 1
YES 58 58
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Influence

It affects the expression of downstream P21 protein

It inhibits the proliferation and metastasis of the cancer by
regulating TIMP3 expression

It results in the induction of cell death in cancer

It regulates GFRA1 expression

It contributes to cellular transformation in cancer

It inhibits cell proliferation by slowing down the cell cycle
process

It antagonizes the miR-7-mediated PTEN/PI3K/AKT pathway in
gastric cancer

It affects the EMT process of gastric cancer

It is associated with poor cancer prognosis
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Cellular effects

Promotes apoptosis and impairs proliferation of T cells,
increases proliferation and migration of breast cancer
cells, and faciltates tumor progression

Promotes cell proliferation and confers cisplatin
resistance

Promotes cell prolferation, migration, invasion, and EMT
progression

Increases cell proliferation and promotes tumor growth
Enhances cell proliferation and induces metastasis
Induces cell proliferation, invasion, migration, and EMT,
antagonizes apoptosis in vitro, and promotes tumor
growth in vivo

Promotes chemotherapy resistance

Enhances tumor growth and chemoresistance
Promotes stemness and chemoresistance

Inhibits mitochondrial oxidative phosphorylation,
increases glycolysis, and enhances cell prolferation
Inhibits EMT and reduces cel invasion and metastasis

Suppresses cell prolferation

Inhibits EMT, cell proliferation, migration, invasion,
tumorigenesis, and metastasis

Reduces cell prolferation, promotes apoptoss, and
inhibits tumor growth

Inhibits cell prolferation, migration, invasion, EMT, and
tumorigenesis

Mechanisms

Targets LATS2 and modulates the LATS2-YAP1 axis
generating an incremented expression of PD-L1

Targets and downregulates CDKN18 and ING5

Interacts directly with miR-342-3p to increase ANXA2
expression

Stabiizes and up-reguiates cytokine IL-33 toreprogram
CAFs

Binds to tumor suppressor ubiquitin-specific peptidase
28 (USP28)

Downregulates the expression of the transcription
factors CDX2 and HOXAS

Targets GREM2 to inhibit its expression and favors the
TGF-p pathway

Favors the expression of WEET through sponging miR-
103a

Activates the p-catenin pathway, acting as a competing
endogenous RNA sponge for miR-141

Functions as a molecular sponge of miR-330-5p to
regulate the expression of PKM

Directly binds to DNMT1 and decreases MMP-9 activity

Targets FOSL1, proliferation-related gene

Binds to PBX3, suppresses the activation of the MAPK
pathway, affects the expression of CDK2, and MMP2
proteins due to reduced phosphorylation of ERK1/2
Directly targets BCL2

Targets AXL, regulates the AKT/GSK-3f/p-catenin/
Snail signaling cascade, and inhibits MVIP-2/9

Cancer

Breast

Head and neck
Colorectal

Oral squamous
cell

Breast

Breast

Prostate
Vulvar
squamous cel
Colorectal
Breast
Endometrial

Breast

Hepatocellular

Head and neck

Oral
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