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Editorial on the Research Topic 


RNA and RNA modification in the pathogenesis, diagnosis and treatment of cancers


Ribonucleic acid (RNA) is a polymeric molecule that can be found in the vast majority of living organisms and viruses (1). Recent findings have highlighted that RNA modifications are characterized in mRNA and various non-coding RNAs (ncRNAs) (2),whereas they were previously mostly identified in transfer RNA and ribosomal RNA (3). Moreover, the findings of numerous studies have revealed the critical role of non-coding RNAs, such as long ncRNA (lncRNA) (Chen et al.), circular RNA (circRNA) (Ou et al.) small interfering RNAs (siRNAs),and microRNAs (miRNA) (Jia et al.). Dysregulation of RNA modifications caused by an aberrant expression of or mutations is systematically altered and unregulated, which in turn contributes to the initiation, development, or metastasis of various types of cancers (4). Recent advances in the understanding of the functional role of coding and non-coding RNA modifications in tumorigenesis demonstrate that altered RNA biogenesis contributes to controlling the mechanisms of gene expression regulation in cancer (5). More than 170 modification types and millions of modification sites have been identified in all classes of RNA ribonucleotides (6, 7). The recently seminal studies described that some RNA modification focus on N6-methyladenosine (m6A) (Zhang et al.), RNA acetylation (Zhang et al.), pseudouridine (Ψ), 5-methylcytosine (m5C) and N1-methyladenosine (m1A) (6) and their physio pathological functions in cancer (Zhu et al.). The precise method by which RNA alteration influences cancer occurrence and prognosis is, however, still unclear and in the early phases of research. An insight into the technical details of current RNA modification mapping approaches (8), animal models (Guo et al.), and targeting dysregulated RNA modification regulators may help us to discern whether and how these modifications influence cancer. Specific RNA molecules also have the potential to serve as therapeutic agents to develop more effective and personalized treatment strategies for human cancer diseases.

This Research Topic was aimed at updating the basic, translational, and clinical research on the biological and functional roles of RNA modification in various aspects of cancers (Figure 1). In general, this topic gathers different contributions highlighting novel findings that will help us shed light on the mechanisms of RNA modification in combating cancer-related diseases.




Figure 1 | RNA and RNA modifications related to cancer in the topic.



Following the in-depth study of tumors, ncRNA has been emerging as a key regulators of gene expression in carcinogenesis and has gained increasingly more attention and studies. Dysregulated ncRNAs are closely related to promoting and/or suppressing cancer, affecting cancer progression and patient prognosis (Song et al., Farah Ramadan et al.). For example, MicroRNAs (miRNAs) are typically 20–23 nucleotides in length, which was first identified in Caenorhabditis elegans (9). miRNAs participate in many different specific pathways or physiological processes. Ren et al. concluded by reviewing the characteristics of the dual role of miR-149-5p in different cancers that it may be a useful tool for cancer diagnosis or treatment, especially in reproductive system cancers and digestive system cancers.Therefore, it is crucial to clarify the role of miRNAs in cancer pathogenesis and progression. Jia et al. proposed that miR-484 expression in serum and tissues is anticipated as a biomarker and therapeutic target in malignant tumors. Besides the pivotal roles of oncogenes or suppressors in human cancer, miRNAs are also involved in tumor resistance or recurrence through regulatory mechanisms of miRNAs by targeting different genes at multiple stages of autophagy (Lei et al.). Meanwhile, by suppressing oncogene expression, miRNAs (e.g., miR-29b-3p) may be a potential sensitizer of radiation killing in cancer stem cells (CSCs)-like cells (Pan et al.). Circular RNAs (CircRNAs) are another type of non-coding RNA that is typically formed by a type of splicing known as “back-splicing” from a single pre-mRNA (4). Moreover, circular RNA circLMO1 (Hsa_circ_0021087), which has been recognized to have a tumor suppressor effect in many studies, can suppress cervical cancer by triggering miR-4291/acyl-CoA synthetase long chain family member 4 (ACSL4)-mediated ferroptosis (Ou et al.).

Long non-coding RNAs (lncRNAs) are ncRNAs over 200 nucleotides in length (4, 10) and do not encode a protein. Additionally, lncRNA have been shown to engage in a wide range of tumors via different mechanisms (Ghafouri-Fard). For example, Ye et al. confirmed the importance of gefitinib metabolism-related lncRNA evaluation in non-small cell lung cancer (NSCLC) patients and identified 13 gefitinib metabolic lncRNA-related prognostic models for NSCLC patients to accurately predict the overall survival of patients.In addition, another study has shown that the different types of lung cancer show distinct features of mRNAs and lncRNAs in the plasma of NSCLC patients. Therefore, these significant plasma biomarkers could have potential value in NSCLC diagnosis (Li et al.). Liu et al. systematically summarized the mechanism of many kinds of lncRNAs, including lncRNA X inactive specific transcript (XIST) as well as their potential therapeutic value in oral cancer. Similarly, LncRNA MDFIC-7 can regulate the miR-525-5p/ARF6 axis, which would promote chordoma progression (Zhang et al.). Several studies in this Research Topic have also investigated the important role of LncRNAs in cancer drug resistance.The upregulation of lncRNA FEZ family zinc finger 1 antisense RNA 1 (FEZF1-AS1) can be associated with poor prognosis of gastric cancer (11). Gui et al. further found that the lncRNA FEZ family zinc finger 1 antisense RNA1 (FEZF1-AS1) also participates in 5-fluorouracil (5-FU) chemo-resistance of GC (Gastric cancer) cells in vivo by modulating autophagy.

Dysregulated m6A has been reported to play a significant role in cancer, which can affect the prognosis of patients and the progression of the cancer (Liu et al., Tan et al.). Much evidence has proved that m6A modification participates in tumor malignant progression (Zhou et al.), oncogenic protein expression, multidrug resistance (Chen et al.), stem cell fate (Jiand Zhang) and immune-microenvironment. As a result, it is critical to understand the role of m6A in cancer pathogenesis and progression. Several studies on our topic revealed this effect in various cancers. Zhan et al. reviewed targeting m6A modification as a promising immunotherapeutic approach for turning cold tumors into hot ones that can sensitize cancers to immunotherapy. Similarly, Yu et al. constructed a novel m6A-associated lncRNAs signature that was a strong predictor of immuno-therapeutic responses for the prognosis of pancreatic cancer. Lu et al. found the prognostic value of METTL16 (m6A writer) in pancreatic ductal adenocarcinoma. They suggest that it can modulate the microenvironment, which may become a new target for immunotherapy. Li et al. presented the transcriptome-wide m6A modifications of endometrioid ovarian cancer. MeRIP-seq enabled the discovery of differentially expressed genes with diverse methylated m6A alterations, which further demonstrated the critical oncogenic role of m6A in endometrioid ovarian cancer.

This Research t\Topic also sheds light on additional RNA modification-related cancer risk factors. Xu et al. focused on the 5 RBP-related mRNAs to develop and validate the prognostic model for Hepatitis B virus (HBV) related hepatocellular carcinoma. As discussed in Zhong et al., based on data mining and biological experiments, high mobility group box 3 (HMGB3) expression is abnormally high in neuroblastoma patients with a poor prognosis, which can promote cancer through regulating TPX2. Inhibition of HMGB3 can suppress numerous associated oncogenes, and HMGB3 may represent an excellent novel therapeutic strategy for neuroblastoma (NB).

In summary, RNA-related cancer research is a rapidly emerging field of biotherapeutics, and several RNA therapeutics have been developed for human cancer. In this topic, the authors’ research and summaries show us a promising future in which RNA-based therapeutic approaches have been created as a prospective strategy for a possible cure for human cancer.
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Objective

To screen and identify molecular targets and bacteria genus leading to adenomatous polyps in mouse induced by high-fat diet (HFD) +AOM/DSS using omics technology.



Methods

The molecular targets of colorectal adenoma disease were obtained from the GeneCards and OMIM database. The SPF C57BL mice were randomly divided into blank (Control) and AOM/DSS+HFD colorectal adenoma model (ADH) groups. The ADH model group was intraperitoneally injected with AOM reagent. Then, mice were given with 2.5% DSS (in free drinking water) and high-fat diet to establish the mouse model. During this period, the changes of physical signs of mice in each group were observed. After the end of modeling, HE staining was used to evaluate the histopathological change of mice. The differentially expressed genes and proteins in the Control group and ADH group were detected by RNA-seq transcriptome sequencing and Tandem Mass Tags (TMT) quantitative proteomics. The histological results were analyzed by intersection with the intestinal adenoma molecular targets obtained from the database. Moreover, the changes of intestinal flora in the two groups were examined. The correlation between targets and differential bacteria was analyzed and verified by Parallel Reaction Monitoring (PRM) to comprehensively evaluate the mouse model of adenomatous polyp induced by AOM/DSS+HFD.



Results

The general condition and histopathological results of mice confirmed that the ADH mouse model was successfully established and tubular adenoma was formed. A total of 604 genes and 42 proteins related to intestinal adenoma were obtained by histological analysis and database intersection analysis. The intestinal microflora of ADH mice was different from that of normal mice, and the constituents and abundance of intestinal flora were similar to those of human intestinal adenoma. GATA4 and LHPP were selected as potential pathological markers of the model mice by correlation analysis of targets and intestinal flora. The results of PRM verification were highly consistent with the results of RNA-Seq transcriptome sequencing and TMT analysis.



Conclusion

The pathological results, molecular pathological markers and the changes of intestinal flora suggest that the mouse ADH model is ideal for studying the transformation of inflammatory cancer. The ADH model will be helpful for understanding the occurrence and development of human colorectal cancer at the transcriptomic and proteomic level.





Keywords: colorectal adenoma, AOM/DSS, transcriptomics, proteomics, colorectal cancer



Introduction

Colorectal cancer (CRC) is one of the most common gastrointestinal malignancies with the third highest morbidity and mortality worldwide (1). Colorectal adenoma (CRA) is a protruding lesion originating from the epithelium of the colorectal mucosa and a precancerous lesion of CRC with high recurrence and carcinogenesis (2). More than 90% of CRC are caused by CRA carcinogenesis (3). According to the pathological classification, CRA can be divided into tubular adenoma, villous adenoma, villous tubular adenoma and serrated adenoma (4), among them, the incidence of tubular adenoma accounts for 75-80% of all adenomas (5). A number of studies have confirmed that genetics, inflammatory disease, lipid metabolic disorders, and sugar metabolic disorders are risk factors for the onset of colorectal adenomas (6). At present, the adenoma model of inflammatory cancer transformation is one of the commonly used models to study the carcinogenesis of CRC (7, 8). Research on the pathogenesis and therapeutic mechanism of the disease is limited by time, space and ethics (9). The establishment of human disease simulated animal model has important scientific value, and the use of animal model for experimental research is very important (10), which is convenient and effective in understanding the mechanisms of disease occurrence and development and research on prevention and control measures, and can avoid the risk brought by human experiments (11).

In the animal models of colorectal precancerous lesions, it is known that the mouse mode of colitis is related to inflammatory cancer transformation (12). AOM, the DNA alkylation product of chemical carcinogen 1,2-dimethylhydrazine, can be injected intraperitoneally and metabolized through bile. AOM can be further activated by intestinal flora metabolism to cause cancer. DSS is an inflammatory chemical agent. Animal drinking water containing DSS can create an inflammatory bowel disease model (13). The mouse colon cancer model established by the combination of AOM and DSS can simulate the whole process of normal mucosa – inflammation – tumor formation. At present, the AOM/DSS compound chemical method is commonly used to establish the colorectal adenoma animal model (14, 15). The mouse model simulates the physiological and pathological process of cancer induced by human chronic intestinal inflammation, and is an effective tool to study the mechanism of development of colorectal tumor in inflammatory environment (16). In recent years, with the improvement of living standards, high-fat diet is becoming more and more common (17). Relevant epidemiological studies have shown that high-fat diet is closely related to colorectal cancer (18–20). Colorectal adenoma is usually detected by proctoscopy. If simple biochemical means can be used in the general survey, it can save a lot of manpower and time. Undoubtedly, the biochemical markers of adenoma are of great significance to clarify the mechanism of adenoma evolution into cancer. However, the occurrence of intestinal adenoma is not limited to a single gene mutation, but also involves DNA modification, oncogenes and tumor suppressor genes. Currently, there was no study on the transcriptomic and proteomic levels on CRA animal models, and the evaluation criteria on RNA and protein are incomplete (21).

In the current study, the inflammation-related intestinal adenoma model induced by AOM/DSS combined with high-fat diet was established. We comprehensively analyze the ADH model from the aspects of histopathology, genes, proteins and intestinal flora, to explore the biomarkers related to the pathogenesis of the disease. This study provides a new idea for studying animal modeling of CRA at the transcriptomic and proteomic level.



Materials and Methods


Animal

Six SPF grade C57BL/6 mice, male, aged 7 to 8 weeks and weighing 17 to 19 g, were purchased from Shanghai Jihui Experimental Animal feeding Co., Ltd., certificate number: 20170012005900. Mice were adapted in an independent ventilation cage for 1 week in a constant temperature 23 ± 2°C, constant humidity 50% ± 10% and 12 hours of day and night cycle. This experiment was approved by the Experimental Animal Ethics Committee of Shanghai University of Traditional Chinese Medicine (Ethics No. YYLAC-2019-042-1).



Animal Modeling

The study process is outlined in Figure 1. The C57BL/3 mice of 8-9 weeks were intraperitoneally injected with AOM (12.5mg/kg) (Ameresco)reagent on the first day of the experiment. On the 6th, 27th and 46th day of the experiment, mice were administered 2.5% DSS (sigma) drinking water for 5 days. Mice were given routine aqueous solution provided by the laboratory at other times. At the same time, they were fed with a high-fat diet to establish the AOM/DSS+HFD -induced intestinal adenoma (ADH) animal model (Figure 2). The normal diet consisted of a standard laboratory chow (NIH-41 open formula diet; Zeigler Bros., Inc., Gardners, PA, USA) with 5% fat, whereas the HFD contained 45% fat (D12451 open formula diet; Research Diets, Inc., New Brunswick, NJ, USA). During the whole experiment, feed and water were given regularly, and the body weight was weighed once a week. At the time when the mice were given DSS aqueous solution, the nutritional status, hair, appetite, activity status, stool morphology and the presence of occulted blood or visible bloody stool were observed every day. During this period, the changes in the physical signs of mice in each group were observed, and the body weight of mice was recorded. After the modeling, the colon tissue was dissected. The changes of the colon of mice in each group, the occurrence of adenomas in the small intestine and colon of mice were observed, and HE histopathological staining was performed.




Figure 1 | The overall workflow of this study.






Figure 2 | Diagram shows the experimental course of HFD+AOM/DSS mouse model.





RNA Sequencing and Differential Expression Gene Analysis

The eukaryotic mRNA sequencing is based on the Illumina Novaseq 6000 sequencing platform. All the mRNA transcribes were sequenced using the Illumina TruseqTM RNA sample prep Kit. The FASTQC software is applied to quality control of the sequence of RNA sequencing, and the known IlluminaTruSeq joint sequence, low quality sequence and ribosome RNA sequence was removed. The reserved sequence is retained to the mouse reference genome using Hisat2, and the StringTie is screened with the reserved sequence, the gene count is normalized by TMM, and the FPKM calculation is performed with the Perl script. The differential gene expression between the model group and the control group was analyzed by EDGER. The P value of <0.05 was considered as of significant difference.



Analysis of Differentially Expressed Proteins

Protein s were extracted from intestinal tissue, digested with trypsin, and labelled with TMT reagents. The pooled peptides were separated into 15 fractions using a C18 column (Waters BEH C18 4.6×250 mm, 5 µm) on a Rigol L3000 HPLC. When the protein abundance ratio is 1.2 times or more, and P < 0.05, the protein can be considered as a differential protein.



Screening Colorectal Adenoma-Related Disease Target

OMIM database (https://www.omim.org/) and GeneCards database (https://www.genecards.org/) were used to collect known and verified CRA-related target genes by searching the keyword “Colorectal adenoma”. GO analysis and KEGG analysis were carried out by using the String (http://www.string.db.org/).



Correlation Analysis

Based on the above results, bioinformatics comparison analysis was carried out. The multiple of gene expression difference >2, P value <0.05, the protein expression multiple >1.5, P value <0.05 were taken as the standards. The differentially expressed genes and proteins were screened for association analysis, and the Person correlation coefficient was calculated.



Analysis of the Changes of Intestinal Microflora and Its Correlation With Differentially Expressed Proteins

The intestinal microflora of mice was quantitatively and qualitatively detected by the 16SrRNA high-throughput sequencing technology, and the diversity and abundance of intestinal flora between the model and control mice were analyzed. The correlation between differential proteins and phylum-to-genus level differential bacteria was analyzed, and the key targets were screened.



Validation of Omics Results

The selected targets were analyzed using the GEPIA database (http://gepia.cancer-pku.cn/). Protein quantification was performed using the calibration curve and optical density values of the protein samples. After quantification, 100 µg of the protein samples was digested using trypsin (Promega, United States) in a ratio of protein: trypsin at 50:1. The protein samples were digested at 37°C for 12–16 h. Then, 6 intestinal tissue samples were tested by liquid phase tandem mass spectrometry (LC-MS). Briefly, the C18-reversed phase column (75 μm x 25 cm, Thermo,USA) as equilibrated with solvent A (A:2% formic acid with 0.1% formic acid) and solvent B (B: 80% ACN with 0.1% formic acid). The peptides were eluted using the following gradient: 0-4 min, 0%-5% B; 4-66 min, 5%−23%B; 66-80 min, 23%−29% B; 80−89 min,29%−38% B; 89-91 min, 38-48% B; 91-92 min, 48-100% B; 92-105min, 100% B; 105-106min, 100-0% B) at a flow rate of 300nL/min. The Q Exactive Plus was operated in the data-dependent acquisition mode (DDA) to automatically switch between full scan MS and MS/MS acquisition. The survey of full scan MS spectra (m/z 350-1300) was acquired in the Orbitrap with 70000 resolution. The automatic gain control (AGC) target at 3e6 and the maximum fill time was 20 ms. Then the top 20 most intense precursor ions were selected into collision cell for fragmentation by higher-energy collision dissociation (HCD). The MS/MS resolution was set at 35000 (at m/z 100), the automatic gain control (AGC) target at 1e5, the maximum fill time at 50 ms, and dynamic exclusion was 18 seconds. Peak extraction was performed on the original PRM data using SKYLINE. 3~4 ions with higher abundance from Y3 to YN-1 were selected for quantitative analysis, and manual inspection and correction were carried out. The peak area results of each peptide segment after SKYLINE analysis were derived, including the target peptide sequence, target protein name, and the peak area of each peptide segment used for quantitative analysis. The peak area of the daughter ion of the peptide in the target protein was analyzed.



Statistical Analysis

SPSS 21 was used for statistical analysis, and the experimental data were expressed in the form of “mean ± standard error” (X_ ± s). Student’s t test was used, and P<0.05 was considered statistically significant.




Results


Mouse Adenoma Model

The diet and defecation of the mice in the control group were normal in the entire process of experiments. After three cycles of intraperitoneal injection of AOM and DSS drinking water combined with high-fat diet, the mental state of the model mice was depressed in varying degrees, and the appetite decreased. Some mice died of severe flatulence, and the cause of death was most likely due to acute intestinal obstruction. In the later stage of the experiment, the model mice showed weight loss, thin stool, and even prolapse of anus and hematochezia. No intestinal inflammation and intestinal adenoma formation were observed in the control mice. Large colonic adenoma and adenomas in the small intestine were seen in mice of in the ADH group. The colon was enlarged, and colonic length in the ADH mice was significantly shorter than that in the control group (Figures 3A–C). There was no intestinal inflammation and no adenoma formation in the Control group. In the ADH group, there were obvious hyperemia and edema and adenomas of different sizes, especially in the distal colon and rectum. The number of intestinal adenomas in mice was shown in Table 1. The size statistics of small intestine and colon adenomas were shown in Table 2. There were statistically significant differences in the formation of small intestinal and colorectal adenomas between the Control group and the ADH group (P<0.05).




Figure 3 | General situation of mice. (A) Weight change of mice in the Control group and ADH group; (B) General condition of model mice; (C). Intestinal adenoma in ADH group, The red arrow refers to adenoma; (D). Results of HE staining in colonic tissues of each group. ****P < 0.001.




Table 1 | The number of adenomas in the range of 1 ~ 3mm and larger than 3mm in the intestinal tract of mice.




Table 2 | Adenoma size of small intestine and colon (mm).



Histopathologic examination revealed that the colorectal tissue of control group was ruddy, no ulcer bleeding and no granuloma formation. The glandular structure was normal, the mucosal structure was clear, there was no mucosal ulcer, and the glandular epithelial cells had no obvious atypia. In the ADH group, the colon tissue showed dense glands, sieve pore-like structure, obvious atypical hyperplasia of glandular epithelial cells, obvious nuclear enlargement and pathological mitosis, and chronic inflammatory cell infiltration in the stroma, consistent with the signs of adenoma (tubular adenoma)(Figure 3D).



Differential Gene Expression Analysis

In order to understand the pathogenesis of ADH model, we performed RNA sequencing analysis to obtain the mRNA expression in samples of Control group and ADH group. Using bioinformatics analysis technology, 3423 differential genes were screened out (S Table 1 and Figure 4A). Among them, 1637 genes have low expression, while 1786 genes have high expression in the model group compared with the control group. In the Gene Cards and OMIM databases, 3637 targets related to intestinal adenoma were found. 604 CRA-related genes were screened out by the intersection analysis of differential genes and colorectal adenoma targets obtained from the database (S Table 2). Enrichment analysis results showed that differentially expressed genes were significantly enriched in biological processes such as signal transduction, invasive response negative regulation of antigenic process and cell proliferation. These genes were mainly involved in signaling pathways of cancers, PI3K-Akt signaling pathway, MAPK signaling pathway, MicroRNAs in cancer, and others (S Table 3)




Figure 4 | Number of differentially expressed genes and proteins (A). mRNA volcanogram of differential expression; (B). proteins volcanogram of differential expression.





Differential Protein Expression Analysis

The TMT-based proteomic method was used to detect differentially expressed proteins in the two groups. A total of 272 differential proteins were screened between the Control group and ADH group (S Table 4). The results in Figure 4B showed that 87 proteins were expressed at low level, and 185 proteins were highly expressed in the Control group compared with the ADH group. 42 proteins related to CRA were screened by target intersection analysis of differential proteins and colorectal adenoma diseases obtained from the database. The enrichment results showed that the differentially expressed proteins were significantly enriched in biological processes such as signal transduction, positive regulation of transcription and apoptotic process. These proteins mainly involve in signaling pathways such as Regulation of actin cytoskeleton, Leukocyte transendothelial migration and Cell adhesion molecules (CAMs) (S Table 5).



Correlation Analysis of Proteome and Transcriptome

Based on the mRNA and protein expression results, the correlation between proteome and transcriptome in the Control and ADH groups was analyzed. The results showed that the correlation coefficient between differential proteins and genes was 0.5697, indicating positively correlated (Figure 5). The crossover analysis of histological results showed that 14 genes changed significantly at the transcriptional level, and their encoded proteins also changed (Table 3). The trend of change of both mRNAs and proteins was the same.




Figure 5 | Differential expression analysis (Control_vs_ADH) The ordinate represents the expression of multiple proteins in a pair of comparison groups, the log2 (ratio of protein), the abscissa represents the expression of multiple corresponding transcript in the comparison group, the log2 (ratio of gene), logarithm difference takes the logarithmic value respectively; each point represents a protein and its associated transcript, the upper left corner of the picture rho represents the Pearson correlation coefficient between the two groups, p represents the correlation test p value; rho < 0 indicates negative correlation; rho > 0 indicates positive correlation; rho=0 indicates no correlation; the greater the rho, the greater the correlation between the two groups.




Table 3 | Differential targets were obtained by cross-analysis of transcriptome and proteome.



The fourteen differentially expressed targets were enriched and analyzed in the GO and KEGG pathways, and the enrichment results of three categories (biological processes, molecular functions, cellular components) described by GO first-level classification were obtained. GO enrichment results showed that the differentially expressed targets were significantly enriched in cellular components such as, extracellular exosome, plasma membrane and focal adhesion; in biological processes such as signal transduction, positive regulation of transcription, DNA-templated and positive regulation of cell migration, as well as in molecular functions such as actin binding and phospholipid binding as shown in Figure 6, where the longer the bar chart, the more significant the enrichment of differentially expressed targets in this classification or function.




Figure 6 | GO enrichment analysis of differential targets.





Diversity Analysis of Intestinal Flora in ADH Model Mice

Alpha diversity analysis reflects the changes of intestinal flora abundance and diversity. Chao and Ace can calculate flora abundance, the higher the value, the higher the flora abundance. The Shannon and Simpson can calculate the flora diversity, in which the higher the Shannon value, the higher the flora diversity, while the Simpson index is inversely proportional to the flora diversity. As shown in the Figures 7A–D, Simpson index significantly increased, Shannon index significantly decreased, Chao and Ace index also significantly increased in the model group compared with the control group. These changes had statistical significance.




Figure 7 | Diversity and composition analysis of intestinal flora. (A) Simpson index comparison box chart; (B) Box-plot of diversity Shannon index comparison; (C) A box chart of Chao index comparison of diversity; DBox-plot of ACE index comparison of diversity; Compared with the Control group,0.05. PCOA analysis of samples; (D). Red represents ADH group and blue represents Control group; (E) PCOA analysis of the samples, Red represents ADH group and blue represents Control group. *P < 0.05.



Beta diversity analysis showed that there were significant differences in intestinal flora between ADH group and Control group (Figure 7D), distributed along PC1 axis, Control group mainly distributed on the right side, while ADH group mostly distributed on the left side; along PC2 axis, intestinal flora of ADH group distributed above the Control group, indicating that the intestinal flora of Control group and ADH group are different regardless the direction of PC1 or PC2 (Figure 7E).



Analysis of Different Intestinal Floral Species in ADH and Control Mice

At the level of phylum, class, order, family and genus, statistically different bacteria were obtained among each group. In the control group, Actinobacteria, Bifidobacterium (Bifidobacteriales, Bifidobacteriaceae), Olsenella, Atopobiaceae, Verrucomicrobiales (Verrucomicrobia,Verrucomicrobiae), Akkermansia (Akkermansiaceae), Coriobacteriales, Family_XIII_AD3011,Lachnospiraceace_NK4A136 and other bacterial communities played a main role. In the ADH mice, Saccharimonadia (Scharimonadaceae, Scharimonadales), Patescibacteria, Candidatus_Scharimonas,Erysipelotrichaceae, Firmicutes, Ruminococcaceae_UCG-014, Erysipelotrichales, Bacteroidaceae and other bacteria played a major role in the microorganism group.

The correlation analysis between 14 differential proteins and differential bacteria in the model group showed that the correlation coefficients of APOC3, GPNMB, GA TA4 and LHPP were high (Figure 8A). At the level of family and genus, the abundance of Candidatus_saccharimonas, Saccharimonadales and Bacteroidaceae in ADH mice increased significantly (Figures 8B–D). There was a negative correlation between Saccharimonadaceae, Candidatus_Saccharimonas and APOC3, and a positive correlation between Saccharimonadaceae, Candidatus_Saccharimonas and GPNMB, a positive correlation between Bacteroidaceae and GATA4, and a correlation coefficient of 0.58 between Saccharimonadales, Candidatus_Saccharimonas and LHPP, and a negative correlation between Saccharimonadales, Candidatus_Saccharimonas and LHPP with a correlation coefficient of 0.44 (S Table 6).




Figure 8 | Correlation between protein and intestinal flora. (A) Correlation coefficient heat map; (B–D) Difference analysis of horizontal intestinal flora of family and genus.





Data Reliability Analysis

The relative content of GATA4 and LHPP protein in the intestinal tissue samples was detected by PRM method. The results showed that the expression of GATA4 and LHPP in the model mice was down-regulated compared with the control mice. The results of PRM verification were consistent with those of RNA-Seq transcriptome sequencing and TMT analysis (Figure 9).




Figure 9 | Validation of transcriptome and proteome data from intestinal tissue. A set of DEPs were selected and validated by PRM respectively. Each data point is calculated from averages of biological triplicates. *P < 0.05.






Discussion

The availability of excellent animal models and the similarity of mutation spectra between hereditary and sporadic diseases contribute to our understanding of disease development and progression (22). In this study, a mouse model of intestinal adenomatous polyp was established by high fat diet combined with AOM/DSS, and the model was evaluated from the aspects of histopathology, transcriptome, proteome and intestinal flora.

Studies have shown that the disease activity index (DAI)of mice fed with high-fat diet is significantly higher than that of mice fed with low-fat diet, and high-fat diet can promote the occurrence of intestinal inflammation in mice (23, 24). In the process of modeling, the body weight of ADH mice decreased significantly, and the body weight of mice decreased in varying degrees after giving DSS in drinking water. The phenomena of depressed mental state, reduced appetite, weight loss, thin stool, prolapse of anus and hematochezia simulated the process of recurrent chronic enteritis and reflected the successful establishment of the ADH model. In this process, the death caused by intestinal obstruction in a very small number of mice may be related to the intolerance of mice to AOM or DSS. The pathology of the colon showed dense glands, sieve pore-like structure, obvious dysplasia of glandular epithelial cells, enlargement of nucleus and pathological mitosis, and chronic inflammatory cell infiltration in the stroma, that was in consistent with the morphology of intestinal tubular adenoma, which accounts for 75% of the incidence of human intestinal adenoma. The above phenomena are in consistent with reports in literatures (25–27).

At present, the success of animal modeling evaluated by histopathology can no longer meet the current demand for the pathogenesis of diseases. In this study, we combined RNA-seq transcriptome sequencing and TMT labeling high-throughput proteome technology to determine the comprehensive and dynamic changes of gene and protein content in intestinal tissue of mice with adenomatous polyp induced by AOM-DSS. A total of 604 genes related to intestinal adenoma were screened by intersection analysis with intestinal adenoma-related targets retrieved from database. These genes are significantly enriched in biological processes such as signal transduction, inflammatory response, negative regulation of apoptotic process and cell proliferation. They are involved in signaling pathways of cancers, PI3K-Akt signaling pathway, MAPK signaling pathway, MicroRNAs in cancer and other signaling pathways. 42 proteins were screened and they are significantly enriched in biological processes such as signal transduction, positive regulation of transcription and apoptotic process. They are involved in signaling pathways such as Regulation of actin cytoskeleton, Leukocyte transendothelial migration and Cell adhesion molecules (CAMs). The results of transcriptome and proteomics analysis showed that 14 genes not only changed significantly at the transcriptional level, but also the proteins encoded by these 14 genes. GO analysis showed that these 14 targets were mainly involved in biological processes such as positive regulation of transcription, DNA-templated, positive regulation of cell migration and signal transduction. The analysis of differential genes and differential protein cross-linking showed that the mouse model of intestinal adenoma induced by AOM/DSS showed similar characteristics to that of human colorectal adenoma at the molecular level.

In addition, the change of intestinal flora has been proved to play an important role in the occurrence and development of many inflammatory intestinal diseases (28–30). Some studies indicated that the change of intestinal flora is a sensitive biological index to judge CRA (31–33). In the ADH mice, the intestinal floral species abundance increased and the microflora diversity decreased, indicating that the model changed the constituents of intestinal flora in mice. In the correlation analysis between differentially expressed proteins and differential bacteria in the model group, four targets (APOC3, GPNMB, GATA4, LHPP) had the highest correlation coefficient with three differential bacteria, namely Candidatus_Saccharimonas, Saccharimonadales, and Bacteroidaceae. It was speculated that they were the core targets and key differential bacteria in the pathogenesis of intestinal adenoma. Bacteroidaceae is a member of the Bacteroides family, which exists widely in the intestinal flora (34). Mice are the most common hosts of Bacteroidaceae (35). Bacteroidaceae may compromise the host defense system, help bacteria to escape immune clearance, and assist in the spread and invasion of bacteria. It is a conditional pathogen (36). In acute necrotizing pancreatitis, the imbalance of intestinal flora leads to the failure of intestinal barrier function, and the content of Candidatus_Saccharimonas bacteria was significantly decreased in the mouse with acute necrotizing pancreatitis (37). HuangY et al. found that the expression levels of cadherin-11, IL-17 α and TLR2 were negatively correlated with the abundance of Candidatus Saccharimonas (38). Other studies have found that the abundance of Candidatus_Saccharimonas is related to the phenotypic utilization efficiency of nitrogen (39). At present, there are few reports about Saccharimonadales. In this study, the abundance of Saccharimonadales in model mice increased significantly, which is speculated to be related to the formation of adenoma, which will be verified by further experiments. The intestinal microflora of normal mice was significantly different from that of the ADH mice. The intestinal probiotics of ADH mice decreased and the pathogenic bacteria increased. The structure and abundance of microflora were similar to those of human intestinal adenoma.

CRA has a high degree of heterogeneity and genomic instability, while the same gene has different regulatory effects on different tumors (40). In order to determine the expression of four targets in CRA, APOC3, GPNMB, GATA4 and LHPP, their expression was analyzed in GEPIA database. The expression of GATA4 and LHPP was consistent with that of the database, and verified by PRM method. The results were highly consistent with the results of RNA-Seq transcriptome sequencing and TMT analysis. At present, there are few reports on LHPP. Previous studies have found that LHPP is related to chronic oxidative stress and mitochondrial dysfunction (41). Studies have shown that the decrease of LHPP increases the level of protein histidine phosphorylation, which leads to uncontrolled growth and diffusion of tumor cells (42, 43). Its downregulation increases the expression and activity of p-AKT and p-PI3K, participates in tumorigenesis, and inhibits the growth and proliferation of colorectal cancer cells by inhibiting the activity of PI3K/AKT signal pathway and promoting the expression of pmur53 (44, 45). GATA4 plays a role in the occurrence and development of tumors. Hellebrekers (46) transferred the expression plasmid of GATA4 into RKO and HCT1116 cells, and found that GATA4 could significantly inhibit the proliferation and migration of colon cancer cells. Agnihotri et al. injected homologous glioma cells with high expression of GATA4 into nude mice and found that the control group with high expression of GATA4 survived with tumor-free, whereas the treatment group died of malignant glioma within 31 ± 7 days after injection (47). They also found that GATA4 could induce the expression of cell cycle inhibitory protein p21 and inhibit the proliferation of cancer cells (48). Therefore, both GATA4 and LHPP play a role similar to tumor suppressor genes. The mutation, deletion or inactivation of these genes can cause malignant transformation of cells and lead to the occurrence of tumors. This finding suggests that GATA4 and LHPP may be the important molecular markers of ADH model and are expected to become the effective serological markers for the diagnosis of intestinal adenomas and potential therapeutic targets. However, the specific mechanism is not clear and needs further study. The data of this study can provide options for further dynamic study of the occurrence and development of CRA, and provide new ideas and basis for the diagnosis, treatment and prevention of CRA. Because the disease itself is the result of the synergistic action of multiple biological factors and their signal transduction pathways, and the bioinformatics data obtained by combinatorial screening is lengthy to a certain extent, in order to obtain the regulatory targets related to the pathogenesis of adenoma, further modeling and analysis is needed.

In conclusion, this study demonstrated that tubular adenoma is an important intermediate link in the process of inflammatory carcinogenesis induced by high fat diet combined with chemical induction. There are similar changes in the intestines of ADH mice and human intestinal adenomas. LHPP and GATA4 could potentially be important molecular pathological markers of intestinal adenoma.
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Radioresistance conferred by cancer stem cells (CSCs) is the principal cause of the failure of cancer radiotherapy. Eradication of CSCs is a prime therapeutic target and a requirement for effective radiotherapy. Three dimensional (3D) cell-cultured model could mimic the morphology of cells in vivo and induce CSC properties. Emerging evidence suggests that microRNAs (miRNAs) play crucial roles in the regulation of radiosensitivity in cancers. In this study, we aim to investigate the effects of miRNAs on the radiosensitivity of 3D cultured stem-like cells. Using miRNA microarray analysis in 2D and 3D cell culture models, we found that the expression of miR-29b-3p was downregulated in 3D cultured A549 and MCF7 cells compared with monolayer (2D) cells. Clinic data analysis from The Cancer Genome Atlas database exhibited that miR-29b-3p high expression showed significant advantages in lung adenocarcinoma and breast invasive carcinoma patients’ prognosis. The subsequent experiments proved that miR-29b-3p overexpression decreased the radioresistance of cells in 3D culture and tumors in vivo through interfering kinetics process of DNA damage repair and inhibiting oncogenes RBL1, PIK3R1, AKT2, and Bcl-2. In addition, miR-29b-3p knockdown enhanced cancer cells invasion and migration capability. MiR-29b-3p overexpression decreased the stemness of 3D cultured cells. In conclusion, our results demonstrate that miR-29b-3p could be a sensitizer of radiation killing in CSC-like cells via inhibiting oncogenes expression. MiR-29b-3p could be a novel therapeutic candidate target for radiotherapy.
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INTRODUCTION

With the development of advanced radiotherapy techniques, radiotherapy has become an extremely efficacious treatment for cancers (Govindan et al., 2009). However, radioresistance remains a major obstacle for cancer treatment and represents the main reason for radiotherapy failure, which is associated with poor prognosis in cancer patients and can ultimately lead to tumor recurrence and metastases (Tang et al., 2018). A newly emerged plausible explanation for tumor radioresistance is the existence of a subpopulation of cancer stem cells (CSCs) that are intrinsically more resistant to multiple clinical therapies. CSCs are able to self-renew and differentiate and possess a high capability to repair DNA damage, exhibit low levels of reactive oxygen species, and proliferate rapidly. These features render CSCs resistant to various therapies, including radiotherapy (Phillips et al., 2006; Blazek et al., 2007; de Jong et al., 2010; Li et al., 2016). Thus, exploring the mechanism of radioresistance in CSCs would provide therapeutic targets to sensitize CSCs to cytotoxic therapies and improve the efficacy of radiotherapy.

Three dimensional (3D) cultured model in vitro is an approach that fulfills a need for contemporary cancer research and drug resistance studies. It could induce the formation of organoid tissue, such as embryonic lung and salivary gland epithelial cells that can aggregate and form branched organoids in an appropriate 3D microenvironment (Wei et al., 2007). In addition, the 3D cultured microenvironment enhances CSC properties of cancer cells, which is a useful platform for anticancer therapeutics and CSC research (Chen et al., 2012; Xue et al., 2015b; Usui et al., 2016).

Matrigel is commonly used for the establishment of a 3D cell culture model in vitro. Matrigel is a gelatinous protein mixture derived from Engelbreth–Holm–Swarm mouse sarcoma cells (Roskelley et al., 1994). Compared with the traditional two-dimensional (2D) monolayer culture, 3D cell culture could mimic the morphology of cells in vivo (Le Beyec et al., 2007; Lelièvre, 2009). In addition, the response behaviors of cells in 2D and 3D cultures for stress are different. Cancer cells in 3D culture are more chemoresistant and radioresistant compared with 2D culture (Hehlgans et al., 2009; Storch et al., 2010). Our previous study showed that the 3D growth microenvironment in matrigel impacts epigenetic regulation, including DNA methylation and reprogramming, which are responsible for radioresistance (Xue et al., 2015b; Pan et al., 2016a). However, the reason behind the difference in radioresistance between 2D- and 3D-grown cancer cells remains largely unclear.

MicroRNAs (miRNAs) are a class of endogenous small non-coding ribonucleic acid molecules that are involved in the regulation of gene expression. After transcription and cleavage in the nucleus, mature miRNAs are loaded onto the RNA-induced silencing complex, where they can bind to a specific seed sequence in the 3′ untranslated region of target genes and promote degradation of messenger RNAs. They are involved in many physiological and pathological processes, including cell proliferation, apoptosis, development, and carcinogenesis (Lagos-Quintana et al., 2001; Bartel, 2004). The functions of miRNAs are recently being appreciated for their important roles in response to radiotherapy through regulating genes expression (Czochor and Glazer, 2014). Our previous studies indicated that miR-142-3p is involved in radiation-induced premature chromatid separation, and miR-145 regulates cell responses to irradiation (Xue et al., 2015a; Pan et al., 2016b). Understanding the regulation and function of miRNAs is essential to improving current cancer therapy.

In this study, the role of miRNA in radioresistance was investigated. Using miRNA microarray analysis in 2D and 3D cell culture models, it was found that miR-29b-3p and its targeted oncogenes were differentially expressed in 3D cultured A549 and MCF7 cells compared with 2D cultured cells. Clinical data analysis showed that miR-29b-3p contributes to the poor prognosis of lung adenocarcinoma (LUAD) and breast invasive carcinoma (BRCA) patients. Meanwhile, miR-29b-3p overexpression enhanced the radiosensitivity of 3D cultured cells and tumors in vivo via impeding the DNA repair dynamic process and weakening the invasion and migration capacity. Knocking down of miR-29b-3p was associated with low expression of oncogenes in cancer cells, particularly in CD133+ CSCs. Our findings suggested that miR-29b-3p enhances radioresistance via regulating oncogenes in cancer cells.



MATERIALS AND METHODS


Cell Culture

A549 (human lung carcinoma), MCF7 (human breast carcinoma), and LLC1 (mouse lung carcinoma) cells were obtained from the American Type Culture Collection (Manassas, VA, United States). For monolayer cells culture, A549 cells were cultured in RPMI-1640 medium (Gibco, United States), and MCF7 and LLC1 cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (Gibco), supplemented with 10% fetal bovine serum (Hyclone, United States) and 1% penicillin/streptomycin (Amresco, United States). Construction of 3D cultured microenvironment using matrigel matrix (BD, United States) was performed as described previously (Asaithamby et al., 2011). Briefly, 30-μl trypsinized cells at a density of 1.5 × 106 cells/ml were mixed with 250-μl pre-thawed matrigel and seeded into a single well of 12-well tissue culture plates. Two 2-ml media were added after incubating for 30 min at 37°C. All 3D-grown cells were cultured in matrigel for 5 days before subsequent experiments. The medium was changed every 2 days. Both 2D- and 3D-grown cells were cultured at 37°C in a humidified atmosphere containing 5% carbon dioxide.



Radiation

X-ray irradiation was carried out with a Faxitron RX-650 facility (Faxitron Bioptics, United States) at a dose rate of 0.75 Gy/min, which was operated at 100 kVp 5 mA at room temperature. The dose rate was measured using the Ray meter (RX-650, Germany).



MicroRNA Microarray Analysis

Samples of 2D and 3D cultured A549 cells were collected. Then, the microarray analysis of miRNAs was performed by CapitalBio Corporation following the protocol as previously described (Guo et al., 2008). In brief, all of the miRNA probe sequences were designed to be fully complementary to their cognate mature miRNA. Oligonucleotide probes were synthesized and were printed in triplicate using the SmartArraymicroarrayer (CapitalBio). Total RNAs were isolated from these cells with TRIzol reagent (Invitrogen, United States) 0.5 h after 5-Gy X-ray irradiation. RNA was labeled using the T4 RNA ligase, and the hybridization was performed in a hybridization cassette. Gene Spring Software (Agilent, Santa Clara, CA, United States) was used for data analysis. Values at least two times higher than the background were screened out for analysis.



DNA and RNA Extraction

Genomic DNA was extracted from the cells by using Wizard® SV Genomic DNA Purification System (Promega, United States) according to the instruction. Extraction of total RNA from cells used for qRT-PCR was performed using the E.Z.N.A.® Total RNA Kit (Omega, United States) following the manufacturer’s protocol.



Quantitative Real-Time Polymerase Chain Reaction

Reverse transcription was conducted with the ALL-in-oneTM miRNA quantitative real-time polymerase chain reaction (qRT-PCR) detection kit (GeneCopoeia, United States). Primers for miR-29b-3p and the U6 internal control for humans and mice were purchased from GeneCopoeia (China). MiR-29b-3p-human (Ca: HmiRQP0373), miR-29b-3p-mice (Ca: MmiRQP0373), universal reverse primer, and U6 forward primer were from the kit. qRT-PCR was performed using a Bio-Rad Chromo4 System Real-Time PCR detector (Bio-Rad, United States). All procedures were conducted according to the manufacturers’ protocols under the following conditions: initiation for 10 min at 95°C, followed by 40 thermal cycles each at 95°C for 10 s, 60°C for 20 s, and 70°C for 10 s. Relative fold-change in miRNA expression was calculated using the 2–ΔΔCT method with the following equation: RQ (Relative Quantitation) = 2–ΔΔCt.



Patients Clinical Data

All patients’ clinical data were obtained from the KM plotter database1, including multiple studies from Gene Expression Omnibus, The Cancer Genome Atlas, and Molecular Taxonomy of Breast Cancer International Consortium (Nagy et al., 2018). The analyzed cohort includes 504 LUADs and 1,262 BRCAs within the timeframe of our study (April 5, 2019 to June 10, 2020). For survival analysis, Kaplan–Meier survival curves were generated by using the statistical software GraphPad Prism. The non-parametric Mantel–Cox log-rank test was used to determine the statistical differences among different patient groups.



Western Blot

Cells were lysed in radioimmunoprecipitation assay buffer (Beyotime, China) with Protease Inhibitor Cocktail Tablets (Roche, Switzerland). The total protein concentrations of the lysates were determined using the Bio-Rad protein assay kit. Equal amounts of protein were denatured with loading buffer (Beyotime) at 100°C for 10 min, then loaded in 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis for electrophoresis and transferred to a methanol-activated polyvinylidene fluoride membrane (Millipore, United States). The membrane was blocked in tris-buffered saline containing 5% bovine serum albumin (MP Biomedical, United States) for 1 h at room temperature. Primary antibodies were incubated overnight at 4°C. The primary antibodies included AKT2, CD133, DNMT3B, MYC, PIK3R1, RBL1 (1:1,000, Proteintech, United States), Bcl-2 (1:1,000, Affinity Biosciences, United States), and GAPDH (1:2,000, ZSGB-BIO, China). After washing with tris-buffered saline twice, the membrane was incubated with the appropriate horseradish peroxidase-labeled secondary antibody for 1 h at room temperature. The secondary antibody conjugated with horseradish peroxidase is goat anti-rabbit immunoglobulin G (1:5,000, ZSGB-BIO). Immunoblots were visualized using enhanced chemiluminescence detection system according to the manufacturer’s protocol.



Cell Transfection

Si-miR-29b-3p (knockdown), Over-miR-29b-3p (overexpression), and negative control lentivirus were purchased from Genechm (China). For the construction of miR-29b-3p deficiency and overexpression stable cell lines, cells were plated on the day before the lentivirus infection at a confluence of 30–50%; the multiplicity of infection is 10. The medium was changed 24 h post-infection, and cells were selected for 7 days with 1 μg/ml puromycin.



Dissociation of Three-Dimensional Structure

Three-dimensional cultured cells were recovered from matrigel using recovery solution (BD) according to the manufacturer’s instructions as described previously (Lee et al., 2007). In brief, matrigel containing the 3D structures was first washed with ice-cold PBS and then removed from the well. After being transferred to a 15-ml tube containing the pre-chilled recovery solution (1 ml per well), the mixture was incubated on ice for 45 min with intermittent mixing and then centrifuged at 1,000 rpm for 10 min at 4°C. The supernatant containing the dissolved matrigel was discarded, and the 3D structures were washed once with PBS. To make a single-cell suspension of recovered 3D structures, cells were trypsinized using trypsin- ethylenediaminetetraacetic acid (0.25%, Invitrogen). Dissociated cells were used for colony formation assay.



Colony Formation Assay

Cells from 2D culture were washed with PBS buffer, trypsinized, and counted using a cell counter (Coulter) after irradiation. Cells from 3D culture converted to single-cell suspension as described earlier and resuspended in medium. An appropriate number of cells (0:100, 1:200, 2:500, 4:2,000, and 6:10,000)were seeded into each Φ60 dish in 5 ml of complete media. After 10 days of incubation, colonies were fixed with 10-ml fresh Carnoy’s fluid, stained with 0.5% crystal violet for 20 min. Colonies with more than 50 cells were recorded and counted manually under an inverted microscope. Plating efficiencies (PEs) were calculated as follows: numbers of colonies formed/numbers of cells plated. Cell surviving fractions were calculated as follows: PE (irradiated)/PE (unirradiated). All experiments were performed in triplicate.



Promoter Methylation Analysis

The extracted genomic DNA was subjected to bisulfite modification using the EpiTect Fast DNA Bisulfite Kit (Qiagen) according to the manufacturer’s instruction. After that, the bisulfite-converted genomic DNA was amplified by a set of RBL1 primers for the unmethylated reaction and methylated reaction to the methylation-specific PCR as described previously (Pan et al., 2016a): Unmethylated forward primer (5′ GGAGGTATTTTATTATGTTGTATGA) and reverse primer (5′ TCCTTAACCCTTAACTAATCACAAA), methylated forward primer (5′ GGAGGTATTTTATTACGTTGTACGA), and reverse primer (5′ CTTAACCCTTAACTAATCGCGAA). PCR was carried out with MyCycler RCR (Bio-Rad) by using the following condition: 94°C for 5 min, followed by 40 cycles of 94°C for 30 s, 52°C (unmethylated primer) or 56°C (methylated primer) for 30 s, and 72°C for 30 s.



Cell Invasion Assay

Cells (1 × 105) were resuspended in 100 μl of serum-free medium and seeded in matrigel-coated transwell upper chambers (Millipore, United States) with 8.0 μm polycarbonate filter inserts in 24-well plates, whereas the bottom chambers were filled with 600-μl complete medium. After incubation for 24 h, non-migrated cells and the matrigel were scraped using a cotton swab. The bottom side of the membrane was fixed with ethanol and stained with Giemsa. The transwell chambers were washed three times with PBS. Images of migrated cells were obtained using a microscope (Carl Zeiss, Germany).



Wound Healing Migration

Cells were trypsinized, and 1 × 105 cells per well were added to the 12-well plate with complete media. When cells reached approximately 90% confluency, scratch wounds were created on monolayers by a sterile 200-μl micropipette tip. Then, cells were washed twice with a fresh medium to remove any loosely held cells. Photographs were taken immediately (0 h) and 24 h later. Images at 0 and 24 h were compared, and the area of the wound closure was calculated using Image J software.



Immunocytochemical Staining

To detect 53BP1 and γ-H2AX foci that form at the DSB sites, 1 × 104 cells were seeded on glass coverslips in each well of a 12-well plate, cultured for 24 h before radiation. Subsequent experimental procedures followed the previous description (van Oorschot et al., 2014). After the 1-Gy X-ray irradiation, cells were fixed with 4% paraformaldehyde for 20 min at room temperature and permeabilized with 0.5% Triton X-100 in PBS for 10 min. Non-specific binding sites were blocked with 5% bovine serum albumin (BSA) in PBS for 60 min at room temperature before probing with primary antibodies. The primary antibodies used for immunostaining include 53BP1 (1:3,000, Abcam, United States) and γ-H2AX (1:1,000, CST). Secondary antibodies (anti-mouse or rabbit conjugated with Alexa 488/633) were purchased from Beyotime (1:2,000). Then, the cells were incubated in the primary antibody diluted in 5% BSA/1 × PBS 1 h at room temperature. After incubation, cells were washed three times with PBS and then incubated with the appropriate Alexa Fluor secondary antibodies diluted in 5% BSA for 1 h. Cells were washed three times with PBS again. The nuclei were counterstained with 4′,6-diamidino-2-phenylindole (Beyotime). Digital image analysis was performed to determine the number of γH2AX and 53BP1 foci by fluorescence microscope (Axio Imager Z2) at 63 × magnification and confirmed by visual inspection of images. Quantification of foci per cell was carried out from images of 50 cells for every time point from at least three independent experiments.



Tumor Irradiation in Mice

Animal experiments conducted in this study were approved by Wenzhou Medical University Institutional Animal Use and Care Committee. C57BL/6J mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. Before tumor cell injection, age-matched 6-week-old female mice were shaved at the right hindlimbs. LLC1 cells (2 × 105) were resuspended in 50-μl PBS and injected into shaved flanks subcutaneously with negative control or miR-29b-3p overexpression tumor cells. After 7 days, tumors were irradiated with a single 8-Gy dose of X-rays with the help of lead shielding. Tumor volumes were measured every other day and calculated by the formula: (length) × (width)2/2. The mice were killed when tumor volumes reached 2,000 mm3. Kaplan–Meier estimator and log-rank (Mantel–Cox) test were used for survival analysis among different tumor-bearing mice groups.



Flow Cytometry Side Population Assessment and CD133+ Cell Sorting

Flow cytometry was used to identify lung cancer stem cells with positive CD133 (Ferrandina et al., 2009). After dissociation with trypsin and subsequent neutralization, 2 × 106 A549 cells were resuspended in 500-μl PBS, and 20-μl monoclonal antibody CD133 (Miltenyi Biotec, United States) was added. The mixture was incubated for 20 min at room temperature and protected from light. After incubation, cells were washed twice with PBS and resuspended in a 500-μl medium. Background fluorescence was estimated by substituting the specific primary antibody with specific isotype controls. Samples were acquired on a FACSCanto II flow cytometer (BD Biosciences) and analyzed with FACSDiva software (BD Biosciences). The fresh isolated CD133 + cells were cultured before assay in a stem cell medium containing a serum-free Dulbecco’s modified Eagle’s medium/F12 (1:1) medium (Gibco-BRL), 20 ng/ml epidermal growth factor, 20 ng/ml basic fibroblast growth factor, and 20 ng/ml leukemia inhibitor factor (LIF) (all were from Miltenyi Biotec).

Side population assessment by Hoechst 33342 analysis followed the previous description (Tirino et al., 2009). Both 2D and 3D cultured A549 cells were trypsinized and suspended at 2 × 106 cells/ml in a medium with 5 mg/ml Hoechst 33342 (Sigma, United States) for 90 min at 37°C with intermittent stirring. After incubation, the cells were washed in PBS and kept on ice for 5 min until analyzed by a flow cytometer FlowSight (Amnis, United States). The Hoechst 33342 dye was excited at 350-nm ultraviolet, and the resultant fluorescence was measured at two different wavelengths using 424/44 BP and 675 LP filters for detection of Hoechst blue and red, respectively. The results were analyzed using Flowjo software.



Statistics

All experiments in vitro were performed in triplicate and repeated at least three times. Statistical significance (P-values) of differences in means between two samples were evaluated using unpaired t-tests. Data are represented as individual values or as mean ± standard error of the mean. Group sizes (n) and applied statistical tests are indicated in figure legends. For in vivo experiments and clinical data analysis, log-rank (Mantel–Cox) tests were used for survival analysis, and tumor volume significances were assessed by two-way analysis of variance among different groups. Statistics were calculated using GraphPad Prism 8.2.1. P < 0.05 was considered statistically significant (∗), P < 0.01 as highly significant (∗∗), and P < 0.001 (∗∗∗) as extremely significant.



RESULTS


Low Expression of miR-29b-3p in A549 and MCF7 Cells in Three-Dimensional Culture Compared With Two-Dimensional Culture

The morphological features of A549 and MCF7 cells are different in 2D and 3D cultures (Figure 1A). Two-dimensional cultured cells were flat and formed a monolayer on the Petri dish, whereas cells in 3D culture in the matrigel formed microspheres. To identify the different characteristics of miRNAs in cells between 2D and 3D cultures, we analyzed the miRNA expression profiles of the 2D and 3D cell cultures of A549 cells 0.5 h after exposure to 0- and 5-Gy X-rays using miRNAs microarray analysis (Figure 1B). We found 10 miRNAs were upregulated, whereas 11 were downregulated with more than threefold changes between 2D and 3D cultures (Figure 1C). MiR-29b-3p had the biggest low fold change in 3D compared with 2D cultures (−10.43). For further investigation, we measured the expression of miR-29b-3p in A549 and MCF cells in the 2D and 3D cultures after 5-Gy X-ray irradiation by qRT-PCR. As shown in Figure 1D, the expression of miR-29b-3p was significantly lower in 3D culture compared with 2D culture both in irradiated and unirradiated cells. These results indicated that the miRNA, particularly miR-29b-3p, expression profiles in cells between 2D and 3D cultures are different.
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FIGURE 1. MiR-29b-3p expression in 2D and 3D cultured A549 and MCF7 cells. (A) The morphology of 2D and 3D cultured A549 and MCF7 cells captured under a phase-contrast microscope. (B) Heat map of miRNAs microarray analysis in 2D and 3D cultured A549 cells 0.5 h after 5 Gy X-ray radiation. (C) Fold changes of miRNAs expression that are more than threefold between 2D and 3D cultured cells. (D) Relative miR-29b-3p expression measured by qRT-PCR at indicated time points in 2D and 3D cultured A549 and MCF7 cells after 5 Gy X-ray irradiation. U6 was used as an internal control. Ctrl, unirradiated groups. Significance was determined by unpaired t-test. *P < 0.05; **P < 0.01.




miR-29b-3p High Expression Is Associated With Better Prognosis of Lung Adenocarcinoma and Breast Invasive Carcinoma

To explore the potential association between miR-29b-3p expression and overall survival of cancer patients, we analyzed the miR-29b-3p expression status and overall survival in LUAD and BRCA patients. Published clinical and genomic data from the KM plotter database, including 504 late-stage LUAD and 1,262 late-stage BRCA patients, were used. The median miR-29b-3p expression was used as a cutoff value. It was found that the miR-29b-3p high expression group had a higher survival probability than the low expression group, which was 58 months in LUAD (vs. 42 months for low group, P = 0.012, log-rank test, Figure 2A) and 198 months in BRCA (vs. 180 months for low group, P = 0.0050, log-rank test, Figure 2B). These data suggested that the high expression of miR-29b-3p had significant advantages in cancer treatment.
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FIGURE 2. MiR-29b-3p expression affects survival probability in LUAD and BRCA by regulating oncogenes. (A) Kaplan–Meier survival curves of LUAD patients with low or high miR-29b-3p expression. (B) Kaplan–Meier survival curves of BRCA patients with low or high miR-29b-3p expression. (C) A schematic representation showing the signaling pathway of miR-29b-3p suppressing tumor growth by targeting a series of oncogenes. (D) Western blot assay on the expression of c-MYC, DNMT3B, PIK3R1, AKT2 and Bcl-2 at the indicated time points after 5 Gy X-rays in 2D and 3D cultured A549 cells. Ctrl, unirradiated groups. The cut-off values of high and low are median in LUAD and BRCA. P-values calculated by use of logrank test.


Previous research reported that MYC Proto-Oncogene (c-MYC) directly suppresses miR-29b-3p (Chang et al., 2008). MiR-29b-3p is known to critically affect cancer progression by functioning as a tumor suppressor (Yan et al., 2015), and it targets several DNA methyltransferases (DNMTs, including DNMT1, DNMT3B, etc.) and regulates members of the DNA demethylation signaling pathway, leading to the downregulation of global DNA methylation in malignant cells (Garzon et al., 2009b). In addition, miR-29b-3p inhibits cell proliferation and promotes apoptosis by targeting B-cell lymphoma 2 (Bcl-2), phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1), and AKT serine/threonine kinase 2 (AKT2) (Figure 2C). Because the miR-29b-3p expression is different between 3D and 2D cultured cells, we speculated that the expression of c-MYC and miR-29b-3p downstream oncogenes could be different as well. Figure 2D shows that the expression of the genes mentioned earlier was higher in unirradiated A549 cells cultured in 3D than in those of 2D culture. At the time point of 1, 6, and 12 h after 5-Gy X-ray irradiation, c-MYC, DNMT3B, PIK3R1, AKT2, and Bcl-2 maintained high expression in 3D cells. These results indicated that high expression of c-MYC suppresses miR-29b-3p and increases expression of DNMT3B, PIK3R1, AKT2, and Bcl-2. Recent reports have demonstrated that c-MYC contributes to chemotherapeutic resistance in various CSCs (Elbadawy et al., 2019; Zhang et al., 2019), and CSCs are generally resistant to conventional chemotherapy and radiotherapy through activation of DNMT1, DNMT3B, Bcl-2, and cellular pro-survival signaling pathways PI3K/AKT (Berghauser Pont et al., 2014; Wang et al., 2014; Liu et al., 2015; Xia and Xu, 2015; Chang et al., 2016; Zagorac et al., 2016). These results suggested that c-MYC/miR-29b-3p and downstream DNMT3B, Bcl-2, and PIK3R1/AKT2 may be involved in radioresistance in 3D cultured cells.



Knockdown of miR-29b-3p Enhances Radioresistance of Two-Dimensional Cultured A549 and MCF7 Cells

Because high expression of miR-29b-3p benefits the prognosis of LUAD and BRCA, we investigated whether miR-29b-3p was involved in the radioresistance. Firstly, we constructed miR-29b-3p knockdown stable cell lines in 2D cultured A549 and MCF7 cells by lentivirus. As shown in Figure 3A, the expression of miR-29b-3p significantly decreased in miR-29b-3p knockdown cell lines. In the miR-29b-3p knockdown groups, the expression of DNMT3B, PIK3R1, AKT2, and Bcl-2 was maintained at a high level after 5-Gy X-ray radiation. The miR-29b-3p level had no impact on c-MYC expression (Figure 3B). Our previous study revealed that promoter methylation of transcriptional corepressor like 1 (RBL1) enhances the radioresistance of 3D cells (Pan et al., 2016a). We detected the correlation between miR-29b-3p and RBL1 promoter methylation. The results show that a low level of miR-29b-3p decreased RBL1 expression (Figure 3B) and methylated promoter region of RBL1 in 2D cultured A549 cells. The promoter of RBL1 maintained the methylated status after 48 h in 5-Gy X-ray irradiated cells (Figure 3C), which accounts for the RBL1 high expression in the miR-29b-3p knockdown group. Figure 3D showed that in the miR-29b-3p knockdown groups, survival fractions of X-ray irradiated 2D cultured A549 and MCF7 cells were higher than those of negative control. These results suggested that the knockdown of miR-29b-3p enhances the radioresistance of 2D cultured cells.
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FIGURE 3. Knockdown of miR-29b-3p enhances the radioresistance of 2D cultured A549 and MCF7 cells by regulating oncogenes. (A) Relative expression levels of miR-29b-3p measured by qRT-PCR in 2D miR-29b-3p knockdown A549 and MCF7 cells. (B) Western blot assay on the expression of c-MYC, DNMT3B, PIK3R1, AKT2, Bcl-2, and RBL1 at indicated time points after 5 Gy X-rays in 2D cultured miR-29b-3p knockdown A549 cells. (C) The changes of the promoter methylation status of RBL1 measured by MSP in 5 Gy X-ray irradiated and unirradiated 2D cultured miR-29b-3p knockdown A549 cells. (D) Colony formation assay on the 2D cultured miR-29b-3p knockdown A549 and MCF7 cells after exposure to 0, 1, 2, 4 and 6 Gy X-rays. Ctrl, unirradiated groups. NC: negative control. Significance was determined by unpaired t-test. *P < 0.05; **P < 0.01.




Overexpression of miR-29b-3p Sensitizes the Three-Dimensional Cultured A549 and MCF7 Cells to Radiation

Because knockdown of miR-29b-3p enhanced the radioresistance of 2D cultured A549 and MCF7 cells, we next examine whether the overexpression of miR-29b-3p decreases the radioresistance of 3D cells. As shown in Figure 4A, miR-29b-3p expression significantly increased in 3D cultured A549 and MCF7 cells infected with lentivirus containing miR-29b-3p overexpression vector, compared with the negative control groups. In the miR-29b-3p overexpression groups, DNMT3B, PIK3R1, AKT2, and Bcl-2 expression levels were lower than that of negative control groups after 5-Gy X-ray radiation. Meanwhile, RBL1 expression increased in the miR-29b-3p overexpressed groups, but c-MYC expression had no obvious change (Figure 4B). Figure 4C showed that the high level miR-29b-3p demethylated promoter region of RBL1 and resulted in RBL1 high expression in miR-29b-3p overexpressed groups. This is because the survival fractions of miR-29b-3p overexpressed A549 and MCF7 cells in 3D culture exposed to X-rays were lower than those of the negative control, suggesting that overexpression of miR-29b-3p sensitizes 3D cultured A549 and MCF7 cells to radiation (Figure 4D).
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FIGURE 4. Overexpression of miR-29b-3p sensitizes the 3D cultured A549 and MCF7 cells to radiation. (A) Relative expression of miR-29b-3p measured by qRT-PCR in 3D culture miR-29b-3p overexpressed A549 and MCF7 cells. (B) Western blot assay on the expression of c-MYC, DNMT3B, PIK3R1, AKT2, Bcl-2 and RBL1 at indicated time points after 5 Gy X-rays in 3D cultured miR-29b-3p overexpressed A549 cells. (C) The changes of the promoter methylation status of RBL1 measured by MSP in 5 Gy X-ray irradiated and unirradiated 3D cultured miR-29b-3p overexpressed A549 cells. (D) Colony formation assay on the 3D cultured miR-29b-3p overexpressed A549 and MCF7 cells after exposure to 0, 1, 2, 4 and 6 Gy X-rays. Ctrl, unirradiated groups; NC, negative control. Significance was determined by unpaired t-test. *P < 0.05.




Overexpression of miR-29b-3p Increases Tumor Radiosensitivity in vivo

To further investigate the effect of miR-29b-3p on radiosensitivity in vivo, mice were injected with the miR-29b-3p overexpression or vector control LLC1 cells and exposed to 8-Gy X-ray after 7 days (Figures 5A,B). Overexpression miR-29b-3p resulted in significant inhibition on tumor growth and prolonged host survival in the lung cancer mouse model, with one of five mice had been cured (Figures 5C,D). These results suggested that overexpression of miR-29b-3p significantly enhances radiosensitivity in vivo.
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FIGURE 5. The miR-29b-3p expression level on the efficacy of radiotherapy in vivo. (A) Relative expression of miR-29b-3p measured by qRT-PCR in miR-29b-3p overexpressed LLC1 cells. (B) Protocol for radiation treatment. (C,D) Tumor growth and Kaplan–Meier survival curves of C57BL/6 mice inoculated with 2 × 105 VC or miR-29b-3p overexpressed LLC1 cells. Radiotherapy was conducted lx at 8 Gy at 7 days post inoculation of the tumor cells. NC, negative control. Significance was determined by 2-way ANOVA in c, logrank test in d respectively. *P < 0.05; **P < 0.01.




miR-29b-3p Interferes With the Kinetic Process of DNA Damage Repair in A549 Cells

We have demonstrated that miR-29b-3p influences cancer cells’ radiosensitivity; we further investigated whether miR-29b-3p impacts the kinetic process of DNA damage repair. We examined the 53BP1 and γH2AX foci that are surrogate markers of DNA damage repair by immunofluorescence staining in the 2D cultured A549 cells. In 1-Gy X-ray irradiated miR-29b-3p knockdown A549 cells, the kinetics of foci dissolution of 53BP1 and γH2AX were faster than in negative groups after 12 h (Figures 6A,B). Moreover, more 53BP1 and γH2AX foci remained in miR-29b-3p overexpressed A549 cells than in negative control cells after 6 h (Figures 6C,D). These results indicated that miR-29b-3p impacts the recruitment of the DNA repair complex.
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FIGURE 6. Kinetics process of DNA damage repair in miR-29b-3p knockdown or overexpressed A549 cells. (A) Graph shows quantification of 53BP1 and yH2AX foci in miR-29b-3p knockdown and negative control A549 cells exposed to 1 Gy X-ray. (B) The numbers of 53BP1 and yH2AX foci in 50 cells of each group were counted for each time point. (C) Graph shows quantification of 53BP1 and yH2AX foci in miR-29b-3p overexpressed and negative control A549 cells exposed to 1 Gy X-ray. (D) The numbers of 53BP1 and yH2AX foci in 50 cells of each group were counted for each time point. Ctrl, unirradiated groups; NC, negative control. Significance was determined by unpaired t-test. *P < 0.05; **P < 0.01.




Knockdown of miR-29b-3p Rescues the Invasion and Migratory Capacity of Irradiated A549 and MCF7 Cells

Epithelial–mesenchymal transition (EMT) is a critical step in cancer cell invasion and metastasis, and it positively correlates with poor patient prognosis. In addition to its roles in cell proliferation, apoptosis, and differentiation, miR-29b-3p also exerts effects on cell migration and invasion in vitro by regulating EMT signaling (Ru et al., 2012; Kinoshita et al., 2013; Poudyal et al., 2013). According to the pieces of evidence discussed earlier, we hypothesized that miR-29b-3p knockdown might rescue the migratory and invasive capacity of irradiated cancer cells. Matrigel invasion assay showed that miR-29b-3p knockdown A549 and MCF7 cells exhibited more marginal invasion through the extracellular matrix after 48 h in both irradiated and unirradiated cells compared with control cells (Figures 7A,B). Figures 7C,D show that miR-29b-3p knockdown A549 and MCF7 cells had a remarkable ability on promoting cell migration in the scratch wound after 24 h in both irradiated and unirradiated cells compared with control cells. Thus, the effects of miR-29b-3p on cell migration and invasive properties may play a critical role in poor patient prognosis with radiation therapy.
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FIGURE 7. Invasive and migratory capacity of irradiated nniR-29b-3p knockdown A549 and MCF7 cells. (A,B) Matrigel invasion assays in miR-29b-3p knockdown or negative control A549 and MCF7 cells after 5 Gy X-ray irradiation at 0 and 48 h. (C,D) Scratch wound healing migration assays in miR-29b-3p knockdown or negative control A549 and MCF7 cells after 5 Gy X-ray irradiation at 0 h and 24 h. Ctrl, unirradiated groups; NC, negative control. Significance was determined by unpaired t-test. *P < 0.05; **P < 0.01.




miR-29b-3p Is Associated With Stemness and Oncogene Expression in Cancer Stem Cells

CD133 is currently considered the most robust surface marker for CSCs in various tumor types (Glumac and LeBeau, 2018). Wang et al. (2015) reported low expression of miR-29b in CD133-positive A549 cells. MiR-29b-3p is significantly downregulated in CD133 + cells separated from the peripheral blood of HCC patients (Zekri et al., 2018). As our previous study revealed that 3D cultured cells simulate some stem cell characteristics and have high radioresistance (Xue et al., 2015b), we speculated that miR-29b-3p deficiency in 3D cells might account for these phenomena. Flow cytometry was used for CD133-positive A549 cell sorting (Figure 8A). Figure 8B shows a significantly low expression of miR-29b-3p in CD133-positive A549 cells by qRT-PCR. In the CD133-positive A549 cells, cMYC, RBL1, and oncogene expression at indicated time points after 5-Gy X-rays have a similar tendency with 3D cultured cells (Figure 8C). Hoechst 33342 side population (SP) analysis is a common method for identifying stem cells in mammalian tissues (Telford et al., 2007). Flow cytometry analysis shows that the number of SP cell proportions was higher in 3D cultured A549 and MCF7 cells compared with 2D cells. MiR-29b-3p knockdown in 2D cells could increase the SP cell proportion. Inversely, miR-29b-3p overexpression in 3D cells would alleviate the SP cell proportion (Figures 8D,E). These results demonstrate that miR-29b-3p is associated with stemness characters and oncogenes PIK3R1, AKT2, and Bcl-2 expression in CSC.
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FIGURE 8. Correlation between miR-29b-3p expression and cancer cell sternness. (A) Sorting CD133+ A549 cells by flow cytometry. (B) Relative miR-29b-3p expression measured by qRT-PCR in CD133+ and negative control A549 cells. (C) Western blot assay on the expression of CD133, c-MYC, DNMT3B, PIK3R1, AKT2, Bcl-2 and RBL1 at indicated time points after 5 Gy X-rays in CD133+ A549 cells and negative control cells. (D,E) Side population in miR-29b-3p knockdown 2D and overexpressed 3D culture A549 cells. Ctrl, unirradiated groups; NC, negative control; WT, wild type groups. Significance was determined by unpaired t-test. *P < 0.05; **P < 0.01.




DISCUSSION

Lung cancer is one of the most frequently diagnosed cancers in both incidence and mortality, and breast cancer is the world’s most prevalent cancer in women (Smith et al., 2019). Radiotherapy is one of the main modalities in lung and breast cancers, but one of the main obstacles is these tumor types exhibit significant radioresistance. However, cancer radioresistance can result in tumor recurrence and contributes to the poor prognosis of cancer patients. Thus, there is a great interest in understanding the underlying biology and developing strategies to overcome this problem. The mechanisms underlying the development of radioresistance, which are involved in multiple genes and factors, have been the focus of many studies (Tang et al., 2018). CSCs is one of the important reasons for cancer resistance to chemotherapeutic agents and radiation therapy (Phillips et al., 2006; Blazek et al., 2007; de Jong et al., 2010; Li et al., 2016). Characterizing the roles of CSCs in radioresistance and identifying the molecular pathways that maintain CSC stemness are of paramount importance in improving the efficacy of cancer treatments.

Deregulation of various epigenetic regulations such as DNA methylation, histone modification, and miRNAs can contribute to tumor initiation and tumorigenesis, particularly concerning the maintenance and survival of CSCs (Toh et al., 2017). Importance of aberrant miRNA expression levels in maintaining CSC properties have been reported in CSCs (Lu et al., 2005). MiRNAs offer new possibilities for targeting CSCs as well as improving overall cancer therapy.

The 3D cultured model mimics in vivo microenvironment and has numerous different characteristics compared with 2D culture, which is a convenient method to induce CSC-like properties (Chen et al., 2012; Xue et al., 2015b; Usui et al., 2016). The combinatorial effects of epigenetic regulation and ionizing radiation contribute to eliminating CSCs have been reported (Cui et al., 2014; Peitzsch et al., 2016; Kwon et al., 2017). MiRNAs showed differential expression profiles between 2D and 3D cells, and miR-29b-3p had the most dramatic negative change in cells of 3D compared with 2D cultures. MiR-29b-3p is a member of the miR-29 family, which includes miR-29a, b, and c. Recently, numerous studies have demonstrated that aberrant expression of miR-29b-3p is common in the majority of human cancers (Garzon et al., 2009a; Zhang et al., 2011; Kriegel et al., 2012; Rossi et al., 2013). MiR-29b-3p is known to critically affect tumorigenicity and stemness maintenance by functioning as a tumor suppressor (Wang et al., 2015; Shin et al., 2017; Zhang et al., 2018). Lee et al. reported that miR-29b-3p suppressed by c-Myc in lung cancer patients led to significantly worse survival outcomes (Wu et al., 2015). Analysis from The Cancer Genome Atlas clinical data indicated that miR-29b-3p contributed to better prognosis in LUAD and BRCA patients. We speculated that miR-29b-3p is involved in radiation response and effected radioresistance in stem-like 3D cultured cancer cells. cMYC represses miR-29b-3p directly and has higher expression in 3D compared with 2D cultured cells (Chang et al., 2008), which might account for the low miR-29b-3p expression in 3D cells. Emerging evidence suggested that miR-29b-3p could serve as a tumor suppressor gene by targeting DNMT3B, Bcl-2, PI3KR1, and AKT2 (Garzon et al., 2009b; Park et al., 2009; Xiong et al., 2010). Previous research reported that DNM3B deficiency radiosensitizes by RBL1 or disrupts DNA damage regulation (Fujimori et al., 2015; Pan et al., 2016a). Meanwhile, the lung cancer patients treated with radiotherapy had poorer survival in Bcl-2 overexpressing group than patients without Bcl-2 expression (Hwang et al., 2001). In addition, suppressing PI3K/AKT2 signaling pathway potentiated the irradiation effect by mediated DNA repair both in vivo and in vitro (Toulany and Rodemann, 2013; Tang et al., 2015). Our subsequent experiments demonstrated that low expression of miR-29b-3p in 3D cultured cells resisted radiation killing and had a change of the expression of DNMT3B, Bcl-2, PI3KR1, AKT2, and RBL1. Overexpression of miR-29b-3p significantly enhanced radiosensitivity both in vitro and in vivo and inhibited the kinetic process of DNA damage repair followed by altering expression of DNMT3B, Bcl-2, PI3KR1, AKT2, and RBL1. The phenomenon mentioned earlier can be repeated in CD133+ stem-like cells.

CSCs are key drivers of tumor progression that promote migration and invasion via induction of EMT, leading to metastasis and tumor recurrence (Ayob and Ramasamy, 2018). Increasing evidence indicated that miR-29b-3p also exerted effects on cell migration and invasion (Ru et al., 2012; Kinoshita et al., 2013; Poudyal et al., 2013). Our results showed miR-29b-3p deficiency could rescue the invasion and migratory capacity of irradiated tumor cells, which would enhance the ability of radiation killing and eradicate metastasis and tumor recurrence. Furthermore, miR-29b-3p deficiency augments SP cell proportions in 2D cultured cells, indicating tumor stemness.

In conclusion, our study suggested that miR-29b-3p could influence DNA damage response by regulating the expression of DNMT3B, Bcl-2, PI3KR1, AKT2, and RBL1, thereby affecting tumor radioresistance. MiR-29b-3p assisted/conjugated therapies could have greater potential to overcome radiotherapy resistance in cancers.
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Non-coding RNAs (ncRNAs) are RNAs that do not encode proteins, but perform biological functions in various physiological and pathological processes, including cancer formation, inflammation, and neurological diseases. Tumor blood vessels are a key target for cancer management. A number of factors regulate the angiogenesis of malignant tumors. NcRNAs participate in the regulation of tumor angiogenesis. Abnormal expression of ncRNAs act as tumor suppressors or oncogenes to affect the development of tumors. In this review we summarized the biological functions of ncRNAs, and discussed its regulatory mechanisms in tumor angiogenesis. This article will provide new insights for the research of ncRNAs in tumor angiogenesis.
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HIGHLIGHTS


- Biological functions of ncRNAs were comprehensively discussed.

- The association of ncRNA and tumor angiogenesis was illustrated.

- The mechanisms of ncRNAs in regulating angiogenesis in tumor development were summarized.





INTRODUCTION

It is well-acknowledged that cancer is one of the most severe diseases which leads to death and cripples life expectancy worldwide. Cancer therapy targeting solely tumor cells has been identified as the most extensive and efficient approaches in the past, but the clinical limitations still exist, such as toxic side effects (Montgomery et al., 2019). Since the rapid proliferation of tumor cells need new vascular systems to supply nourishment, angiogenesis plays a critical role in tumor maintenance, metabolic disorder, and tumor tissues dissemination/metastasis (Folkman, 2002). Therefore, anti-tumor angiogenesis treatment has emerged as an appealing solution in recent years.

Angiogenesis has been defined as a progression that new blood vessels are regenerated from the existing capillary network. An “angiogenic switch” is always activated in tumors, thus causing continuous new vessels generation. Tumor-associated neovasculature is a complex physiological incident, which is governed by a variety of pro- or anti-angiogenic cytokines and multiple signaling pathways, such as vascular endothelial growth factor (VEGF; Apte et al., 2019), angiopoietin (Carbone et al., 2018), etc.

As a class of significant RNA, non-coding RNAs (ncRNAs) are capable of performing biological functions at the RNA level. In high-grade organisms, up to half of DNA is transcribed into RNA, most of which are ncRNAs. It can be indicated that ncRNAs exert a key role in organismal development. Numerous studies have shown that ncRNAs participate in the occurrence and processing of tumors by functioning as oncogenes or tumor suppressor genes (Anastasiadou et al., 2018) thus these RNAs can be used as diagnostic and prognostic markers for cancer patients. New information has proved that a large number of ncRNAs involve in the modulation of tumor angiogenesis. NcRNAs [microRNA (miRNA), long ncRNA (lncRNA), circular RNA (circRNA), small interfering RNA (siRNA), etc.] can interact with various angiogenic factors (VEGF, MMP2, etc.) and regulate signal pathways, such as Akt pathway and ERK1/2 pathway, in tumors (Safa et al., 2020; Wu et al., 2020). This article reviews and summarizes the major types of ncRNAs and their mechanisms in regulating tumor angiogenesis.



THE BIOLOGICAL SOURCE AND FUNCTIONS OF NON-CODING RNAs

Non-coding RNAs are a large and diverse class of RNAs that lack the function of encoding proteins, but perform important biological and pathological functions in many diseases, including cancers, inflammation, and others (Lekka and Hall, 2018). According to the relative molecular weight, morphology and function, ncRNAs are classified into miRNAs, circRNAs, and lncRNAs, Piwi-interacting RNAs (piRNAs), small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs; Cheng et al., 2020). The biological source and function of these ncRNAs as shown in Figure 1. Previous studies show that ncRNAs can mediate a variety of fundamental cellular processes, such as differentiation, proliferation, apoptosis, angiogenesis, and cell metabolism through regulating gene expression and signaling pathways (Wei et al., 2020). Therefore, ncRNAs can act as oncogenes or tumor suppressor genes, and biomarkers and therapeutic targets of multiple malignancies.
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FIGURE 1. The biological source and function of ncRNAs.



MicroRNAs

MicroRNAs are a type of eukaryotic endogenous small RNAs with a length of 18–25 nucleotides. Its main function is to regulate gene expression by binding to targeted RNAs (Beermann et al., 2016). The formation of miRNAs can be divided into two processes. First, the miRNA gene is transcribed into the initial transcription product (pri-miRNA), the pri-miRNA is recognized by the microprocessor and cut by the RNase III Drosha to form a hairpin structure called precursor miRNA (pre-miRNA), which is transferred from the nucleus to the cytoplasm under the mediation of Exportin-5 and RAN-GTP. Second, the pre-miRNA is cleaved into double-stranded miRNA under the action of RNase III Dicer. It then interacts with Argonaute to assemble the miRNA-induced silencing complex. The mature miRNA remains in the complex while the other strand is degraded (Ha and Kim, 2014). The mature miRNAs binds to targeted mRNA to perform post-transcriptional gene silencing role, thereby reducing the stability or inhibiting the translation of the target gene (Yang X. et al., 2020).



Long Non-coding RNAs

Long ncRNAs, with a length of more than 200 nucleotides, is transcribed by RNA polymerase II and involved in a variety of biological processes (Wong et al., 2018). LncRNAs exists both in the nucleus and cytoplasm, perform different functions according to its subcellular location (Kopp and Mendell, 2018; Miao et al., 2019; Li S. et al., 2020). The upstream promoter region encoding the protein interfered with the expression of downstream genes, and inhibits RNA polymerase II or recruits mediator proteins and chromatin remodeling enzymes to affect downstream gene transcription (Cho et al., 2018). LncRNA can be used as a scaffold to recruit RNA-binding proteins to form a nucleic acid-protein complex, and participate in chromatin remodeling and transcriptional regulation (Ban et al., 2020). In addition, it can also form a complementary double-strand with mRNA to interfere with the shearing of mRNAs (Romero-Barrios et al., 2018). Furthermore, lncRNAs interact with the protein bound to the 3′untranslated region (UTR) of mRNA in the cytoplasm to regulate the stability of mRNA (Sun et al., 2020). Antisense lncRNAs regulate the stability of mRNA by forming a double strand with mRNA (Liu et al., 2014). When lncRNAs is used as competing endogenous RNAs (ceRNAs), it can bind to miRNAs and prevent itself from inhibiting its targeted mRNAs (Li H. et al., 2020). Moreover, it can positively or negatively regulate protein translation, encoding micropeptides with regulatory functions, and can also regulate signaling pathways in the cytoplasm, and bind to specific proteins to change the cellular localization of proteins (Hosen et al., 2018).



Circular RNAs

Circular RNAs have a closed-loop structure and is more stable than linear RNAs (Hanahan and Weinberg, 2011; Lee et al., 2020). In recent years, many circRNAs with important functions are coming to light and researchers began to focused on the properties and functions of circRNAs (Iurca et al., 2020). CircRNAs is divided into three types: exonic circular RNA (ecRNA), circular intronic RNA (ciRNA), and exon-intron circular (EIciRNA; Guo et al., 2014). Among them, ecRNA is the most common one, which is mainly locate in the cytoplasm, while ciRNA and EIciRNA are abundant in the nucleus (Liang and Wilusz, 2014). CircRNAs have been demonstrated as endogenous competitive RNAs that bind to miRNAs to inhibit targeted mRNA expression (Su et al., 2019).



Small Interfering RNAs

Small interfering RNAs are a kind of small double stranded RNA (dsRNA) with a length of 20–25 nucleotides, that are made from fully complementary long double-stranded RNA through dicer shearing (Leung et al., 2016). Exogenous dsRNA is cleaved by Dicer enzyme and TAR-RNA binding protein to form siRNA, then the siRNA loaded onto the Argonaute protein (AGO2) to form an RNA-induced silencing complex (RISC). RISC and targeted mRNA are partially or completely complementary paired, turning double-stranded siRNA into single-stranded siRNA. After combining with single-stranded siRNA, RISC become an active RISC. Targeting mRNA can be degraded through combining with activated RISC (Singh et al., 2018).



Other Non-coding RNAs

Piwi-interacting RNAs are small single-stranded RNAs with a length of 24–32nt. They have strong sense and antisense strand specificity, and the first nucleotide at the 5′-end is uracil-prone, while the 3′-end is modified by 2′-O-methylation. This type of end modification can prevent the degradation of mature piRNA genes. PiRNA must interact with PIWI protein form a piRNA silencing complex to play its regulatory role. Current studies (Guo et al., 2020) have shown that piRNA and PIWI abnormally expressed in gastric cancer, breast cancer, kidney cancer, colon cancer and lung cancer, and are involved in the occurrence, development and metastasis of cancers. PiRNAs could be potential prognostic and diagnostic biomarkers, and cancer treatment targets. PiRNA clusters are mainly distributed around centromeres and subtelomeres. They are transcribed into precursor piRNAs by RNA PolII, and are transported to the cytoplasm through primary processing pathways to form primary piRNAs, the pre-processed antisense piRNAs are loaded on Aub (Aub belongs to the Piwi subfamily) in the cytoplasm, and target the sense reverse transcript, resulting in the production of sense piRNA. These sense piRNAs are loaded onto Argonaute 3 (AGO3), and process the precursor antisense piRNA into mature piRNA. This amplification cycle continues with the continuous expression of Aub and AGO3, thereby causing a large amount of piRNA in the cell to be amplified. This phenomenon is called the “Ping-Pong” cycle (Soleimani et al., 2020). PiRNA mainly binds with PIWI or AGO3 protein, a member of the PIWI subfamily, to maintain genome stability by silencing transposable elements and regulating coding mRNA (Ng et al., 2016).

Small nuclear RNAs are a class of 50–200 nucleotides small RNAs exist in the nucleus. They are the main components of eukaryotic RNA spliceosomes. SnRNA is rich in uracil and usually numbered U1–U7. All snRNAs (except U6) have a 2,2,7-trimethylated 5′-guanosine cap (Bohnsack and Sloan, 2018). In addition to regulating the correct expression of histone mRNA and the production of rRNA, it is involved in the formation of snRNAs complexes with proteins to catalyze the splicing of precursor mRNA (Guiro and Murphy, 2017).

Small nucleolar RNAs, with a length of 60–300 nucleotides located in the nucleolus, are divided into box C/D snoRNAs and box H/ACA snoRNAs. Box C/D snoRNAs mainly mediate 2′-O-methylation at specific sites of rRNA, box H/ACA snoRNA mainly mediate the pseudo uridylation of rRNA specific sites. Both can combine with ribonucleoprotein to play a key role in rRNA processing, participate in the splicing process of rRNA and other small RNA genes (Gong et al., 2017).



TUMOR ANGIOGENESIS

Tumors need to rapidly develop new vascular networks to support the rapid proliferation of cancer cells. Angiogenesis, which is defined as regeneration of new blood vessels from the existing capillary network, participates in the entire process of tumor development (Liu et al., 2011). Relevant studies have shown that solid tumors cannot grow to more than 2–3 mm without inducing their own blood supply. This view explains the association between angiogenesis and tumor development (Liu et al., 2016). Therefore, angiogenesis plays an important role in the occurrence and development of tumors. In order to develop new drugs for anti-tumor angiogenesis, it is necessary to better understand the cellular and molecular mechanisms involved in tumor angiogenesis. Tumor angiogenesis is a complex process, including degradation of basement membrane, proliferation and migration of endothelial cell, and other steps.

As the key pro-angiogenic factors, VEGF and its receptors play a vital role in the whole process of tumor angiogenesis. VEGF family members are able to mediate a series of intracellular signal transduction pathways activation by fully binding to three significant tyrosine kinase receptors (VEGFR1, VEGFR2, and VEGFR3) and act on endothelial cells, which results in cell mitosis and capillary formation (Holmes et al., 2007). After combining with VEGFR2, several VEGF family members can significantly stimulate the differentiation and proliferation of vascular endothelial cells, promote angiogenesis and enhance the permeability of capillaries (Chang et al., 2009). VEGFR2 regulates the expression of related genes through PLC-γ-MEK- MAPK pathway, which leads to EC proliferation (Downward, 2004). VEGFR-2 can modulate cell migration by activating PI3K pathway. The activation of PI3K/Akt pathway in tumor microenvironment can inhibit endothelial cell apoptosis, ensure ECs survival and contribute to angiogenesis. It has been verified that PI3K/Akt pathway regulate hypoxia inducible factor-1 (HIF-1) and VEGF expression by activating kinases p70S6K1 and HDM2 in tumor tissue (Skinner et al., 2004; Jiang and Liu, 2008). Moreover, PTEN can inhibit tumor angiogenesis by promoting PI3K/Akt/VEGF/eNOS signaling pathway (Ma et al., 2009).

Tumor angiogenesis is a complex process, depends on the synergistic effect of multiple regulatory factors (Sahraei et al., 2019). Tumor internal environment can induce HIF-1 activating cells, to release a large amount of vascular endothelial growth factor-A (VEGF-A), vascular endothelial growth factor-2 (VEGF-2), fibroblast growth factor-2, and stromal cell-derived factor-1α/β (SDF-1α/β). These factors stimulate blood vessel formation and remodeling (Hu et al., 2019). In addition, pre-stimulation-angiogenic cells secrete matrix metalloproteinases (MMPs) to digest the basement membrane and accelerate vascular remodeling. The stability of the vascular network is an important factor that influence the development of tumors. The platelet particles release PDGF-BB and transforming growth factor-α (TGF-α), angiopoietin-1 (ANG-1) to promote the stability and maturity of the complex vascular network. Signaling pathways of tumor angiogenesis as shown in Figure 2.
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FIGURE 2. Signaling pathways of tumor angiogenesis.




NON-CODING RNAs TO REGULATE TUMOR ANGIOGENESIS


MicroRNAs Regulate Tumor Angiogenesis

MicroRNAs play an important role in various biological processes, and their roles in the pathogenesis of diseases have been observed (Jia et al., 2016). Studies have shown that miRNAs, such as miR-21, miR-106a, miR-126, miR-155, miR-182, miR-210, and miR-424, are important factors that regulate tumor angiogenesis (Huang and Chu, 2014; Jing et al., 2017; Alhasan, 2019; Sun et al., 2019; Wu et al., 2019). MiR-21, miR-126 (Du et al., 2014; Alhasan, 2019), and miR-93 (Fang et al., 2011, 2012; Fabbri et al., 2015; Liang et al., 2017; Ashrafizadeh et al., 2020) enhance the expression of HIF-1 and VEGF through targeting PTEN and inhibiting the expression of angiogenesis inhibitor thrombospondin-1 (THBS1). MiRNAs can combine with lncRNAs, such as MALAT1, to inhibit large tumor suppressor 2 (LATS2) to regulate the growth, invasion and metastasis of tumor cells. The common microRNAs that regulate tumor angiogenesis are shown in Table 1.


TABLE 1. Common microRNA targets and functions in regulating tumor angiogenesis.
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MiR-21

MiR-21 is encoded by a gene containing miR-21 in the intron region of the TMEM49 gene (Ma et al., 2011). The primary transcript, pri-miR-21, is produced by RNA polymerase II transcription in the nucleus and processed into mature miR-21 in the cytoplasm (Liu et al., 2018). MiR-21 is involved in almost every aspect of tumor growth, such as promoting cell proliferation, invasion and metastasis, genome instability and mutation, inflammation, replication immortalization, metabolic abnormality, angiogenesis, evasion of apoptosis, immune destruction, and growth inhibition (Pfeffer et al., 2015). Studies have shown that miR-21 induces tumor angiogenesis by targeting PTEN and activates the AKT and ERK1/2 signaling pathways, thereby enhancing the expression of HIF-1 and VEGF (An et al., 2019). HIF-1 is a key target of miR-21 in regulating tumor angiogenesis. Liu et al. (2016) have shown that miR-21 leads to signal transducer and activator of transcription-3 (STAT3) activation and increases the level of VEGF in recipient cells, thereby promoting angiogenesis. Sahraei et al. (2019) suggested that the overexpression of miR-21 in tumor-associated macrophages (TAMs) led to the overall reorganization of the transcriptional regulatory network, which favored the formation of pro-inflammatory blood vessels, and promote tumor angiogenesis and tumor cell growth. In addition, miR-21-5p is highly enriched in endothelial progenitor cells-exosomes, and specifically inhibits the expression of angiogenesis inhibitor thrombospondin-1 (THBS1; Hu et al., 2019). Wu et al. (2019) found that under hypoxic conditions, the expression of miR-21-5p in the exosomes of papillary thyroid carcinoma BCPAP cells was significantly up-regulated. MiR-21-5p directly target and inhibit TGFBI and COL4A1, increasing endothelial cell proliferation, promoting tumor angiogenesis.



MiR-126

MiR-126 is encoded by a single gene located in the intron of the encoding protein 7 with an EGF-like domain (EGFL7) and is located on chromosome 9q34.3. MiR-126 is considered to be one of the most important miRNAs for maintaining the integrity of blood vessels, of which both miR-126-3p and miR-126-5p have biological activity (Casciaro et al., 2018). Jing et al. (2017) found that miR-126 inhibited tumor angiogenesis by downregulating the VEGF-A signaling pathway. In addition, miR-126 acts as a tumor suppressor in breast cancer cells, blocking tumor cell growth and metastasis by inhibiting tumor angiogenesis (Alhasan, 2019). Inhibition of miR-126 can induce the upregulation of the pro-angiogenic gene adrenomedullin to promote angiogenesis of cervical cancer (Huang and Chu, 2014). In colorectal cancer (Sun et al., 2019), the oncogene YAP1 forms a complex with β-catenin/TCF4, which binds to the MALAT1 promoter and miR-126-5p, promotes the expression of VEGFA, SLUG and TWIST, and regulates the angiogenesis of colorectal cancer. Du et al. (2014) found that that miR-126-3p significantly inhibits HCC cell migration and invasion of extracellular matrix, and inhibits capillary formation of endothelial cells in vitro. Overexpression of miR-126-3p significantly reduced tumor volume and microvessel density in vivo, and LRP6 and PIK3R2 were the targets. The level of miR-126-3p is negatively correlated with LRP6 and PIK3R2 in HCC tissues. In addition, rescue experiments showed that the function of angiogenesis of miR-126-3p is mediated by LRP6 and PIK3R2.



MiR-93

MiR-93 is involved in angiogenesis and tumor growth. Experimental studies have shown that miR-93 promotes tumor angiogenesis by reducing the expression of EPLIN (Ashrafizadeh et al., 2020). Upregulation of miR-93-5p can increase the angiogenic ability of HUVECs, thereby improving blood vessel density, increasing proliferation and migration of cancer cells (Liang et al., 2017). Fang et al. (2011) showed that overexpression of miR-93 can promote the proliferation, growth, migration and tube formation of endothelial cells, induce blood vessel formation, and extend blood vessels to tumor tissues at high density. The expression of miR-93 enhances the survival and invasive ability of cells, promotes tumor angiogenesis and metastasis by inhibiting the expression of LATS2. The formed tumor is rich in blood vessels (Fang et al., 2012). Fabbri et al. (2015) found that in the glioma cell lines U251 and T98G, pro- and antago-miR-93 can reversely regulate the expression of VEGF and IL-8 genes and protein release, which is associated with angiogenesis in glioma.



Long Non-coding RNAs Regulate Tumor Angiogenesis

Abnormal expression of lncRNAs has been observed in many human cancers, and their role as tumor suppressors or oncogenes is associated with the staging and grading of tumors (Bhan et al., 2017). Different lncRNAs play different roles in tumor regulation. LncRNAs such as HOTAIR (Li et al., 2014; Yu and Li, 2015; Fu et al., 2016; Zhou et al., 2020), MALAT1, ANRIL and SRA are up-regulated in tumors and play the role of oncogenes, while MEG3, GASS and LncRNA-p21 are down-regulated in tumors and play a role of tumor suppressors. H19 (Conigliaro et al., 2015; Jia et al., 2016; Jiang et al., 2016; Lv et al., 2017; Yuan et al., 2019; Liu Z.Z. et al., 2020) plays both oncogene and suppressor roles in tumors. LncRNA H19, HOTAIR, and MVIH (Yuan et al., 2012; Lei et al., 2016; Wang Y. et al., 2020) mainly regulate the proliferation, migration, invasion and angiogenesis of tumor cells by regulating VEGF, VASH2, and miR138/HIF1α axis. LncRNAs that regulate tumor angiogenesis are shown in Table 2.


TABLE 2. Common lncRNA targets and functions in regulating tumor angiogenesis.
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H19

The H19 gene is mainly expressed in endoderm and mesoderm-derived tissues and locates on human chromosome 11p15.5. Its expression is down-regulated after birth (Yang et al., 2021). Studies have found that upregulation of H19 is related to angiogenesis (Rolla et al., 2021). Conigliaro et al. (2015) found that H19, which is highly expressed in CD90 + Huh cells, enters endothelial cells through exosomes to up-regulate the production and release of VEGF, which ultimately promotes angiogenesis and affects its tumor microenvironment. Jia et al. (2016) found that the upregulation of H19 in glioma tissues and glioma-associated endothelial cell (GEC) microvessels can promote the proliferation, migration and tubular formation of vascular endothelial cells in gliomas. H19 gene targets the 3′-UTR region of angiostatin 2 (VASH2) by inhibiting the expression of miR-29a. H19 is significantly overexpressed in glioblastoma tissues and promotes the angiogenesis of cells in vitro (Jiang et al., 2016; Lv et al., 2017). Yuan et al. (2019) found that H19 can interact with histone methyltransferase enhancer 2 (EZH2) to promote angiogenesis. Liu Z.Z. et al. (2020) found that the up-regulated H19 in glioma cells can promote tumor cell proliferation, migration, invasion, and angiogenesis through the miR138/HIF1α axis.



HOX Transcript Antisense Intergenic RNA

HOX transcript antisense intergenic RNA (HOTAIR) contains more than 2,100 nucleotides and locates in the 12q13.13 region of chromosome. It has a trans-acting (Cai et al., 2014) and promoting effect on the proliferation, metastasis, angiogenesis and metabolism of cancer cells (Yu and Li, 2015). In cervical cancer patients, elevated HOTAIR levels are significantly associated with poor prognosis. Fu et al. (2016) found that HOTAIR promotes tumor cell growth and angiogenesis by directly activating VEGFA and Ang2 expression in nasopharyngeal carcinoma cells. Li et al. (2014) found that in metastatic breast cancer, HOTAIR promotes the angiogenesis of breast epithelial cells through transcriptional activation of VEGF-C, thereby promoting tumor metastasis.



MVIH

MVIH locates in the intron region of the ribosomal protein S24 gene (RPS24) and overlaps the exons of RPS24 (Wang Y. et al., 2020). MVIH is associated with microvascular invasion of liver cancer. Yuan et al. (2012) found that in liver cancer, MVIH promotes tumor growth and intrahepatic metastasis by activating angiogenesis. Wang Y. et al. (2020) found that MVIH inhibits the secretion of PGK1 to activate colorectal cancer angiogenesis through interacting with RPS24 (ribosomal protein S24), which is highly expressed in colorectal cancer.



CricRNAs Regulate Tumor Angiogenesis

CircRNAs act as signaling molecules in regulating tumor growth, angiogenesis, invasion, metastasis, and chemotherapeutic sensitivity. In addition, circulating exosome circRNAs can affect tumor progression and malignant characteristics. CircRNA has great value in tumor diagnosis and prognosis, and is a promising non-invasive biomarker (Wang M. et al., 2020). Circ-ATXN1 (Liu X. et al., 2020), circ-SHKBP1 (Xie et al., 2020), and circ-001971 (Chen et al., 2020) mainly regulate VEGF through sponging miRNAs and activate PI3K/AKT signaling pathway to promote tumor cell proliferation, migration and angiogenesis. Common circRNAs that regulate tumor angiogenesis are shown in Table 3.


TABLE 3. Common cricRNA targets and functions in regulating tumor angiogenesis.
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Previous studies have shown that (Liu X. et al., 2020) angiogenesis plays an important role in the occurrence and development in gliomas. The expression of circ-ATXN1 significantly enhances the cell viability, migration and tube formation in GECs. Circ-ATXN1 functionally targets miR-526b-3p in the RISC and affects the angiogenesis of vascular endothelial cells by negatively regulating the expression of MMP2/VEGFA. Xie et al. (2020) found that circ-SHKBP1 is expressed in gastric cancer tissues and serum of patients. As a sponge molecule, circ-SHKBP1 can adsorb miR-582-3p to increase the expression of HUR, enhance the stability of VEGF mRNA, and promote angiogenesis of gastric cancer cells. Circ-001971 acts as a ceRNA by relieving miR-29c-3p-induced VEGFA inhibition, thereby aggravating the proliferation, invasion and angiogenesis of colorectal cancer (Chen et al., 2020). Zheng et al. (2020) found that the expression of circ-0056618 increased in colorectal cancer tissues and colorectal cancer cell lines. Circ-0056618 acts as a sponge molecule to adsorb miR-206 and eliminate the inhibitory effect of miR-206, thereby upregulating CXCR4 and VEGF-A in colorectal cancer. Circ-PRRC2A acts as a sponge molecule to adsorb miR-514a-5p and miR-6776-5p to prevent the degradation of the mRNA of tissue-specific oncogene TRPM3, promoting angiogenesis and tumor metastasis (Li W. et al., 2020). CircRNA-MYLK can directly bind to miR-29a and reduce the inhibition of VEGFA, thereby activating the VEGFA/VEGFR2 signaling pathway, ectopic expression of circRNA-MYLK promotes the proliferation, migration, tubular formation and cytoskeleton rearrangement of HUVEC (Zhong et al., 2017). Hsa-circ-0000515 is up-regulated in breast cancer tissues. Hsa-circ-0000515 binds to miR-296-5p to prevent it from inhibiting CXCL10 expression, promotes cell cycle progression, cell proliferation and invasion of breast cancer cells, and increases the potential of cancer cells to promote angiogenesis (Cai et al., 2021). He et al. (2019) showed that circ-DICER1 acts as a molecular sponge to adsorb miR-103a-3p and miR-382-5p, and weaken its negative regulatory effect on ZIC4 in GECs. ZIC4 up-regulates the expression of its downstream target Hsp90β, and Hsp90 activates the PI3K/AKT signaling pathway and promotes cell viability, migration and tubular cell formation.



Small Interfering RNAs Regulate Tumor Angiogenesis

Small Interfering RNAs silences targeted genes to inhibit angiogenesis of cancer cells and tumor growth. In vivo, siRNAs can significantly influence tumor angiogenesis by regulating related genes and pathways. Common siRNAs that regulate tumor angiogenesis are shown in Table 4.


TABLE 4. siRNA delivery system, target and function of regulating tumor angiogenesis.
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Yang F. et al. (2020) used polymer micelles as a carrier to deliver triptolide and siRNA to retinoblastoma (RB) cells. The micelle carrier loaded with triptorelin and HIF-1 siRNA showed effective cell internalization, inhibited the expression of HIF-1α and VEGF in RB cells, leading to inhibition of the HIF-1α/VEGF/VEGFR signaling pathway, and the proliferation, migration, and invasion of vascular endothelial cells. Bastaki et al. (2021) generated trimethyl chitosan and thiolated chitosan nanoparticles (NPs) conjugated with HIV-1-derived TAT peptide and HA (hyaluronic acid). These NPs exhibited prominent physicochemical characteristics, notable siRNA encapsulation, serum stability, non-toxicity, controlled siRNA release, and extensive cellular uptake by cancer cells. The siRNAs silenced targeted genes, immune checkpoint molecule programmed cell death ligand 1 and oncogene transcription factor STAT3, which significantly inhibits the proliferation, migration and angiogenesis of cancer cells, inhibits tumor growth in the body. Shan et al. (2020) found that chitosan magnetic nanoparticles (CMNPs) carrying Ang-2 small interfering RNA plasmids have inhibitory effects on malignant melanoma, and can significantly inhibit the growth of melanoma. In vivo, Ang2-CMNP significantly inhibits tumor angiogenesis and promotes cell apoptosis by adjusting the ratio of Bax/Bcl-2 and increasing the expression of caspase-3. Shobaki et al. (2020) using optimized load CL4H6-LNP (CL4H6 is a novel, pH-sensitive cationic lipid, LNP is a lipid nanoparticle) siRNA targeting TAMs, and anti-tumor response is obtained in the same tumor model. The anti-tumor therapeutic response was obtained through the silencing of STAT3 and HIF-1α, which resulted in an increase in the level of infiltrated macrophage (CD11b+ cells) into the tumor microenvironment as well as a tendency to increase the concentration of M1 macrophages (CD169+ cells). The treatment also resulted in reversing the pro-tumorous functions of TAMs -mainly angiogenesis and tumor cell activation.



Other Non-coding RNAs Affect the Occurrence and Development of Tumor

Although the association of other ncRNAs such as piRNAs, snRNAs and snoRNAs with tumor angiogenesis has not been reported, they also play important roles in the development of tumors. Common other ncRNAs affect the occurrence and development of tumor are shown in Table 5.


TABLE 5. Other ncRNAs affect the occurrence and development of tumors.
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Both PIWI protein and piRNA are mainly expressed in germ-line cells and abnormally expressed in a variety of cancer cells. Weng et al. (2018) found that piR-1245 is overexpressed in colorectal cancer, and the overall survival of patients with piR-1245 overexpression is significantly shortened. PiR-1245 acts as an oncogene and promotes tumor development by targeting tumor suppressor genes such as ATF3, BTG1, DUSP1, FAS, NFKBIA, UPP1, SESN2, TP53INP1, and MDX1.

U1 snRNA, as one of the most abundant ncRNAs in human cells, has a high recurring A > C somatic mutation at the third base (Shuai et al., 2019). This mutation changes the splicing pattern of multiple genes, including known cancer driver factors, accounting for the mechanism of abnormal snRNA in cancers.

Siprashvili et al. (2016) compared 5,473 pairs of tumor-normal genome pairs. They found that in 12 common cancers, 10–40% of snoRNA loci were deleted, the deletion of snoRNAs promoted tumorigenesis, but the mechanism is still unknown.

Piwi-interacting RNAs, snRNAs, and snoRNAs are abnormally expressed in a variety of cancer cells, and play important roles in the occurrence and development of cancers. However, their relationship with tumor angiogenesis has not yet been reported. Because tumor angiogenesis plays an indispensable role in the development of tumors, the relationship between these ncRNAs and tumor angiogenesis warrants further explored.



CONCLUSION

Neovascularization is of indispensability for tumor development and metastasis, with multiple formation patterns and complicated regulatory mechanisms. The main physiological processing of tumor angiogenesis is as follows: One of the critical outcomes of rapid tumor growth is oxygen and nutrients absence in tumor microenvironment. Hypoxia can immediately trigger the secrete of various angiogenic factors in tumor tissue. After binding to the surface receptors of ECs, these cytokines involve in promoting the proliferation and directional migration of ECs. New sprouts are shaped from the degradation of subendothelial basal membrane afterward. Upon the stimulation of several growth factors, ECs could sharply proliferate, cross bloody sprouts and move forward to neoplasm location. Next, the newly-formed ECs are able to produce massive adhesion molecules, which specifically connect with the original ECs and bridge the stretch of vascular sprouts. Consequently, a complete vessel network has established as a result of interaction between the newly-formed ECs, vascular extracellular matrix and stromal cells. In summary, the proliferation, migration and invasion of ECs and microtubule formation induced by pro-angiogenic factors are significant for tumor angiogenesis process.

As described above, a variety of ncRNAs exert multi-roles in the secretion of angiogenic cytokines, the proliferation, migration, invasion of ECs and the establishment of vascular system. Common ncRNAs that regulate the critical steps in tumor angiogenesis are shown in Figure 3. For example, it has been demonstrated that miR-21, miR-93, H19, HOTAIR, MVIH, circ-ATXN1, circ-SHKBP1, circ-001971, circ-0056618, and circRNA-MYLK are able to effectively modulate the expression of VEGF. In addition, miR-21, H19, circ-PRRC2A, and circ-DICER1 are proved to involve in the proliferation of ECs. Similarly, miR-93, H19, Hsa-circ-0000515 and circ-0056618 can affect the course of ECs migration and invasion. Moreover, regarding the establishment of vascular system, miR-21, miR-93, H19, and circ-ATXN1 play an important role in this process. For the multi-functions of ncRNAs in tumor angiogenesis, miR-21, miR-93, circ-ATXN1, and circ-0056618 participate in regulating several key aspects of this course and H19 involve in the whole processing. Of note, miR-126 exerts an adverse effect on tumor angiogenesis: it inhibits the production of VEGF, the migration and invasion of ECs and eventually abates the vascular system.


[image: image]

FIGURE 3. The functions of common ncRNAs on regulating the critical step in tumor angiogenesis.




FUTURE PERSPECTIVES

Although the biological functions and mechanisms of ncRNA in regulating tumor angiogenesis still need to be further investigated, novel advances in past several years have been achevied in exploring the regulatory role of ncRNAs in tumor angiogenesis. For example, ncRNAs accumulation specificly in some tumor cells can be exploited to develop new medical surveillance technologies, potentially allowing faster and more accurate detection of tumor initiation and progression. In addition, RNA sponges, specific interfering molecules targeting ncRNAs that function as proto oncogenes and ncRNAs that serve as tumor suppressors have been synthesized for anti-tumor angiogenesis therapy. Therefore, the emerging relationship between ncRNAs and tumor angiogenesis opens up new horizons for its diagnosis and treatment. Notably, although researchers have investigated multiple methods to transform ncRNAs to applicable biomarkers or the targeted drugs, several problems still need to overcome in present, such as the instability of RNA itself, the indetermination of temporal and spatial expression of ncRNAs, and the unknown other side effects. In short, ncRNAs regulate tumor angiogenesis and could be targets of novel drug development for cancer treatment. One can hope that in the near future, the relationship between ncRNAs and angiogenesis will be better understood, with their value provided original and potential strategies for cancer management.
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Immunotherapy is a novel clinical approach that has shown clinical efficacy in multiple cancers. However, only a fraction of patients respond well to immunotherapy. Immuno-oncological studies have identified the type of tumors that are sensitive to immunotherapy, the so-called hot tumors, while unresponsive tumors, known as “cold tumors,” have the potential to turn into hot ones. Therefore, the mechanisms underlying cold tumor formation must be elucidated, and efforts should be made to turn cold tumors into hot tumors. N6-methyladenosine (m6A) RNA modification affects the maturation and function of immune cells by controlling mRNA immunogenicity and innate immune components in the tumor microenvironment (TME), suggesting its predominant role in the development of tumors and its potential use as a target to improve cancer immunotherapy. In this review, we first describe the TME, cold and hot tumors, and m6A RNA modification. Then, we focus on the role of m6A RNA modification in cold tumor formation and regulation. Finally, we discuss the potential clinical implications and immunotherapeutic approaches of m6A RNA modification in cancer patients. In conclusion, m6A RNA modification is involved in cold tumor formation by regulating immunity, tumor-cell-intrinsic pathways, soluble inhibitory mediators in the TME, increasing metabolic competition, and affecting the tumor mutational burden. Furthermore, m6A RNA modification regulators may potentially be used as diagnostic and prognostic biomarkers for different types of cancer. In addition, targeting m6A RNA modification may sensitize cancers to immunotherapy, making it a promising immunotherapeutic approach for turning cold tumors into hot ones.
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INTRODUCTION

Cancer currently ranks as one of the leading causes of death worldwide, and the latest reports indicate that the number of cancer patients is expected to rise by 70% in the next two decades (World Health Organization, 2014). Tumor development depends on the sophisticated tumor microenvironment (TME), which includes tumor, stromal, and immune cells as well as non-cellular components, such as vascular structure (Duan et al., 2020). Traditional chemoradiotherapy focuses on targeting tumor cells; in contrast, immunotherapy aims to activate immune cells and has emerged as an approach capable of achieving remarkable advances in cancer treatment (Lohmueller and Finn, 2017; Simone, 2020). Currently, immune checkpoint inhibitors targeting cytotoxic T-cell lymphocyte-associated protein 4 (CTLA-4), programmed death receptor 1 (PD-1), and the ligand PD-L1 have been approved by the Food and Drug Administration (FDA) (Rotte, 2019; Aggen et al., 2020; Vaddepally et al., 2020). Furthermore, other kinds of immune checkpoint inhibitors are currently under investigation, such as lymphocyte activation gene-3 (LAG-3), T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), T-cell immunoglobulin and ITIM domain (TIGIT), and V-domain Ig suppressor of T-cell activation (VISTA) (Qin et al., 2019). Nevertheless, a large fraction of patients do not respond to immunotherapy. Importantly, studies exploring the TME have identified the kind of patients that are more sensitive to immunotherapy (Galon and Bruni, 2019). Briefly, depending on the response rates to immunotherapy, tumors are commonly divided into “hot tumors,” whose TME is characterized by the presence of tumor-infiltrating lymphocytes (TILs) and molecular signatures of immune activation, and “cold tumors,” whose TME is characterized by the absence of TILs and neoantigens (Galon et al., 2007; Camus et al., 2009; Van Allen et al., 2015; Gajewski et al., 2017; Huang et al., 2017). Consequently, numerous studies have aimed to turn cold tumors into hot ones (Rosenberg and Restifo, 2015; Sharma and Allison, 2015). For instance, recruitment of CD8+ T cells into cold tumors by rescuing interferon γ (IFN-γ) improves the immunopotentiating effect of dendritic cells (DCs) (Li X. et al., 2021). Several strategies have been proposed to turn cold tumors into hot tumors: enhancing inflammation in the TME of cold tumors, inhibiting the peritumoral immunosuppressive state, targeting aberrant tumor vasculature, attenuating tumor-cell-intrinsic pathways, and increasing TILs (Ochoa et al., 2020). Nevertheless, the underlying mechanisms whereby cold tumors are formed have yet to be determined.

N6-Methyladenosine (m6A) modification, which was first discovered in the 1970s, has gained increasing attention for its important role in eukaryotic epigenetic regulation (Desrosiers et al., 1974; Huang et al., 2020a). Indeed, eukaryotic m6A messenger RNA (mRNA) modification is intimately related with almost all cellular and biological processes (Roignant and Soller, 2017). Recently, it was shown that m6A RNA modification has a close relationship with the immune response in the TME, suggesting its potential molecular role in the formation of cold tumors and use as a target to improve anticancer immunotherapy (Han D. et al., 2019). However, the researches focus on m6A RNA modification in tumor immunology is a novel frontier in cancer research, which not only reveals a new layer of epigenetic regulation in cancer by regulating immune response but can also lead to the development of effective novel therapeutics. In this review, we first describe the TME, cold and hot tumors, and m6A RNA modification. Then, we focus on the underlying mechanisms whereby m6A RNA modification may be implicated in cold tumor formation. Finally, we discuss the potential clinical implications of m6A RNA modification in cancer, and the immunotherapeutic strategies available for its targeting.



TME IN HOT AND COLD TUMORS


Hot, Altered, and Cold Tumors

In 1863, Rudolf Virchow first observed that tumor tissues contain leukocytes, indicating an intimate correlation between inflammation and cancer (Balkwill and Mantovani, 2001). Over the past decades, studies involved in elucidating cancer-associated mechanisms have increased our understanding of the complex TME, which is composed of cellular and non-cellular components. The cellular components include fibroblasts and tumor cells, vascular endothelial cells, and immunosuppressive and antitumor immune cells; extracellular matrix (ECM), oxygen, and metabolites constitute the non-cellular components (Binnewies et al., 2018). The composition of the TME explains why traditional chemoradiotherapeutic approaches directly targeting tumor cells are often non-effective. Immunotherapy is an emerging clinical therapeutic approach that focuses on targeting immune cells. It is worth noting that a wide range of tumor patients exhibit resistance to immunotherapy. It is generally accepted that the efficacy of immunotherapeutic approaches and prognosis depend on the density and diversity of immune cells within the tumor site (Fridman et al., 2012). Accordingly, tumors are classified into hot (highly infiltrated) and cold (non-infiltrated) tumors based on the presence and absence of TILs, respectively. Hot tumors appear to have an effective response to anti-CTLA-4, anti-PD-1, and anti-PD-L1 immunotherapies, while cold tumors do not respond to these immunotherapies (Gajewski, 2015). Hot tumors are characterized by high levels of TILs, accumulation of proinflammatory cytokines such as IFN-γ, activation of inhibitory checkpoints (CTLA-4, PD-L1, etc.), genomic instability, presence of immunosuppressive factors such as indoleamine-pyrrole 2,3-dioxygenase 1 (IDO1), and the activation of major histocompatibility complex class I (MHC I). In contrast, cold tumors are characterized by poor lymphocyte infiltration inside the tumor and tumor stroma, absence of PD-L1, low mutational burden, and poor antigen presentation (loss of MHC I, IFN-γ defects, etc.) (Hegde et al., 2016). In 2009, Camus et al. (2009) described another type of tumors known as “altered tumors,” which contain stromal T cells, prevent T-cell infiltration inside of tumors, and present phenotypes that are between those of hot and cold tumors. Altered tumors are characterized by the activation of tumor-cell-intrinsic oncogene pathways such as Wnt/β-catenin and nuclear factor kappa-B (NF-κB); presence of tumor-soluble inhibitory mediators such as vascular endothelial growth factor (VEGF) and transforming growth factor-β (TGF-β); increased levels of immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), and tumor-associated macrophages (TAMs); epigenetic changes in the TME; and metabolic competition (hypoxia, overconsumption of glucose, etc.) (Galon and Bruni, 2019). Both cold and altered tumors are derived from tumor-cell-intrinsic immunosuppression and impede effective antitumor immunity. Thus, in order for immunotherapies to have more impact, cold/altered tumors must be turned into hot tumors (Galon and Bruni, 2019; Ochoa et al., 2020).



Strategies to Turn Cold Tumors Into Hot Tumors

Based on the classification into hot, altered, and cold tumors, researchers have explored different strategies to turn cold tumors into hot tumors. For example, the colony-stimulating factor-1 receptor (CSF-1R) is an attractive combination immunotherapeutic agent for tumor treatment by targeting TAMs (Mok et al., 2014; Cannarile et al., 2017; Razak et al., 2020). Furthermore, combined intratumoral interleukin (IL)-12 application with CTLA-4 was shown to lead to glioblastoma eradication through the elevation of CD4+ T-cell counts and Treg attenuation (Vom et al., 2013). As our understanding of cold and hot tumors expanded, strategies to turn cold tumors into hot tumors have been reported including creating local inflammation in the TME, increasing the levels of TILs, and decreasing levels of immunosuppressive cells by neutralizing immunosuppressive factors, targeting cellular metabolic and epigenetic reprogramming, normalizing tumor vasculature, and targeting tumor-cell-intrinsic oncogene pathways (Duan et al., 2020; Ochoa et al., 2020). An overview of the characteristics of hot, altered, and cold tumors as well as the strategies to turn cold tumors into hot ones is presented in Figure 1.
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FIGURE 1. Schematic representation of TME-dependent hot, altered, and cold tumors and strategies to turn up cold tumors into hot tumors. (A) TME consist of cellular components: tumor cells, fibroblast cells, DC, immunosuppressive cells [MDSCs, regulatory T cells (TAMs)], and lymphocyte (mainly T cell). Non-cellular components: tumor vasculature, ECM, oxygen, and metabolites. (B) Based on the TILs within the tumor site and response to immune checkpoint blockade, the tumors are classified into cold, altered, and cold tumors. Cold tumors are non-effective to immune checkpoint blockade and characterized with absence of TILs, PD-L1, MHC I, IFN-γ, and DC, which are all essential for neoantigen presentation. Furthermore, cold tumors are presented as low mutational burden in tumor cells. Altered tumors are represented with stromal T cells as well as the factors which prevent infiltration of T cells into the tumors, such as activation of tumor-cell-intrinsic oncogene pathways, upregulation of soluble inhibitory mediators (VEGF and TGF-β), and presence of immunosuppressive cells (MDSCs, TAMs, and regulator T cell). Moreover, epigenetic changes and metabolic competition (hypoxia and overconsumption of glucose) in tumor microenvironment are presented in the altered tumors. Hot tumors are represented with high degree of TILs and sensitive to immune checkpoint blockade. Additionally, hot tumors are characterized with accumulation of proinflammatory cytokines (IFN-γ, etc.), inhibitory checkpoints (CTLA-4, PD-L1, etc.), IDO1, MHC I, and genomic instability (high tumors mutation burden). (C) Strategies to turn up cold tumors into hot tumors including creating local inflammation in TME, increasing TILs, and decreasing immunosuppressive cells by neutralizing immunosuppressive factors, targeting cellular metabolic reprogramming, targeting epigenetic reprogramming, targeting tumor-cell-intrinsic oncogene pathways, and normalizing tumor vasculature. CTLA-4, cytotoxic T-lymphocyte-associated antigen 4; DC, dendritic cell; ECM, extracellular matrix; IDO1, indoleamine 2,3-dioxygenase 1; IFN-γ, interferon gamma; TME, tumor microenvironment; MDSCs, myeloid derived suppressor cells; MHC I, major histocompatibility complex class I; PD-L1, programmed death-ligand 1; TAMs, tumor-associated macrophage; TGF-β, transforming growth factor-beta; TILs, tumor-infiltrating lymphocytes; VEGF, vascular endothelial growth factor.




m6A RNA MODIFICATION


Discovery and Characteristics of m6A RNA Modification

Epigenetic events are implicated in almost all major bioprocesses. These epigenetic events, which consist of DNA methylation, histone modification, and RNA-mediated processes, are reversible and dynamic chemical modifications (Ling and Ronn, 2019). These modifications are cooperatively interpreted by a multitude of guiding enzymes that can be classified into “writer,” “eraser,” and “reader” proteins. Disruption of any of these proteins contributes to disease development, including cancer (Dawson, 2017). DNA methylation and histone modification are essential for controlling chromatin remodeling and gene expression epigenetically. Nevertheless, the field of RNA-mediated processes has not moved forward very much (Deng et al., 2018; Jung et al., 2020). There is still a lot to uncover in terms of RNA-mediated processes, their regulation, and effects, etc., but more than 160 chemical RNA modifications have been identified since the 1950s, advancing our understanding of the biogenesis and function of RNA (Saletore et al., 2012). m6A, the methylation of adenosine (A) at the N6 position, was the first identified RNA modification and has been defined as the most widespread internal chemical modification in eukaryotic mRNA. Furthermore, m6A has also been identified in non-coding RNAs, such as ribosomal (rRNAs), small nuclear (snRNAs), small nucleolar (snoRNAs), micro- (microRNAs), long non-coding (lncRNAs), and circular (circRNAs) RNAs (Dominissini et al., 2012). Next-generation sequencing (NGS) studies have shown that m6A RNA modification sites in mRNA, microRNAs, lncRNAs, and circRNAs are non-randomly distributed but have the DRACH consensus sequence (D = G/A/U; R = G/A; H = A/C/U; G/C/U: guanosine/cytidine/uridine) and are highly enriched in the coding sequence, 3′-untranslated region (3′-UTR), and around stop codons (Meyer et al., 2012). Notably, the development of NGS-based approaches for m6A sequencing promises to delineate the landscape of the m6A epitranscriptome in various cellular contexts (Garcia-Campos et al., 2019; Huang et al., 2020b). In line with DNA methylation and histone modification, m6A RNA modification is a reversible and dynamic process that can be installed, removed, and recognized by its writers, erasers, and readers, respectively (Wang et al., 2020d; Figure 2).
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FIGURE 2. Overview RNA m6A modification by its “writers,” “erasers,” and “readers.” The RNA m6A have a consensus sequence DRACH sites and methylated A at the N6 position. In nucleus, m6A methylation in RNA can be installed by m6A writers complex, including METTL3, METTL14, WTAP, RBM15, RBM15B, and ZC3H13. RNA m6A methylation also can be installed by several writers independently, including METTL16, METTL5, and ZCCHC4. The initiate of RNA m6A modification is dependent on methyl donor SAM and terminate in SAH production. The RNA m6A can be reversibly and dynamically removed by m6A erasers in nucleus composed of FTO, ALKBH5, and ALKBH3. FTO-mediated RNA m6A demethylation is αKG dependent, and ALKBH5-mediated RNA m6A demethylation is Fe(II) dependent. The RNA m6A can be recognized by m6A readers both in the nucleus and cytoplasm. Cytoplasmic m6A readers include YTHDF1, YTHDF2, YTHDF3, IGF2BP1, IGF2BP2, IGF2BP3, and YTHDC2. YTHDF1 and YTHDC2 promote RNA translation. YTHDF2 facilitates RNA degradation. YTHDF3 cooperates with YTHDF1 to promote RNA translation and synergy with YTHDF2 to facilitate RNA degradation. IGF2BP1, IGF2BP2, and IGF2BP3 are essential for promoting the stability and translation of RNA. Nuclear m6A readers consist of YTHDC1, HNRNPA2B1, HNRNPC, and HNRNPG. YTHDC1 contributes to RNA splicing and RNA export from nucleus to cytoplasm. HNRNPA2B1 causes primary microRNA processing. HNRNPC and HNRNPG RNA end with structure switching. m6A, N6-methyladenosine; A, adenosine; C, cytidine; METTL, methyltransferase-like; WTAP, Wilms’ tumor 1-associated protein; RBM, RNA-binding motif; ZC3H13, zinc finger CCCH-type containing 13; ZCCHC4, zinc finger CCHC-type containing 4; SAM, S-adenosylmethionine; SAH, S-adenosyl homocysteine; FTO, fat mass and obesity-associated protein; ALKBH, ALKB homolog; αKG, α-ketoglutarate; YTHDF, YT521-B homology domain-containing family; YTHDC, YT521-B homology domain-containing protein; IGF2BP, insulin-like growth factor-2 mRNA-binding protein; HNRNP, heterogeneous nuclear ribonucleoprotein.




m6A Writers

m6A writers install m6A through a methyltransferase complex (MTC) composed of several components. Methyltransferase-like 3 (METTL3), METTL14, and Wilms’ tumor 1-associated protein (WTAP) are core components of the m6A MTC (Bokar et al., 1997). METTL3 is the only catalytic subunit, which installs m6A by binding to the methyl donor, S-adenosylmethionine (SAM), and transferring the methyl groups to adenine in the RNA molecule, producing S-adenosyl homocysteine (SAH). METTL3 and METTL14 are co-localized in nuclear speckles and form METTL3-METTL14 heterodimer complexes in a 1:1 ratio. METTL14 also contains the catalytic donor; however, METTL14 itself is not a catalytic subunit but maintains METTL3 conformation and identifies catalytic substrates (Wang P. et al., 2016; Wang X. et al., 2016). Moreover, METTL14 cooperates with the histone mark, histone H3 lysine 36 trimethylation (H3K36me3), to carry out m6A RNA methylation, suggesting a co-transcriptional mechanism underlying histone modification and RNA methylation in mammalian transcriptomes (Huang et al., 2019). WTAP does not have catalytic function but facilitates m6A deposition through recruitment of METTL3-METTL14 heterodimer complexes as well as localization to nuclear speckles (Ping et al., 2014). RNA-binding motif protein 15 (RBM15) and RBM15B, which have no catalytic function, interacts with METTL3 and WTAP and assists these two core components to reach their target RNA sites for m6A RNA modification in nuclear speckles (Knuckles et al., 2018). Zinc finger CCCH-type containing 13 (ZC3H13) controls the MTC by binding to WTAP and is required for the nuclear localization of the ZC3H13-WTAP-Virilizer-Hakai complex, which is essential for facilitating m6A methylation and mouse embryonic stem cell pluripotency (Wen et al., 2018). Vir-like m6A methyltransferase associated (VIRMA), also called KIAA1429, mediates preferential m6A mRNA methylation in the 3′-UTR and near stop codon (Yue et al., 2018). Furthermore, the MTC contains other components, such as METTL16 and METTL5. METTL16 has been suggested to function alone in catalyzing m6A modification on the U6 snRNA (Warda et al., 2017), whereas METTL5 acts as an independent RNA methyltransferase and is required for 18S rRNA m6A modification (Leismann et al., 2020). Moreover, zinc finger CCHC-type containing 4 (ZCCHC4) was identified as an RNA methyltransferase in 2019 and is essential for the independent methylation of 28S rRNA (Ma et al., 2019).



m6A Erasers

m6A RNA modification can be removed by a handful of specific demethylases known as erasers. The fat mass and obesity-associated protein (FTO) was identified as the first m6A demethylase in 2011 (Jia et al., 2011). FTO is an α-ketoglutarate (αKG)-dependent demethylase located in both the cell nucleus and cytoplasm (Gulati et al., 2014). FTO first oxidizes m6A to form N6-hydroxymethyladenosine (hm6A). Then, hm6A is converted to N6-formyladenosine (f6A). Lastly, f6A is converted to adenosine, thus removing the m6A RNA modification in the nucleus (Wang et al., 2020d). Furthermore, FTO also demethylates N6,2′-O-dimethyladenosine (m6Am) in snRNA and N1-methyladenosine (m1A) in tRNA in the nucleus (Wei et al., 2018). It is worth mentioning that FTO can mediate mRNA and cap m6Am demethylation as well as tRNA m1A demethylation in the cytoplasm (Wei et al., 2018). Moreover, ALKB homolog 5 (ALKBH5) is another vital m6A eraser, which is Fe(II) dependent, locates in the nucleus, and seems to be an m6A-specific demethylase involved in m6A RNA modification (Zheng et al., 2013). Moreover, Ueda et al. (2017) recently identified ALKBH3, an m6A eraser suggested to be present in both, in the cytoplasm and nucleus, promoting the demethylation of target mammalian tRNA.



m6A Readers

The reversible processes of m6A RNA installation and removal occur through the alteration of the RNA structure. RNA-mediated biological functions are also regulated by m6A-binding proteins, which are called m6A readers (Li A. et al., 2017). On the one hand, cytoplasmic mRNA is decoded in the ribosome to produce a protein. On the other hand, messenger ribonucleoprotein (mRNP) foci are essential for the storage or degradation of cytoplasmic RNA. The YT521-B homology (YTH) domain-containing proteins (YTHDFs) and insulin-like growth factor-2 mRNA-binding proteins (IGF2BPs) play crucial roles in RNA-mediated biological functions by binding to m6A domains in the cytoplasm. YTHDFs include YTHDF1, YTHDF2, and YTHDF3. YTHDF1 selectively binds to m6A and recruits translation initiation factors, including the eukaryotic translation initiation factors (eIFs) 3/4E/4G, poly(A) binding protein (PABP), and 40S ribosomal subunit, to magnify RNA translation (Wang et al., 2015). The first identified m6A reader was YTHDF2, which recognizes m6A-modified RNA degradation sites via its C-terminal region and recruits the carbon catabolite repressor 4-negative on TATA (CCR4-NOT) deadenylase complex through its N-terminal region (Du et al., 2016; Zhang C. et al., 2020). YTHDF3 has overlapping roles in RNA fate through augmenting RNA translation in cooperation with YTHDF1 and promoting RNA degradation via synergy with YTHDF2 (Li A. et al., 2017; Shi et al., 2017). Cytoplasmic IGF2BPs, including IGF2BP1, IGF2BP2, and IGF2BP3, bind directly to m6A-modified RNA through its K homology domains and promote the stability and translation of RNA (Kataoka, 2019). Cytoplasmic YTH domain-containing protein 2 (YTHDC2) is another m6A reader that can recognize m6A and bind to meiosis-specific coiled-coil domain (MEIOC) and 5′-3′exoribonuclease 1, further increasing m6A-modified RNA translation (Hsu et al., 2017). Notably, m6A readers can also bind m6A in the nucleus. For example, YTHDC1 promotes exon inclusion in RNA by amplifying serine- and arginine-rich splicing factor 3 (SRSF3) or blocking serine- and arginine-rich splicing factor 10 (SRSF10) in the nucleus (Xiao et al., 2016). Furthermore, YTHDC1 plays a role in facilitating m6A-methylated RNA export from the nucleus to the cytoplasm (Roundtree et al., 2017). Additionally, heterogeneous nuclear ribonucleoproteins (hnRNPs), including HNRNPA2B1, HNRNPC, and HNRNPG, recognize m6A and act as “m6A switches” that accelerate RNA and primary microRNA processing by changing the RNA structure (Alarcon et al., 2015; Liu et al., 2015; Zhou et al., 2019).

In summary, studies have shown that m6A RNA modifications are implicated in a wide range of biological processes. Nevertheless, structural and biochemical data on m6A writers, erasers, and readers need to be further verified, and the detailed mechanisms regulated by these proteins remain undetermined. It is reasonable to believe that there are more m6A writer, eraser, and reader components, and that the mechanism underlying these protein-mediated RNA modifications will be elucidated with the development of quantification and sequencing methodologies (Bodi and Fray, 2017; Chen et al., 2019). A summary of the currently known m6A writers, erasers, and readers is presented in Table 1.


TABLE 1. The locations and mechanisms of RNA m6A modification regulators.
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ABERRANT m6A RNA MODIFICATION IN COLD TUMORS

With the breakthrough in the field of m6A RNA modification research during the past decade, reversible and dynamic m6A RNA modifications have been reported in almost all normal physiological processes. Comprehensive studies have shown that the regulators of m6A RNA modification are systematically implicated in the formation of complex TMEs, affecting the immune microenvironment, tumor mutational burden, neoantigen load, immunotherapy response, and even survival (Zhang B. et al., 2020; He et al., 2021; Wu et al., 2021; Xu et al., 2021b). Recently, studies have demonstrated that the aberration/imbalance of m6A RNA modification has a close relationship with immune disorders in cancer (Li H. B. et al., 2017; Su et al., 2020; Kim et al., 2021). These findings suggest a role of m6A RNA modification in cold tumors.


m6A RNA Modification and Immunity in the TME

In colorectal cancers with low mutational burden, which are resistant to immunotherapy, depletion of METTL3 and METTL14 increases the expression of CD8+ T cells and the secretion of IFN-γ via the m6A reader YTHDF2 (Wang et al., 2020b). Another study showed that tumors with decreased levels of METTL3 have increased DC infiltration, MHC expression, and levels of costimulatory and adhesion molecules in the TME (Shen et al., 2021a). On the contrary, loss of METTL3 has also been shown to promote tumor growth and metastasis. For example, METTL3-deficient mice show increased immunosuppressive cell (TAMs, Tregs) infiltration into tumors (Yin et al., 2021). Yao et al. (2021) showed that METTL3 is responsible for the expression of T follicular helper cells, which are specialized effector CD4+ T cells. Loss of METTL3 results in inactivation of T follicular helper cell differentiation by promoting the decay of T follicular helper cell signature genes, including Tcf7 transcripts. Using CRISPR-Cas9 screening, Tong et al. (2021) demonstrated that loss of METTL3 leads to the removal of m6A RNA modification on Irakm IL-1 receptor-associated kinase 3 (IRAK3) mRNA, slowing down its degradation and ultimately attenuating toll-like receptor 4 (TLR4) signaling-mediated macrophage activation. Particularly, the authors suggested that METTL3 augments the tumoricidal ability of macrophages by promoting the polarization bias of TAMs toward the M1 macrophage phenotype and rescuing infiltrating CD4+ and CD8+ T cells (Tong et al., 2021). Recently, mechanistic investigations found a positive role of ALKBH5 in Tregs and MDSCs by targeting Mct4/Slc16a3. Notably, low levels of ALKBH5 in clinical settings are correlated with low Treg cell numbers (Li et al., 2020c). However, another study by Tang et al. (2020) showed that deletion of ALKBH5 decreases the infiltration of CD8+ T cells in pancreatic adenocarcinoma.

Lysosomal proteases are responsible for antigen degradation in DCs (Cebrian et al., 2011). In a study by Han D. et al. (2019), YTHDF1 was shown to have a negative correlation with CD8+ T-cell infiltration in colon cancer patients. Mechanistically, YTHDF1 in DCs can recognize lysosomal proteases, leading to the inactivation of cross-presentation. Loss of YTHDF1 promotes DC-mediated cross-presentation of tumor antigens and cross-priming of CD8+ T cells in vitro and in vivo (Han D. et al., 2019). Additionally, other m6A RNA modification regulators have also been found to have a close relationship with immune cells in tumors. For instance, the expression of METTL14 and ZC3H13 is positively correlated with infiltrating levels of CD4+ T cells, CD8+ T cells, and DCs, but negatively correlated with those of Tregs in breast cancer (Gong et al., 2020). In head and neck squamous cell carcinoma, low expression of YTHDC2 is positively correlated with the low levels of B cells, CD8+ T cells, CD4+ T cells, neutrophils, and infiltrating DCs (Li et al., 2020d). IFN-γ is the main proinflammatory cytokine produced by cytotoxic T cells, enhancing antigen presentation to cytotoxic T cells by facilitating MHC I and immunoproteasome expression in tumor cells (Cheon et al., 2014). YTHDF2 is responsible for RNA-binding motif 4 (RBM4)-mediated suppression of IFN-γ-induced M1 macrophage polarization and glycolysis (Huangfu et al., 2020). In a recent study by Shen et al. (2021a), downregulation of METTL3 was shown to contribute to increasing the levels of MHC molecules (Shen et al., 2021a). More recently, the levels of YTHDC2, HNRNPC, and VIRMA were suggested to be negatively correlated, whereas WTAP was positively correlated, with MHC molecules in endometrial cancer (Zhao et al., 2021). A comprehensive study showed that a low risk score of m6A signature is significantly correlated with a high expression of immune cell checkpoint molecules, such as PD-1, PD-L1, and CTLA-4 (Mo et al., 2020). Nevertheless, the mechanisms whereby m6A RNA modification regulators exert their action in immune cells of the TME remain unclear.



m6A RNA Modification and Tumor-Cell-Intrinsic Pathways

Several studies have shown that METTL3 acts as an oncogenic regulator by activating tumor-cell-intrinsic pathways in tumors. For example, in hepatoblastoma, upregulation of METTL3 promotes the proliferation, migration, and invasion of hepatoblastoma cells by activating the Wnt/β-catenin signaling pathway (Liu et al., 2019; Cui et al., 2020). In colorectal cancer, METTL3 promotes tumor metastasis, stemness, and chemoresistance through activation of MAPK and Wnt/β-catenin signaling (Peng et al., 2019; Liu et al., 2021b). Furthermore, METTL3 facilitates the proliferation and invasion of esophageal cancer cells via activation of Wnt/β-catenin and AKT signaling (Hou et al., 2020). In contrast, Yin et al. (2021) recently showed that ablation of METTL3 orchestrates tumor growth and metastasis by facilitating ERK-NF-κB/STAT3 signaling. Liu et al. (2018) showed that METTL14 mutation and loss of METTL3 expression contribute to increased proliferation and tumorigenicity of endometrial cancer cells by activating AKT signaling. Moreover, METTL3 knockdown in a multiplicity of tumor cell lines leads to the activation of PI3K/AKT/mTOR signaling (Zhao et al., 2020). Wang Y. et al. (2021) indicated that METTL14 may be a favorable prognostic factor for clear cell renal cell carcinoma (ccRCC). Mechanistically, loss of METTL14 increases gastric cancer cell proliferation and invasiveness by promoting the activation of Wnt and PI3K/AKT signaling. In contrast, knockdown of FTO restricts the activation of Wnt and PI3K/AKT signaling (Zhang et al., 2019). Recently, Liu et al. (2021a) showed that METTL3 and METTL14 are required for senescence-associated secretory phenotype (SASP)-mediated tumor-promoting and immune-surveillance functions of senescent cells through the activation of NF-κB signaling. Frizzled proteins are key Wnt receptors whose activation contributes to the stabilization of cytoplasmic β-catenin (MacDonald and He, 2012). The activity of FTO and ALKBH5 lead to PARP inhibitor resistance in BRCA-deficient epithelial ovarian cancer (EOC) cells by upregulating the Wnt/β-catenin pathway through stabilization of Frizzled 10 protein (Fukumoto et al., 2019). YTHDF1 has been shown to promote stemness, tumor cell proliferation, and metastasis by activating the Wnt/β-catenin pathway through the stabilization of Frizzled 5 and 7 (Bai et al., 2019; Han et al., 2020; Liu et al., 2020; Pi et al., 2021).



m6A RNA Modification and Soluble Inhibitory Mediators in the TME

As mentioned earlier, altered tumors are characterized by the presence of tumor angiogenesis. METTL3 has been shown to facilitate miR-143-3p biogenesis, promoting the brain metastasis in lung cancer patient samples through the miR-143-3p/Vasohibin/VEGFA axis (Wang et al., 2019). In line therewith, Wang G. et al. (2021) showed that METTL3 is responsible for the activation of tyrosine kinase endothelial (TEK)-VEGFA-mediated tumor progression and angiogenesis in bladder cancer. In colon cancer, the m6A RNA modification reader, IGF2BP3, can bind to the VEGF mRNA to promote its expression and stability. Thus, loss of IGF2BP3 restricts angiogenesis by inhibiting VEGF (Yang et al., 2020). Upregulation of TGF-β in the TME also contributes to altered tumor formation by suppressing T-cell proliferation and stimulating Treg development (Chen and Ten Dijke, 2016). In TGF-β-induced epithelial-mesenchymal transition (EMT) of lung cancer cell lines, the level of METTL3 was found to be upregulated. Loss of METTL3 attenuates TGF-β-induced morphological conversion of lung cancer cells, their cell migration potential, and EMT progression (Wanna-Udom et al., 2020). Mechanistic investigations found that METTL3 increases TGF-β1 mRNA decay and impairs TGF-β1 translation progress. Furthermore, ablation of METTL3 disrupts the autocrine action of TGF-β1 by interrupting TGF-β1 dimer formation and TGF-β1-induced EMT in cancer cells (Li et al., 2020a). Importantly, the level of VEGFA and content of TGF-β1 in the TME are decreased in ALKBH5-deficient melanoma cells (Li et al., 2020c).



m6A RNA Modification and Metabolic Competition in the TME

Recently, m6A RNA modification was recognized to be responsible for metabolic competition-mediated tumorigenesis. Cancer cells with metabolic competition contribute to tumorigenesis through inhibiting T-cell responses and increasing T-cell depletion (Kedia-Mehta and Finlay, 2019). Upregulation of ALKBH5 was shown to contribute to breast cancer initiation by attenuating NANOG mRNA methylation and thereby increasing NANOG expression under hypoxia (Zhang et al., 2016). FTO was found upregulated in tumor suppressor von Hippel-Lindau (VHL)-deficient ccRCC. Mechanistically, FTO increases metabolic reprogramming and survival of VHL-deficient ccRCC cells by targeting SLC1A5 in a hypoxia-inducible factor (HIF)-independent way (Xiao et al., 2020). Furthermore, Niu et al. (2021) recently showed that the posttranscriptional regulation of the abnormal expression of aldolase A (ALDOA) under hypoxia was positively modulated by FTO-mediated m6A RNA modification in a YTHDF2-dependent manner in liver cancer cells, and hypoxia-mediated high level of ALDOA contributed to liver cancer development by promoting glycolysis metabolism and its terminal product lactate expression. Additionally, FTO promotes tumor cell glycolysis by activating PI3K/AKT signaling or in a YTHDF2-dependent manner (Liu et al., 2017; Liu et al., 2021d). In addition, upregulation of METTL3 in gastric cancer promotes tumor angiogenesis and glycolysis by promoting IGF2BP3-dependent hepatoma-derived growth factor (HDGF) mRNA stability, which is essential for increasing in glycolysis by activating GLUT4 and ENO2 in gastric cancer cells (Wang et al., 2020c).



m6A RNA Modification and Tumor Mutational Burden

Tumors with high mutational burden carry neoantigens that are sensitive to immune cells and immune checkpoint blockade (Samstein et al., 2019). Recently, numerous systematic and comprehensive studies have suggested a close relationship between m6A RNA modification and mutational burden. m6A RNA modification patterns are quantified as m6Ascore by a specific procedure (Zeng et al., 2019). Zhang B. et al. (2020) comprehensively investigated the m6A RNA modification patterns of 1,938 gastric cancer samples based on 21 m6A regulators and systematically analyzed the correlation between the m6Ascore and TME cell-infiltrating characteristics. They found that a low m6Ascore is markedly correlated with increased mutational burden and activation of immunity and correlated with increased neoantigen load and enhanced response to anti-PD-1/L1 treatment (Zhang B. et al., 2020). Another study showed a wide range of FTO, RBM15, and YTHDF1 inter-group expression differences between high- and low- tumor mutational burden cancer tissues (Liu et al., 2021c). Consistently, a recent study indicated that there is a positive correlation between the m6A signature and tumor mutational burden scores in 16 cancer types (Shen et al., 2021b). Furthermore, in colon cancer patients, a low m6Ascore is associated with high tumor mutational burden, PD-L1 expression, and mutation rates in significantly mutated genes (Chong et al., 2021). It is also noteworthy that colorectal cancers with low mutational burden were suggested to be resistant to anti-PD-1 immunotherapy through the inhibition of IFN-γ-mediated CD8+ T-cell secretion by METTL3 and METTL14 (Wang et al., 2020b). Nevertheless, the mechanisms whereby m6A RNA modification regulates the tumor mutational burden require further investigation.

Collectively, the mechanisms underlying m6A RNA modification-mediated cold tumor formation include immune cell regulation in the TME, targeting of tumor-cell-intrinsic pathways, facilitation of soluble inhibitory mediators in the TME, increase of metabolic competition in the TME, and effect on tumor mutational burden. Notably, several specific m6A regulators play dual roles in cold tumor formation, such as METTL3, METTL14, and YTHDF1, suggesting the exact role m6A RNA modification-mediated cold tumor formation is tumor-type dependent. Furthermore, the abnormal expression of m6A regulators contribute to cold tumor formation is not through one mechanism alone, they always play roles in cold tumor formation by several mechanisms. For example, METTL3 is involved in cold tumor formation via regulating immune cell expression, targeting of tumor-cell-intrinsic pathways, facilitating soluble inhibitory mediators, increasing metabolic competition, and affecting tumor mutational burden together, which indicated the extensive role of m6A RNA modification in cold tumor formation. In addition, some different m6A regulators are implicated in cold tumor formation by the same mechanism, such as METTL3 and ALKBH5, they both lead to cold tumor formation through VEGFA expression, indicating they may play a role in the cold tumor formation synergistically, which needs to be validated in the future. The studies involved in m6A RNA modification in cold tumor are just getting started; the related mechanism is still unclear and needs to be illustrated in the future. An overview of the uncovered mechanisms till now is presented in Figure 3.
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FIGURE 3. The potential roles of RNA m6A modification in cold tumors. The mechanisms underlying RNA m6A modification-mediated cold tumors include regulating the immune cells in TME, targeting tumor-cell-intrinsic pathways, facilitating soluble inhibitory mediators in TME, increasing metabolic competition in TME, and affecting tumor mutation burden. ALKBH5, ALKB homolog 5; CTLA-4, cytotoxic T-cell lymphocyte-associated protein 4; DCs, dendritic cells; FTO, fat mass and obesity-associated protein; HNRNP, heterogeneous nuclear ribonucleoprotein; M1, M1 macrophages; MDSCs, myeloid-derived suppressor cells; METTL, methyltransferase-like; MHC, major histocompatibility complex class; NF-κB, nuclear factor kappa-B; HIF, hypoxia-inducible factor; IFN-γ, interferon γ; IRAK3, IL-1 receptor-associated kinase 3; IGF2BP, insulin-like growth factor-2 mRNA-binding protein; PD-1, programmed death receptor 1; PD-L1, programmed death receptor ligand 1; RBM, RNA-binding motif; SASP, senescence-associated secretory phenotype; TAMs, tumor-associated macrophages; TGF-β, transforming growth factor-β; TLR4, toll-like receptors 4; Tregs, regulatory T cells; VEGF, vascular endothelial growth factor; VIRMA, vir-like m6A methyltransferase associated; WTAP, Wilms’ tumor 1-associated protein; YTHDC2, YT521-B homology domain-containing protein 2; YTHDFs, YT521-B homology domain-containing family; ZC3H13: zinc finger CCCH-type containing 13.




POTENTIAL CLINICAL IMPLICATIONS OF m6A RNA MODIFICATION IN CANCERS

Considering the widespread role of m6A RNA modification in tumorigenesis, it is reasonable to assume that the expression of m6A writers, erasers, and readers might be used as diagnostic or prognostic biomarkers for cancer patients. Recent studies using Kaplan-Meier analysis and receiver operating characteristic curve (ROC) have illustrated that METTL3 has potential clinical implications in cancer. For instance, compared with adjacent non-tumor tissues, METTL3 expression is upregulated in hepatoblastomas. High METTL3 levels are associated with continual recurrence and poor prognosis of hepatoblastoma patients, suggesting that METTL3 could be used as a potential diagnostic and prognostic biomarker for hepatoblastoma patients (Liu et al., 2019; Cui et al., 2020). Furthermore, in bladder cancer, gastric cancer, and colorectal cancer, increased expression of METTL3 correlated with poor prognosis (Han J. et al., 2019; Peng et al., 2019; Wang et al., 2020c). Since METTL3 plays overlapping roles in tumors (Zheng et al., 2019), its high expression was shown to be positively correlated with better survival in colorectal cancer (Deng et al., 2019). Compared with normal samples, the expression of METTL14 and ZC3H13 is decreased in invasive breast cancer stroma, invasive ductal breast cancer stroma, invasive mixed breast cancer, and ductal carcinoma in situ. These low levels of METTL14 and ZC3H13 are negatively correlated with overall survival (OS) and progression-free survival (PFS) in luminal type A, luminal type B, human epidermal growth factor receptor 2 (HER2)-enriched type, and triple-negative-type breast cancer, indicating that the reduced expression of METTL14 and ZC3H13 leads to poor prognosis in breast cancer patients (Gong et al., 2020). Additionally, overexpression of ALKBH5 is correlated with poor prognosis in acute myeloid leukemia patients (Shen et al., 2020). Upregulation of YTHDF1 is intimately associated with poor OS in hepatocellular carcinoma (HCC) and gastric cancer patients (Liu et al., 2020; Pi et al., 2021). YTHDF2 is significantly overexpressed in hepatoblastoma and HCC when compared with their adjacent non-cancerous tissues, and overexpression of YTHDF2 is closely connected with poor prognostic clinical outcomes (Cui et al., 2020; Shao et al., 2020). Recently, Li et al. (2020d) showed that head and neck squamous cell carcinoma patients with lower YTHDC2 levels have poorer OS and PFS than those with higher expression. Like METTL3, FTO also plays pro- and antitumor roles in cancer (Wang et al., 2020a). Cui et al. (2020) found that the upregulation of FTO in hepatoblastoma patients is correlated with poor clinical outcomes. However, Zhuang et al. (2019) suggested that low FTO expression is correlated with poor prognosis in endometrial cancer, lung cancer, rectum adenocarcinoma, and pancreatic cancer.

Furthermore, a genome metacohort analysis showed that low FTO and METTL14 levels and high METTL3, HNRNPA2B1, and YTHDF3 levels are correlated with poor prognosis in osteosarcoma patients (Li et al., 2020b). In endometrial cancer patients, higher HNRNPC, YTHDC2, WTAP, VIRMA, IGF2BP3, and HNRNPA2B1 expression is closely associated with worse outcomes and advanced stage (Zhao et al., 2021). Furthermore, high ALKBH5 levels in colon cancer indicates poor prognosis (Huang et al., 2021). In addition, numerous studies used the m6Ascore to investigate the potential clinical implications of m6A RNA modification patterns in cancer (Zhang B. et al., 2020; Du et al., 2021; Shen et al., 2021a; Xu et al., 2021b). For example, Zhang C. et al. (2020) indicated that the m6Ascore can act as an independent prognostic biomarker in gastric cancer. In HCC patients, the OS of the low m6Ascore group was better than that of the high m6Ascore group (Shen et al., 2021a). Importantly, the OS of low-grade glioma patients who received chemotherapy was higher in the low-m6Ascore group than in the high-m6Ascore group (Du et al., 2021). These results suggest that m6A RNA modification has potential clinical implications in cancer patients, indicating their promising implications in improving cancer patient treatment outcomes. Nevertheless, the dual role of m6A RNA modification in cancers limited their clinical implications in cancers which needs to be solved in the future. Some of the significant studies examining the potential clinical implications of m6A RNA modification in cancers are listed in Table 2.


TABLE 2. The potential clinical implications of RNA m6A modification in cancers.
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TARGETING m6A RNA MODIFICATION AS CANCER IMMUNOTHERAPY

The critical role of m6A RNA modification in the immune response in the TME and its confirmed clinical implications in cancer make m6A RNA modification an attractive immunotherapy in cancer. Studies have shown that lung adenocarcinomas and lung squamous cell carcinomas with lower expression of METTL3, RBM15, ALKBH5, YTHDC1, YTHDF1, YTHDF2, HNRNPC, and VIRMA are significantly more sensitive to immunotherapy and chemotherapy (Xu et al., 2020a,b). Furthermore, studies indicate that reversing the dysregulation of m6A RNA modification could promote the effectiveness of immunotherapy in cancer. For example, loss of METTL3 and METTL14 expression increases the response to anti-PD-1 treatment in colorectal cancer with low mutational burden (Wang et al., 2020b). Ablation of METTL3 expression in myeloid cell impairs anti-PD-1 therapeutic efficacy in B16 melanoma (Yin et al., 2021). Deletion of ALKBH5 can sensitize tumors to anti-PD-1 therapy, reduce tumor growth, and prolong mouse survival during GVAX/anti-PD-1 treatment by inhibiting the composition of tumor-infiltrating Tregs and MDSCs in vitro and in vivo, while melanoma patients harboring ALKBH5 deletion/mutation are more sensitive to anti-PD-1 therapy (Li et al., 2020c). Moreover, the therapeutic effect of anti-PD-L1 is elevated in YTHDF1-deficient mice, suggesting that YTHDF1 is a promising therapeutic target for immunotherapy in combination with checkpoint inhibitors (Han D. et al., 2019). The knockdown of FTO was shown to inhibit the metabolic barrier for CD8+ T-cell activation, promoted CD8+ T-cell infiltration in tumors, and synergized with anti-PD-L1 treatment (Samstein et al., 2019). In keeping with this, FTO knockdown sensitized melanoma cells to IFN-γ and anti-PD-1 treatment by increasing YTHDF2-dependent PD-1, CXCR4, and SOX10 RNA decay in mice (Yang et al., 2019).

Recently, it was suggested that quantification of the m6Ascore could predict the clinical response of cancer patients to immunotherapy. For instance, in colon cancer, Chong et al. (2021) found that cancers with a lower m6Ascore show better clinical responses to anti-PD-1, anti-CTLA-4, and anti-PD-L1 therapies. ccRCC patients receiving anti-PD-1, the low m6Ascore group presented an apparently prolonged survival (Zhong et al., 2021). Li H. et al. (2021) further validated that a low m6Ascore in kidney renal clear cell carcinoma patients indicates an inflammatory phenotype and higher sensitivity to anticancer immunotherapy. Zhou et al. (2021) also confirmed that m6Ascore-low pancreatic cancer patients have higher response rates to anti-PD-1 and anti-CTLA-4 treatments. Of note, an RNA modification writer score model was constructed by Chen et al. (2021) recently, which is based on differentially expressed genes responsible for RNA modification patterns and quantifies the RNA modification-related subtypes of individual tumors. The authors found that colorectal cancer patients with a low writer score in an anti-PD-L1 cohort presented significant clinical benefits and had a dramatically prolonged OS (Chen et al., 2021). Notably, we found that in some m6A regulators, such as YTHDF1 and YTHDF2, their lower expressions are both more sensitive to immunotherapy, suggesting a possible cooperative role in tumor immunotherapy, which needs to be explored in future studies. Some of the most important studies examining m6A RNA modification as a potential target for cancer immunotherapy are listed in Table 3.


TABLE 3. Targeting RNA m6A modification as cancer immunotherapy.
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CONCLUSION AND FUTURE PERSPECTIVES

Within the past decade, m6A RNA modification has been identified as a novel emerging layer of posttranscriptional regulation controlling gene expression in eukaryotes. Currently, it is clear that m6A RNA modification exhibits essential roles in almost all bioprocesses, including the immune response in cancers. In our present review, we have focused on discussing the underlying mechanisms whereby m6A RNA modification is implicated in cold tumor formation. We have also discussed the potential clinical implications and immunotherapeutic strategies of targeting m6A RNA modification in cancer. Indeed, m6A RNA modification is involved in cold tumor formation by regulating the immune cells in the TME, targeting tumor-cell-intrinsic pathways, facilitating the action of soluble inhibitory mediators in the TME, increasing metabolic competition in the TME, and affecting the tumor mutational burden. Furthermore, many m6A RNA modification regulators (m6A writers, erasers, and readers) have potential clinical applications as diagnostic and prognostic biomarkers for different types of cancer. In addition, targeting m6A RNA modification regulators could sensitize cancers to immunotherapy. Thus, targeting m6A RNA modification is a promising immunotherapeutic approach for turning cold tumors into hot ones.

Although tremendous progress has been achieved on understanding m6A RNA modification and their role in diseases, a complete understanding of the mechanisms is far away, and especially, their implications in cancers is our concern. The present researches show that the abnormal level of m6A regulators are intimately associated with the prognosis of tumors, indicating their promising implications in improving cancer patient treatment outcomes, although it has been demonstrated that targeting RNA m6A modification could be the optional combination therapy in cancer immunotherapy, the limitation is that except for the role of RNA m6A modification in immune response, their functions in tumor development should be taken into consideration, which could be a cause of immunotherapeutic resistance or insensitivity. For example, PD-1/PD-L1 acts as a tumor suppressor and mediates resistance to PD-1 blockade therapy in tumor (Wang et al., 2020e). Therefore, we believe that future research on m6A RNA modification should focus on several aspects. First, some specific m6A RNA modification regulators play opposite roles in different cancers, indicating that the exact role of m6A RNA modification regulators is cell or tissue dependent (Deng et al., 2018; Zeng et al., 2020). Consequently, defining the context-specific role of m6A RNA modification regulators in cancers and their mechanisms will be crucial to direct specific m6A RNA modification regulator-based therapeutic interventions in the future. Second, we know that m6A RNA modification is found not only in mRNAs but also in non-coding RNAs, and that non-coding RNAs play critical roles in the immune response and immunotherapy in cancers (Atianand et al., 2017; Huang et al., 2020a); therefore, future studies focused on m6A-related non-coding RNAs in cancer will contribute toward the development of more effective and novel cancer immunotherapies (Chen et al., 2020; Xu et al., 2021a). Third, studies evaluating the use of m6A RNA modification as cancer immunotherapy have mainly focused on regulating m6A RNA modification regulators through transfection experiments, which are difficult to translate to clinical trials or clinical practice; therefore, m6A RNA modification regulator agonists or antagonists should be searched in the future (Su et al., 2018). Lastly, considering the toxic side effects of cancer immunotherapy, target carrier material should be developed to carry immunotherapeutics including m6A modification RNA regulators that augment antitumor immune responses with reduced toxicity and side effects (Zeng et al., 2021).
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 3′ -UTR, 3′ -untranslated region; α KG, α-ketoglutarate; A, adenosine; ALDOA, abnormal expression of aldolase A; ALKBH5, ALKB homolog 5; C, cytidine; CCR4-NOT, carbon catabolite repressor 4-negative on TATA; circRNAs, circular RNAs; CSF-1R, colony stimulating factor-1 receptor; CTLA-4, cytotoxic T-cell lymphocyte-associated protein 4; DCs, dendritic cells; ECM, extracellular matrix; eIF, eukaryotic translation initiation factor; EMT, epithelial-mesenchymal transition; f6A, N6-formyladenosine; FDA, Food and Drug Administration; FTO, fat mass and obesity-associated protein; G, guanosine; H3K36me3, histone H3 lysine 36 trimethylation; HCC, hepatocellular carcinoma; HDGF, hepatoma-derived growth factor; HER2, human epidermal growth factor receptor 2; HIF, hypoxia-inducible factor; hm6A, N6-hydroxymethyladenosine; HNRNP, heterogeneous nuclear ribonucleoprotein; IDO1, indoleamine-pyrrole 2,3-dioxygenase 1; IFN- γ, interferon γ; IGF2BP, insulin-like growth factor-2 mRNA-binding protein; IL, interleukin; IRAK3, IL-1 receptor-associated kinase 3; LAG-3, lymphocyte activation gene-3; lncRNAs, long non-coding RNAs; m1A, N1-methyladenosine; m6A, N6-methyladenosine; m6Am, N6, 2′ -O-dimethyladenosine; MDSCs, myeloid-derived suppressor cells; MEIOC, meiosis-specific coiled-coil domain; METTL, methyltransferase-like; mRNA, messenger RNA; MHC I, major histocompatibility complex class I; mRNP, messenger ribonucleoprotein; MTC, methyltransferase complex; NF- κ B, nuclear factor kappa-B; NGS, next-generation sequencing; OS, overall survival; PABP, poly(A) binding protein; PD-1, programmed death receptor 1; PD-L1, programmed death receptor ligand 1; RBM 4, RNA-binding motif 4; PFS, progression-free survival; ROC, receiver operating characteristic curve; rRNAs, ribosomal RNAs; SAH, S-adenosyl homocysteine; SAM, S-adenosylmethionine; SASP, senescence-associated secretory phenotype; snRNAs, small nuclear RNAs; snoRNAs, small nucleolar RNAs; SRSF, splicing factor serine- and arginine-rich splicing factor; TAMs, tumor-associated macrophages; TEK, tyrosine kinase endothelial; TGF- β, transforming growth factor- β; TIGIT, T-cell immunoglobulin and ITIM domain; TILs, tumor-infiltrating lymphocytes; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; TLR4, toll-like receptors 4; TME, tumor microenvironment; Tregs, regulatory T cells; U, uridine; VEGF, vascular endothelial growth factor; VHL, von Hippel-Lindau; VIRMA, vir-like m6A methyltransferase associated; VISTA, V-domain Ig suppressor of T cell activation; WTAP, Wilms’ tumor 1-associated protein; YTH, YT521-B homology; YTHDC2, YTH domain-containing protein 2; YTHDFs, YTH domain-containing family; ZC3H13, zinc finger CCCH-type containing 13; ZCCHC4, zinc finger CCHC-type containing 4.
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Background

Chordoma, an extremely rare malignant tumor, remains difficult to be cured because of its strong local invasiveness and high recurrence rate. Long non-coding RNAs (lncRNAs) have been demonstrated to play multiple roles in various cancers. The purpose of this study was to investigate the modulatory function of lncRNA MDFIC-7 in chordoma and to elucidate its underlying mechanisms.



Methods

Quantitative real-time polymerase chain reaction was performed to detect the expression of lncRNA MDFIC-7 in tumor tissues and adjacent nontumorous tissues collected from 15 chordoma patients, as well as in chordoma cell lines. Gene silencing and overexpression experiments were carried out by RNA interference and lentiviral transduction. The effect of lncRNA MDFIC-7 on the proliferation of chordoma cells was evaluated by cell counting kit-8 assay, colony formation assay and xenograft tumor experiments. RNA immunoprecipitation and dual luciferase reporter assays were conducted to evaluate the binding between lncRNA MDFIC-7 and miRNA-525-5p and the interaction between miR-525-5p and the 3′ untranslated region of ADP-ribosylation factor 6 (ARF6) mRNA. The glycolytic capacity and mitochondrial function of chordoma cells were measured by the Seahorse Bioscience XF96 Extracellular Flux Analyzer.



Results

The expression of lncRNA MDFIC-7 was higher in chordoma tumor tissues than in adjacent non-tumor tissues. Downregulation of lncRNA MDFIC-7 reduced colony formation and cell proliferation in chordoma cells and decreased xenograft tumor growth in a nude mouse model. Moreover, lncRNA MDFIC-7 knockdown attenuated the Warburg effect in chordoma cells and xenograft tumors. LncRNA MDFIC-7 knockdown elevated miR-525-5p levels and decreased ARF6 expressions. Overexpression of ARF6 reversed the inhibitory effect of lncRNA MDFIC-7 knockdown on cell proliferation and the Warburg effect in chordoma cells and xenograft tumors. Mechanistically, lncRNA MDFIC-7, as a molecular sponge of miR-525-5p, negatively regulated miR-525-5p expression and promoted the gene expression of ARF6, a miR-525-5p target.



Conclusion

Our findings demonstrate that lncRNA MDFIC-7 acts as a molecular sponge to competitively bind to miR-525-5p and promote expression of ARF6. The lncRNA MDFIC-7/miR-525-5p/ARF6 axis regulates chordoma progression and the Warburg effect in chordoma, suggesting that lncRNA MDFIC-7 and miR-525-5p could be promising therapeutic targets for the treatment of chordoma.
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Introduction

Chordoma is an extremely rare malignant tumor with an incidence lower than 1 case per 1 million individuals per year. Chordoma originates from embryologic notochord remnants and is most commonly seen in the sacrum and skull base, with some cases in the cervical and thoracolumbar vertebrae (1–3). The primary treatment method for chordoma is surgical resection combined with chemo- or radiation therapy. However, chordoma is difficult to treat by surgery and is often resistant to chemo- and radiotherapy, leading to intensive local invasiveness, recurrence and metastasis (4). The recurrence rate in patients with chordoma is as high as 44% to 78% (5–7), and the 5- and 10-year relative survival rates of chordoma patients in the USA are 67.6% and 39.9%, respectively (8). Therefore, there is an urgent need to understand the molecular mechanism involved in the progression of chordoma to help identify potential novel targets for chordoma therapy.

Long non-coding RNAs (lncRNAs), a type of non-coding RNA with over 200 nucleotides in length, have been demonstrated to play multiple roles in various physiological processes and disease progression, especially in tumorigenesis and metastasis of various cancers (9–11). Although crucial roles of lncRNAs in multiple cancers have been reported in various studies, only a few reports have focused on the function of lncRNAs in chordoma. Xia et al. showed that the lncRNA LOC554202 may play an important role in inhibiting chordoma cell proliferation and invasion through modulating the EZH2/miRNA-31 axis and inactivating the oncogene RNF144B (12). Recently, Guo et al. found that lncRNA LINC00662 may participate in the malignant progression of chordoma by targeting miRNA-16-5p and promoting RNF144B expression (13). Ma et al. reported the potential link between lncRNA KCNQ1OT1 and chemotherapy resistance of chordoma (14), and lncRNA LINC00525 was shown to promote the aggressive phenotype of chordoma through modulating the miRNA-505-3p-HMGB1 axis (7). Zhu et al. demonstrated that lncRNA XIST plays a key role in chordoma progression by regulating the miR124-3p/iAPSS pathway (15), and Zhang et al. predicted the role of several lncRNAs in regulating dural penetration in clival chordoma through analyzing lncRNA and mRNA expression profiles (16). These recent studies confirm the important roles of lncRNAs in the regulation of chordoma progression. However, whether other lncRNAs function in the tumorigenesis of chordoma is unknown. In addition, the underlying molecular mechanisms of lncRNAs in the regulation of chordoma progression remain largely unclear.

In this study, we analyzed the differentially expressed lncRNAs in 15 chordoma patients and found that the expression of lncRNA MDFIC-7 was significantly elevated in chordoma tissues compared to paired adjacent non-tumor samples. The expression of microRNA-525-5p (miRNA-525-5p), a target of lncRNA MDFIC-7 predicted by the online tool of DIANA, was downregulated in tumor tissues. LncRNA MDFIC-7 (NONCODE gene ID: NONHSAG048587.2) is a non-protein coding gene located on human chromosome 7q31.1. No study has determined its role in any cancer. A few reports have been found on miRNA-525-5p. Zhu et al. showed that three miRNAs including miRNA-516a-3p, miRNA-629 and miRNA-525-5p were highly expressed in pediatric systemic lupus erythematosus (pSLE) patients. These three miRNAs might be specific to pSLE and may be used as novel biomarkers of pSLE for diagnose and disease monitoring. However, the detailed function and underlying mechanism were unclear (17). Zhang et al. demonstrated that miR-525-5p plays a role in mediating the invasion of trophoblast cells by regulating HOXD10; miR-525-5p overexpression promoted proliferation, invasion and EMT of HTR-8 cells and regulated pre-eclampsia placenta (18). Moreover, Yang et al. found that androgen receptor can alter the metastasis of prostate and bladder cancer through changing the expression of the vasculogenic mimicry biomarker SLPI by miR-525-5p; therefore, targeting the androgen receptor–miR-525-5p-SLPI axis may be a strategy to suppress prostate cancer metastasis (19). However, the roles of lncRNA MDFIC-7 and miRNA-525-5p in chordoma progression have not been reported.

ADP-ribosylation factor 6 (ARF6) belongs to the ARF protein family of small GTPases, which contains six ARF isoforms (ARF1–6) that are grouped into three classes on the basis of their sequence homology: Class I (ARF1–3), Class II (ARF4–5) and Class III (ARF6) (20). ARF6 is widely expressed in mammalian cells and has a highly conserved sequence. ARF6 is involved in regulating plasma membrane transport and intracellular actin assembly (21). ARF6 has many other roles in regulating multiple physiological and pathological processes, including cell membrane ruffle formation and adhesion, tumor formation, tumor cell proliferation, migration, invasion and metastasis (22–27). Recently, a number of studies have shown that activation of ARF6 and its downstream signaling is essential for the progression of multiple cancers, and overexpression of ARF6 was observed in several cancers and is associated with poor overall survival, including in pancreatic cancer, melanoma, breast cancer, and lung adenocarcinoma (25, 28–33). However, the function of ARF6 in chordoma has not been examined.

In the present study, we sought to clarify the regulatory role of the lncRNA MDFIC-7/miR-525-5p/ARF6 axis in chordoma progression and examine the potential underlying mechanisms. We demonstrate that the lncRNA MDFIC-7/miR-525-5p/ARF6 axis contributes to the tumorigenesis of human chordoma and facilitates the Warburg effect and cancer progression. Our findings will shed light on understanding the mechanisms of chordoma progression and provide potential targets for chordoma therapy.



Materials and Methods


Patient Samples

A total of 15 pairs of chordoma tissues and adjacent non-cancerous tissues were collected from 15 chordoma patients in the Department of Orthopedics, the First Affiliated Hospital of Soochow University. All of the enrolled patients had not received chemo- or radiotherapy before surgical excision. The tissues were frozen in liquid nitrogen after resection and stored at -80°C until analyses. All participants signed their informed consents. This study was approved by the ethics committee of the First Affiliated Hospital of Soochow University.



Cell Culture

The human chordoma cell lines U-CH1 and U-CH2 were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in IMDM-RPMI 1640 (4:1) supplemented with 10% FBS (Gibco/Thermo Fisher Scientific, Shanghai, China), 100 U/ml penicillin and 100 mg/ml streptomycin (Biological Industries, HertzliyaPituach, Israel). Cells were cultured in a humidified incubator with 5% CO2 at 37°C.



Plasmid Construction

The full-length coding sequence of lncRNA MDFIC-7 (lnc-MDFIC-7-wt) and its mutant (lnc-MDFIC-7-mut) were inserted into the pmirGLO empty vector to generate pmirGLO-MDFIC-7-WT and pmirGLO-MDIFC-7-mut, respectively. The ARF6 3′-UTR (3′-UTR-wt) and its mutant (3′-UTR-mut) were inserted into the pmirGLO-vector to generate pmirGLO-ARF6-3′UTR-wt and pmirGLO-ARF6-3′UTR-mut, respectively. The pGLO vector, also named pmirGLO, was obtained from Promega (Madison, WI, USA).

For knockdown of MDFIC-7, we used the following shRNA sequence: 5’- GATCCCCGAGAGAGAATTAAAGTCTATTCAAGAGATAGACTTTAATTCTCTCTCTTTTTGGAAA-3’; the control shRNA sequence was 5’- TGCTGAAATGTACTGCGCGTGGAGACGTTTTGGCCACTGACTGACGTCTCCACGCAGTACATTT-3’. The shRNAs were cloned into lentivirus vectors from Addgene (Watertown, MA, USA) to generate Lv-sh-MDFIC-7 and Lv-sh-NC.

The mock, mimic, and inhibitor for miR-525-5p were inserted into lentiviruses. We inserted the full length ARF6 (NCBI Reference Sequence: NM_001663.4) into a lentivirus vector to generate Lv-ARF6, and Lv-vector was used as a negative control.

All lentivirus constructs were synthesized and packaged by GenePharma (Shanghai, China).



Cell Transfection and Lentivirus Infection

U-CH1 or U-CH2 cells were seeded in dishes or plates and grown to 70% confluence. Plasmids were transfected using Lipofectamine 2000 agent (Invitrogen). The titer of the packaged lentivirus used in experiments was approximately 1.0 × 109 infectious units per milliliter. Cells were incubated with lentivirus for 48 h, and then cells were collected for examination or used in further experiments.



RNA Isolation, Reverse Transcription and Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from tissues and cells using TRIzol reagent (Thermo Fisher Scientific), and 0.5 μg of total RNA was used for reverse transcription to generate complementary DNA (cDNA) using SMART MMLV Reverse Transcriptase (Takara Bio, Inc., Dalian, China). qRT-PCR was performed with the AceQ qPCR SYBR GreenMaster Mix kit (Vazyme, Nanjing, China) on a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). GAPDH mRNA was used as an internal control for quantification of lncRNAs and mRNAs, and the small nucleolar RNA (snRNA) of U6 was used to normalize the relative abundance of miRNA-525-5p. The 2-ΔΔCt method was used to determine gene expression. All experiments were performed in triplicate. The primers used in experiments are provided in the Supplementary Table S1.



Western Blot

Tissues and cells were lysed using RIPA lysis buffer (Thermo Fisher Scientific). Equal amounts of protein (30 μg) were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred onto a PVDF membrane (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% non-fat milk overnight at 4°C. Membranes were incubated with primary antibodies at 4°C overnight and then probed with secondary antibody at room temperature for 1 h. The antibodies used in this study are as follows: ARF6 (#ab131261) and PDK1 (#207450) primary antibodies were purchased from Abcam; Glut1 (#12939), HK2 (#2867) and LDHA (#3582) primary antibodies were purchased from Cell Signal Technology; p44/42 MAPK (ERK1/2) (#9102), phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (#8544) and GAPDH (#MB9231) primary antibodies and horseradish peroxidase (HRP)-labeled goat anti-rabbit or -mouse secondary antibody (#BS13278 or #BS12478) were bought from Bioworld Technology. All other agents were purchased from Sigma (St. Louis, MO, USA).



CCK-8 and Colony Formation Assays

The proliferative capacity of chordoma cells was determined by CCK-8 assay (Beyotime Institute of Biotechnology; Shanghai, China). Approximately 2 × 103 U-CH1 cells were seeded into each well of a 96-well plate. At the indicated time points, 10 μl CCK-8 solution (Sigma) was added into each well. After 2 h incubation at 37°C, the optical density value of each well at OD450 nm was measured by a microplate reader (Thermo Fisher Scientific) and growth curves were plotted. The experiments were conducted in quadruplicate and repeated three times.

Colony formation was determined by soft agar assay. Briefly, 5000 U-CH1 or U-CH2 cells infected with the indicated lentivirus for 48 h were seeded in medium containing 0.4% soft agar on top of a layer consisting of 0.6% soft agar medium. Cells were cultured at 37°C with 5% CO2 for 14 days. Cells were then fixed with 4% formaldehyde and stained with 1 µg/ml ethidium bromide. Colonies (>10 cells) were counted under a microscope in 10 fields per well.



Dual Luciferase Activity Assay

To examine the regulation between lncRNA MDFIC-7 and miR-525-5p, U-CH1 or U-CH2 cells were co-transfected with pmirGLO-MDFIC-7-WT, which contains the predicted miR-525-5p binding site, or pmirGLO-MDFIC-7-mut, together with miR-525-5p mimic, inhibitor or mock. To investigate the effect of lncRNA MDFIC-7 and miR-525-5p on ARF6, cells were co-transfected with pmirGLO-ARF6-3′UTR-WT and pmirGLO-ARF6-3′UTR-mut, together with miR-525-5p mimic or pcDNA-MDFIC-7. Transfection was performed using Lipofectamine 2000 agent (Invitrogen). After transfection for 48 h, the luciferase activity was calculated using the Dual-Luciferase Assay Kit (Promega) on a GloMax 20/20 Luminometer. Firefly luminescence was normalized to the Renilla luminescence according to the manufacturer’s instructions.



RNA Immunoprecipitation Assay

To investigate the interaction between lncRNA MDFIC-7 and miR-525-5p, RIP analysis was conducted using the Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA). Briefly, transfected U-CH1 cells were lysed in RIP lysis buffer. Cell lysates were then incubated with anti-Ago-2 (#SAB4301150, Sigma) or anti-IgG (#I4131, Sigma) in RIP buffer overnight at 4°C. The levels of lncRNA MDFIC-7 and miR-525-5p in the immunoprecipitated RNAs were examined by qRT-PCR.



Assays on Extracellular Acidification Rate and Oxygen Consumption Rate

To measure the glycolytic capacity and mitochondrial function of chordoma cells, the Seahorse Bioscience XF96 Extracellular Flux Analyzer and Seahorse XF Glycolysis Stress Test (#103020-100, Agilent) and Cell Mito Stress Test kits (#103015-100, Agilent) were used according to the manufacturer’s instruction.



In Vivo Xenograft Tumor Experiments

Nude mice of BALB/c were obtained from the Model Animal Research Center of Nanjing University (Nanjing, China). A total of 10 male mice (4 to 6 weeks old) were randomized in 2 groups (n=5 per group). Approximately 4×106 U-CH1 or U-CH2 cells infected with lentivirus (Lv-sh-MDFIC-7 or Lv-sh-NC) were inoculated into the right flank by subcutaneous injection. Tumors were measured once every 5 days for 35 days using a vernier caliper, and tumor volume was calculated using the formula: length × width2 × 0.5. After 5 weeks, the mice were sacrificed and the tumor tissues were collected for weighing and gene expression analysis. The small animal euthanasia equipment was used for laboratory mice euthanasia, and the Euthanasia protocols were followed according to the guideline established by the American Medical Veterinary Association (AMVA) to minimize animal pain and suffering. The animal experiments were approved by the Committee on the Ethics of Animal Experiments of the First Affiliated Hospital of Soochow University.



Bioinformatics Analysis

The DIANA tool was used to predict the potential interaction between miRNAs with lncRNA MDFIC-7 and the potential target mRNAs of miRNA-525-5p.



Statistical Analysis

The results are shown as mean ± standard deviation (SD). The data were analyzed using GraphPad Prism 9 (CA, USA) and SPSS software (version 19.0, SPSS Inc., NY, USA). Statistical significance was tested by two-tailed Student’s t-test for two group comparisons and one-way analysis of variance (ANOVA) test with post-hoc analysis contrasts for multi-group comparisons. p<0.05 was considered significant.




Results


LncRNA MDFIC-7 Is Upregulated in Chordoma Tumor Tissues

We collected tumor tissues and paired adjacent non-tumor tissues from 15 chordoma patients. H&E staining revealed pathological characteristics of the tumor which that distinguished from the adjacent non-tumor tissues (Figure 1A). To examine the expression profiles of lncRNAs in tumor tissues compared to adjacent non-tumor tissues, we performed lncRNA sequencing (lncRNA-seq) analysis on three pairs of randomly selected tissue samples. On the basis of the lncRNA fold change, p-values and bioinformatics analysis (Figure 1B), a total of 4900 differentially expressed lncRNAs were identified. These lncRNAs were shown in the heatmap in Figure 1C. The top 30 upregulated lncRNAs were screened out and shown in Figure 1D. Meanwhile, the top 30 downregulated lncRNAs were also screened out and shown in Figure S1.




Figure 1 | LncRNA MDFIC-7 expression is upregulated in tumor tissues of chordoma. (A) H&E staining of clinical chordoma tumor tissues and adjacent non-tumor tissues. (B) Volcano plot illustrating fold-change in expression (log2 fold change) against statistical significance (-log10 adjusted P values) for all lncRNAs in tumor tissues vs. adjacent non-tumor tissues from three randomly selected chordoma patients. Red dots represent differentially expressed lncRNAs. (C) A total of 4900 differentially expressed lncRNAs are presented in the heatmap (tumor tissues vs. adjacent normal tissues). (D) Heat map of the expression of the top 30 upregulated lncRNAs in tumor tissues vs. adjacent normal tissues (red and black bars represent up- and down-regulation, respectively). (E) qRT-PCR analysis of lncRNA MDFIC-7 expression in tumor tissues and adjacent non-tumor tissues. *p < 0.05 vs. adjacent tissues. (F) Immunohistochemistry of Ki-67 in tumor tissue and adjacent non-tumor tissue from chordoma patients. (G) Correlation analysis between lncRNA MDFIC-7 and Ki-67 expression in tumor tissues and adjacent non-tumor tissues of chordoma patients.



The most significantly upregulated lncRNA was lncRNA MDFIC-7, and we further validated the expression of lncRNAs by qRT-PCR in the chordoma and adjacent normal tissues. The results showed that lncRNA MDFIC-7 was significantly upregulated in tumor tissues compared to adjacent non-tumor tissues (Figure 1E). We evaluated the expression of the tumor proliferation biomarker Ki-67 in tumor and non-tumor tissues and identified a significant correlation between lncRNA MDFIC-7 and Ki-67 expression in chordoma tissue (Figures 1F, G).



Knockdown of lncRNA MDFIC-7 Inhibits Proliferation of Chordoma Cells

To investigate the role of lncRNA MDFIC-7 in regulating the tumor progression of chordoma, we first inhibited lncRNA MDFIC-7 expression in U-CH1 and U-CH2 cells using lentivirus expressing shRNA-MDFIC7. The efficiency of lncRNA MDFIC-7 inhibition was examined by qRT-PCR and the results confirmed reduced expression of lncRNA MDFIC-7 in cells infected with lentivirus targeting MDFIC-7 (Lv-sh-MDFIC-7) compared with the control (Lv-sh-NC) (Figure 2A). Knockdown of lncRNA MDFIC-7 by lentivirus significantly suppressed the proliferation of chordoma cells, as determined by CCK-8 and colony formation assays (Figures 2B–D). In addition, knockdown of lncRNA MDFIC-7 resulted in decreased expression of the cell growth biomarkers PCNA and CDK2 (Figure 2E). These results demonstrated that lncRNA MDFIC-7 inhibition suppressed the proliferation of chordoma cells and suggested that lncRNA MDFIC-7 functions as a tumor promoter in chordoma by enhancing cell proliferation.




Figure 2 | LncRNA MDFIC-7 promotes chordoma cell proliferation. (A) qRT-PCR on U-CH1 and U-CH2 cells with lentivirus-induced knockdown of lncRNA MDIF-7 after 48 h. **p < 0.01 vs. Lv-sh-NC. (B) CCK-8 assay in U-CH1 and U-CH2 cells after lentivirus infection at the indicated time points. *p < 0.05 vs. Lv-sh-NC, **p < 0.01 vs. Lv-sh-NC. (C, D) Colony formation assay in U-CH1 and U-CH2 cells after infection with Lv-sh-NC and Lv-sh-MDFIC-7. **p < 0.01 vs. Lv-sh-NC. (E) qRT-PCR analysis on mRNA expression of PCNA and CDK2 in U-CH1 and U-CH2 cells after knockdown of lncRNA MDFIC-7 by lentivirus infection. **p < 0.01 vs. Lv-sh-NC.





lncRNA MDFIC-7 Acts as Molecular Sponge of miR-525-5p in Chordoma Cells

To analyze the mechanism by which lncRNA MDFIC-7 regulates proliferation of chordoma cells, we examined the subcellular location of lncRNA MDFIC-7 in U-CH1 and U-CH2 cells. The nucleus and cytoplasm of cells were fractionated and the total RNA fractions were isolated and examined by qRT-PCR. The results showed that lncRNA MDFIC-7 is mainly distributed in the cytoplasm of chordoma cells (Figure 3A). It was suggested that lncRNA MDFIC-7 could act as a competing endogenous RNA (ceRNA) in human chordoma. The potential target miRNAs of lncRNA MDFIC-7 were predicted by online tools, including DIANA and StarBase 3.0. The results revealed that miR-525-5p contains a putative binding site for lncRNA MDFIC-7, suggesting miR-525-5p as a potential target of MDFIC-7 (Figure 3B). We found that the expression of miR-525-5p was decreased in tumor tissues compared with adjacent non-tumor tissues of chordoma patients (Figure 3C). We examined the binding between lncRNA MDFIC-7 and miR-525-5p using RIP, and the results demonstrated an interaction between lncRNA MDFIC-7 with miR-525-5p (Figure 3D). To further examine the interaction between lncRNA MDFIC-7 with miR-525-5p, we performed the dual luciferase assay. First, the overexpression effect of miR-525-5p mimic by lentivirus infection was detected by RT-qPCR in U-CH1 and U-CH2 cells (Figure 3E). The dual luciferase assay results revealed that the luciferase activity of the wild-type MDFIC-7 reporter (pGLO-MDFIC-7-WT) was significantly repressed after the introduction of miR-525-5p mimic, but miR-525-5p mimic had no impact on the mut-lncRNA MDFIC-7 reporter (Figure 3F). Furthermore, the activity of the wild-type MDFIC-7 reporter (pGLO-MDFIC-7-WT) was significantly enhanced after the introduction of miR-525-5p inhibitor, but miR-525-5p inhibitor had no impact on the mut-lncRNA MDFIC-7 reporter (Figure 3F). These data indicated that lncRNA MDFIC-7 may play a potential role in enhancing tumor progression of human chordoma via sponging miR-525-5p.




Figure 3 | LncRNA MDFIC-7 sponges with miR-525-5p. (A) qRT-PCR analysis of lncRNA MDFIC-7 in nuclear and cytoplasmic fractions. GAPDH mRNA and U6 were used as a cytoplasmic control and nuclear control, respectively. (B) The predicted binding site between lncRNA MDFIC-7 and miR-525-5p. (C) qRT-PCR analysis of miR-525-5p in clinical chordoma tissues. **p < 0.01 vs. non-tumor. (D) qRT-PCR analysis on the expression of lncRNA MDFIC-7 and miR-525-5p after anti-Ago2-mediated RIP assay in U-CH1 and U-CH2 cells. **p < 0.01 vs. input. (E) qRT-PCR analysis of miR-525-5p in U-CH1 and U-CH2 cells after infection with Lv-miR525-5p mimic. **p < 0.01 vs. Lv-mock. (F) Dual luciferase reporter assay in chordoma cells transfected with pmirGLO-MDFIC-7-wt or pmirGLO-MDFIC-7-mut together with mock, miR-525-5p mimic or miR-525-5p inhibitor. **p < 0.01, ns, no significant differences vs. Lv-mock. (G) qRT-PCR analysis of lncRNA MDFIC-7 in U-CH1 and U-CH2 cells after infection with Lv-MDFIC-7. **p < 0.01 vs. Lv-vector. (H) Colony formation assay in chordoma cells infected with Lv-miR525-5p or co-infected with Lv-miR525-5p and Lv-MDFIC-7. *p < 0.05 vs. Lv-miR-525-5p+Lv-MDFIC-7, **p < 0.01 vs. Lv-mock+Lv-vector. (I) qRT-PCR of PCNA and CDK2 mRNAs in U-CH1 and U-CH2 cells after infection with the indicated lentivirus for 48 h. *p < 0.05 vs. Lv-miR-525-5p+Lv-MDFIC-7, **p < 0.01 vs. Lv-mock+Lv-vector.



To further investigate the specific function of miR-525-5p in chordoma cell proliferation, we performed colony formation assay to determine the effect of miR-525-5p on cancer cell growth. MiR-525-5p overexpression inhibited cell growth of U-CH1 and U-CH2 cells, and this effect was blocked by overexpression of lncRNA MDFIC-7 (Figures 3G, H). In addition, the mRNA levels of cell proliferation biomarkers PCNA and CDK2 were decreased by miR-525-5p overexpression and this effect was blocked by overexpression of lncRNA MDFIC-7 (Figure 3I). These results demonstrated that lncRNA MDFIC-7 acts as a molecular sponge of miR-525-5p and indicated that lncRNA MDFIC-7 and miR-525-5p may play oncogenic and tumor suppressor roles, respectively, in regulating chordoma progression.



ARF6 Is a Direct Target of miR-525-5p and Is Positively Regulated by lncRNA MDFIC-7

We next examined the potential target genes of miR-525-5p by bioinformatics analysis using the online tools DIANA and StarBase3.0. The 3′UTR in the mRNA of ARF6 was predicted to contain a complementary binding site for miR-525-5p (Figure 4A), suggesting that ARF6 might be a potential target of miR-525-5p. The expression of ARF6 was evaluated and found increased in chordoma tissues compared to adjacent non-tumor tissues (Figure 4B). Dual luciferase reporter assay revealed that miR-525-5p mimic transfection inhibited the activity of the luciferase reporter harboring the wild-type ARF6 3′UTR in chordoma cells, while co-transfection with lncRNA MDFIC-7 blocked the inhibitory effect of miR-525-5p mimic on luciferase activity (Figure 4C). However, these effects were abolished with the reporter construct in which the ARF6 3′UTR was mutated (Figure 4C). Additionally, RT-qPCR and Western blot assays revealed that miR-525-5p mimic transfection inhibited the expression of ARF6 mRNA and protein in U-CH1 and U-CH2 cells, while co-transfection with lncRNA MDFIC-7 reversed the effect of miR-525-5p overexpression on ARF6 mRNA and protein expression (Figures 4D, E). Notably, transfection with lncRNA MDFIC-7 alone enhanced both ARF6 mRNA and protein expression (Figures 4D, E). These results showed that ARF6 is a direct target of miR-525-5p, and its expression is positively regulated by lncRNA MDFIC-7.




Figure 4 | ARF6 is a target of miR-525-5p and is regulated by the interaction of lncRNA MDFIC-7 and miR-525-5p. (A) Predicted binding site of miR-525-5p in the ARF mRNA 3′UTR. (B) qRT-PCR analysis of ARF6 mRNA expression in chordoma tissues. **p < 0.01 vs. adjacent non-tumor tissues. (C) Dual luciferase reporter assay in chordoma cells transfected with pmirGLO-ARF6 3′UTR-wild type or pmirGLO-ARF6 3′UTR-mut type reporter plasmids and infected with lentivirus expressing miR-525-5p mock, miR-525-5p mimic or MDFIC-7 as indicated. *p < 0.05 vs. Lv-mock+Lv-Vector, **p < 0.01 vs. Lv-mock+Lv-Vector, ns, no significant differences vs. Lv-mock+Lv-vector. (D) qRT-PCR analysis of ARF6 mRNA expression in cancer cells infected with the indicated lentivirus for 48 h. **p < 0.01 vs. Lv-mock+Lv-vector, ns, no significant differences vs. Lv-mock+Lv-vector. (E) Western blot analysis of ARF6 protein expression in cancer cells infected with the indicated lentivirus for 48 h.





ARF6 Overexpression Reverses the Suppressive Effect of lncRNA MDFIC-7 Knockdown or miR-525-5p Overexpression on the Proliferation of Chordoma Cells

To further evaluate the correlation between ARF6 and lncRNA MDFIC-7 expression, we examined the expression of ARF6 mRNA and lncRNA MDFIC-7 in tumor and adjacent non-tumor tissues by RT-qPCR. A significant correlation between lncRNA MDFIC-7 and ARF6 expression in chordoma was found (Figure 5A). The expression of ARF6 mRNA was dramatically inhibited by lncRNA MDFIC-7 knockdown in U-CH1 and U-CH2 chordoma cells (Figure 5B). To validate whether ARF6 is a downstream targeted molecule of the lncRNA MDFIC-7/miR-525-5p axis, ARF6 was overexpressed using lentivirus in U-CH1 and U-CH2 chordoma cells and its expression was confirmed by RT-qPCR and Western blot (Figures 5C, D). Furthermore, we evaluated the effect of the lncRNA MDFIC-7/miR-525-5p axis and ARF6 on cell proliferation using colony formation and RT-qPCR assays. Our results showed that inhibition of lncRNA MDFIC-7 expression or transfection of miR-525-5p mimic repressed the colony forming activity of chordoma cells, but this effect was reversed by co-expression of ARF6 (Figures 5E–G). Moreover, the inhibition of PCNA and CDK2 expression induced by lncRNA MDFIC-7 downregulation or miR-525-5p mimic was also reversed by co-expression of ARF6 (Figures 5H, I). These results indicated that lncRNA MDFIC-7/miR-525-5p and ARF6 play important roles in regulating the proliferation of chordoma cells.




Figure 5 | ARF6 overexpression reverses the suppressive effect of lncRNA MDFIC-7 knockdown or miR-525-5p overexpression on cancer cell proliferation. (A) Correlation analysis between ARF6 and Ki-67 expression in tumor tissues and adjacent normal tissues of chordoma patients determined by qRT-PCR assay. (B) qRT-PCR analysis on ARF6 mRNA expression in cancer cells after lncRNA-MDFIC7 knockdown. (C, D) Effect of ARF6 mRNA and protein overexpression in U-CH1 and U-CH2 cells as detected by qRT-PCR and Western blot, respectively. (E, F) Colony formation assay in U-CH1 and U-CH2 cells after infection with Lv-sh-MDFIC-7 or co-infection with Lv-sh-MDFIC-7 and Lv-ARF6. *p < 0.05 vs. Lv-miR-lncRNA MDFIC-7+Lv-vector, **p < 0.01 vs. Lv-mock+Lv-vector. (G) Colony formation assay in U-CH1 and U-CH2 cells after infection with Lv-miR525-5p or co-infection with Lv-miR525-5p and Lv-ARF6. *p < 0.05 vs. Lv-miR-525-5p+Lv-vector, **p < 0.01 vs. Lv-mock+Lv-vector. (H) qRT-PCR analysis of PCNA and CDK2 mRNAs in U-CH1 and U-CH2 cells infected with Lv-MDFIC-7 or co-infected with Lv-MDFIC-7 and Lv-ARF6, *p < 0.05 vs. Lv-sh-MDFIC-7+Lv-vector, **p < 0.01 vs. Lv-sh-NC+Lv-vector. (I) qRT-PCR analysis of PCNA and CDK2 mRNAs in U-CH1 and U-CH2 cells infected with Lv-miR-525-5P or co-infected with Lv-miR525-5p and Lv-ARF6, *p < 0.05 vs. Lv-miR525-5p+Lv-vector, **p < 0.01 vs. Lv-mock+Lv-vector.





The lncRNA MDFIC-7/miR-525-5p Axis Regulates Aerobic Glycolysis of Chordoma Cells by Modulating ARF6 Expression

Previous studies showed that ARF6 is a downstream factor in the Kras/ERK signaling pathway and promotes proliferation and the Warburg effect in pancreatic cancer cells (34). To investigate whether ARF6 plays a similar role in chordoma cells and whether this function was modulated by the lncRNA MDFIC-7/miR-525-5p axis, we examined the status of ERK1/2 and the expressions of a series of glycolytic genes that encode key proteins with important roles in metabolizing glucose into lactate that are directly related to aerobic glycolysis, such as glucose transporter type 1 (GLUT1), hexokinase 2 (HK2), pyruvate dehydrogenase kinase 1 (PDK1) and lactate dehydrogenase A (LDHA) in U-CH1 and U-CH2 cells. The results showed that inhibition of lncRNA MDFIC-7 reduced activation of ERK1/2 (Figure 6A) as well as the expressions of GLUT1, HK2, PDK1 and LDHA mRNAs and proteins (Figures 6B–F). However, these inhibitory effects were reversed by ARF6 overexpression (Figures 6A–F). These findings suggest the role of lncRNA MDFIC-7/miR-525-5p/ARF6 axis in ERK signaling activation and aerobic glycolysis.




Figure 6 | The lncRNA MDFIC-7/miR-525-5p/ARF6 axis regulates aerobic glycolysis of chordoma cells. (A) Western blot analysis of phosphorylated ERK1/2 in cells with lncRNA MDFIC-7 knockdown and ARF6 overexpression. (B) Western blot analysis on aerobic glycolysis–related proteins, including GLUT1, HK2, PDK1 and LDHA, in U-CH1 and U-CH2 cells with lncRNA MDFIC-7 knockdown and ARF6 overexpression. (C–F) qRT-PCR analysis on mRNAs of GLUT1, HK2, PDK1 and LDHA in U-CH1 and U-CH2 cells after infection with Lv-sh-MDFIC-7 or co-infection with Lv-sh-MDFIC-7 and Lv-ARF6, *p < 0.05, **p < 0.01. (G, H) LncRNA MDFIC-7 knockdown inhibited the glycolytic capacity of U-CH1 and U-CH2 cells, and ARF6 overexpression reversed the inhibitory effect of LncRNA MDFIC-7 knockdown on cancer cell glycolytic capacity, as reflected by ECAR analysis. (I, J) LncRNA MDFIC-7 knockdown increased cancer cell mitochondrial respiration in U-CH1 and U-CH2 cells, and ARF6 overexpression reversed the stimulatory effect of LncRNA MDFIC-7 knockdown on cancer cell mitochondrial respiration, as reflected by OCR detection.



We further evaluated the changes in aerobic glycolysis in U-CH1 and U-CH2 cells with lncRNA MDFIC-7 knockdown cells using the Seahorse XF analyzers. The ECAR was significantly decreased in lncRNA MDFIC-7 knockdown cells, indicating that inhibiting lncRNA MDFIC-7 suppressed the glycolytic process in chordoma cells (Figures 6G, H). Notably, the effect of glycolysis was reversed by overexpression of ARF6 (Figures 6G, H). The OCR value reflects glucose mitochondrial oxidation. Consistent with the ECAR results, lncRNA MDFIC-7 knockdown enhanced OCR in chordoma cells, and the promotion of OCR was reversed by ARF6 overexpression (Figures 6I, J). These results demonstrated that lncRNA MDFIC-7/miR-525-5p plays an important role in regulating aerobic glycolysis of chordoma cells through modulating ARF6 expression.



The lncRNA MDFIC-7/miR-525-5p/ARF6 Axis Regulates the Tumorigenicity of Chordoma Cells In Vivo

To further investigate the effects of the lncRNA MDFIC-7/miR-525-5p/ARF6 axis on tumorigenicity in vivo, we generated a xenograft tumor mouse model using U-CH1 cells infected with lentivirus to downregulate lncRNA MDFIC-7. The tumors in the Lv-sh-MDFIC-7 group were noticeably smaller than the control Lv-sh-NC group (Figure 7A). The data of tumor volume and weight in various groups were shown in Figures 7B, C. We evaluated the gene expression of miR-525-5p, ARF6, PCNA and CDK2 in the xenograft tumor tissues by RT-qPCR (Figures 7D, E). We also examined the expression of a series of glycolysis-related genes, including GLUT1, HK2, PDK1 and LDHA genes, in the tumors. Consistent with the in vitro data, inhibition of lncRNA MDFIC-7 expression suppressed the mRNA expression of GLUT1, HK2, PDK1 and LDHA in the xenograft tumor tissues (Figure 7F). These data validated that the lncRNA MDFIC-7/miR-525-5p/ARF6 axis plays an important role in regulating cell proliferation and the Warburg effect in chordoma in vivo and modulates chordoma progression.




Figure 7 | Inhibition of lncRNA MDFIC-7 expression suppresses chordoma cell growth and aerobic glycolysis gene expression in vivo. (A) Representative images of tumor xenografts collected from lncRNA MDFIC-7 knockdown (Lv-sh-MDFIC-7) and control (Lv-sh-NC) groups. The tumor volumes were calculated every 5 days after cell inoculation. (B) Growth curve of tumor xenografts measured every 5 days. (C) Weights of tumor xenografts in the Lv-sh-MDFIC-7 and Lv-sh-NC groups. (D) qRT-PCR analysis of lncRNA MDFIC-7, miR-525-5p and ARF6 mRNA in the xenograft tumor tissues. (E) qRT-PCR analysis of PCNA and CDK2 mRNAs in the xenograft tumor tissues. (F) qRT-PCR analysis on mRNAs of GLUT1, HK2, PDK1 and LDHA in the xenograft tumor tissues. **p < 0.01.






Discussion

Chordoma is a type of rare malignant tumor with an incidence of 0.08 per 100,000 individuals (35). The precise mechanism underlying the regulation of chordoma progression remains unknown. Increasing evidence has demonstrated that lncRNAs function as important regulatory molecules in tumor progression, including proliferation, invasion, migration and metastasis, and show dysregulated expression in chordoma tissues (7, 12–15). Here, we identified a new chordoma regulator, lncRNA MDFIC-7, which was upregulated in tumor tissues of patients with chordoma. We investigated the role of lncRNA MDFIC-7 in regulating chordoma progression through various in vitro and in vivo experiments.

We first clarified the function of lncRNA MDFIC-7 in chordoma cells. Our results demonstrated that lncRNA MDFIC-7 knockdown significantly inhibited chordoma cell proliferation in vitro, suggesting that the lncRNA MDFIC-7 exerts tumor promoting activity in chordoma and indicating that lncRNA MDFIC-7 may be a potential prognostic indicator for chordoma.

LncRNAs that are located in the cytoplasm have been shown to function as ceRNAs to sponge miRNAs (36). In our study, we found that lncRNA MDFIC-7 was mainly located in the cytoplasm of chordoma cells, and we identified miR-525-5p as a target of lncRNA MDFIC-7 by bioinformatics analyses and dual luciferase reporter assay. MiRNAs are non-coding RNAs that contain 20–30 nucleotides. MiR-525-5p, a member of the miRNA families, was recently reported to play roles in regulating cell proliferation, invasion, migration, epithelial-mesenchymal transition (EMT) and metastasis in several tumors, including glioma, cervical cancer, ovarian cancer, prostate cancer and colorectal cancer (18, 19, 37–41). These findings indicate that miR525-5p may play an important role in tumor progression. However, no studies have examined the interaction of lncRNA MDFIC-7 and miR-525-5p in chordoma progression. Our findings showed that the significant up-regulation of lncRNA MDFIC-7 in chordoma patient tumor tissues compared with adjacent normal tissues was accompanied by a concomitant decrease in miR-525-5p. MiR-525-5p overexpression inhibited the proliferation of chordoma cells, and miR-525-5p inhibitor reversed the suppressive effect of lncRNA MDFIC-7 knockdown on cancer cell proliferation. These findings demonstrated that the lncRNA MDFIC-7/miR-525-5p axis plays an important role in controlling tumorigenesis and that lncRNA MDFIC-7 exerts an oncogenic activity in chordoma by sponging miR-525-5p.

Previous studies showed that lncRNAs can function as a ceRNA to sponge miRNAs and thus repress downstream target genes that are associated with the regulation of tumor progression (42). Our mechanistic studies identified ARF6 mRNA as a direct target of miR-525-5p in chordoma cells. ARF6 belongs to the small GTPase ARF family and has well-documented roles in promoting cancer cell invasion, migration and proliferation in various types of tumors (25, 27–34). Previous studies suggested that ARF6, as a master driver of tumorigenesis and tumor progression, activates several important signaling pathways (25). Liang et al. reported that silencing the Arf6 gene interrupted the Kras/ERK signaling pathway, thus repressing cell proliferation and the Warburg effect in pancreatic carcinoma cells (34). Our results were in consistent with these findings. The Kras/ERK pathway contributes to endocytosis and recycling of some membrane receptors. Increasing evidence has shown that the Kras/ERK pathway–mediated metabolism reprogramming is a requirement for uncontrolled cell proliferation and maintenance of malignant property, as cancer cells require both sufficient ATP supply and biosynthetic precursors as cellular building blocks (43). These findings suggest that ARF6 has an important role in ensuring a continuous supply of energy and nutrition for cancer cells. In this study, we demonstrated that lncRNA MDFIC-7 knockdown suppressed cell proliferation, tumorigenicity and the Warburg effect (aerobic glycolysis) of chordoma cells both in vitro and in vivo through inhibiting the expression of ARF6. Our results indicated that the effect of lncRNA knockdown on suppressing tumor progression and aerobic glycolysis of chordoma was achieved by modulating ARF6 expression via the lncRNA MDFIC-7/miR-525-5p axis.

This study has several limitations. First, we did not analyze the association between lncRNA MDFIC-7 or miR-525-5p with prognosis of chordoma patients because of the small sample size and inadequate follow-up time. This limitation could be resolved by expanding the sample size and extending the follow-up time in a future study. Moreover, whether other regulatory factors participated in the regulation of the Warburg effect in chordoma cells need further investigation.

In summary, our study provides the first identification of the lncRNA MDFIC-7/miR-525-5p/ARF6 regulatory network in cell proliferation and glucose metabolism in chordoma. Our findings indicate that this axis could represent novel targets for chordoma therapies.
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Pancreatic cancer is a highly aggressive disease with poor prognosis. N6-methyladenosine (m6A) is critical for post-transcriptional modification of messenger RNA (mRNA) and long non-coding RNA (lncRNA). However, the m6A-associated lncRNAs (m6A-lncRNA) and their values in predicting clinical outcomes and immune microenvironmental status in pancreatic cancer patients remain largely unexplored. This study aimed to evaluate the importance of m6A-lncRNA and established a m6A-lncRNA signature for predicting immunotherapeutic response and prognosis of pancreatic cancer. The m6A-lncRNA co-expression networks were constructed using data from the TCGA and GTEx database. Based on the least absolute shrinkage and selection operator (LASSO) analysis, we constructed an 8 m6A-lncRNA signature risk model, and selection operator (LASSO) analysis, and stratified patients into the high- and low-risk groups with significant difference in overall survival (OS) (HR = 2.68, 95% CI = 1.74–4.14, P < 0.0001). Patients in the high-risk group showed significantly reduced OS compared to patients in the low-risk group (P < 0.001). The clinical characteristics and m6A-lncRNA risk scores were used to construct a nomogram which accurately predicted the OS in pancreatic cancer. TIMER 2.0 were used to investigate tumor immune infiltrating cells and its relationship with pancreatic cancer. CIBERSORT analysis revealed increased higher infiltration proportions of M0 and M2 macrophages, and lower infiltration of naive B cell, CD8+ T cell and Treg cells in the high-risk group. Compared to the low-risk group, functional annotation using ssGSEA showed that T cell infiltration and the differential immune-related check-point genes are expressed at low level in the high-risk group (P < 0.05). In summary, our study constructed a novel m6A-associated lncRNAs signature to predict immunotherapeutic responses and provided a novel nomogram for the prognosis prediction of pancreatic cancer.

Keywords: N6-methyladenosine (m6A), long non-coding RNA (lncRNA), pancreatic cancer, immunogenomic landscape, survival


INTRODUCTION

Pancreatic cancer is one of the most life-threatening malignant cancers. It is difficult to be diagnosed in the early stage and is progressed rapidly by about 1% per year (Maisonneuve, 2019; Romano et al., 2021; Siegel et al., 2021). In 2020, there were a total of 496,000 new cases and 466,000 deaths (Sung et al., 2021). New cases arise to 60,430, and cancer related death arise to 48,200 in 2021 (Romano et al., 2021). The median survival time of pancreatic cancer is 4–5 months and the 5-year survival rate for pancreatic cancer remains at 8.2% (Geng et al., 2020). Symptoms of early stage pancreatic cancer are often indistinct and difficult to be identified. Therefore, it is crucial to find out new diagnostic indicators for early detection and treatment of pancreatic cancer.

N6-methyladenosine (m6A) was first reported in the 1970s (Desrosiers et al., 1974). The m6A mediated greater than 60% RNA methylation in post-transcriptional modification of mRNA in eukaryotes (Yang et al., 2018; Du et al., 2019; Lv et al., 2020). Abnormal m6A methylation occupies a prominent position in both normal biological and cellular regulation and tumorigenesis (Chen et al., 2018). Following the development of MeRIP-seq (methylated RNA immunoprecipitation sequencing) and miCLIP (m6A individual nucleotide-resolution cross-linking and immunoprecipitation) technologies, lncRNAs (long non-coding RNA) are found to participate in the regulation of m6A modification (Fazi and Fatica, 2019).

LncRNAs belong to non-coding RNAs and are longer than 200 nucleotides in length. LncRNA interact with m6A (Lv et al., 2017; Dai et al., 2020), and crosstalk between m6A modifications and lncRNAs (comprise the majority of ncRNAs) contribute to tumorigenesis (Fazi and Fatica, 2019). Moreover, recent studies (Denaro et al., 2019; Sun et al., 2020) have demonstrated that lncRNAs are critical in the regulation of cancer immunity and in the development and differentiation of different immune cell lineages. m6A associated lncRNA-based signatures involved in prognostic prediction and immune regulation has become a focus of research, but there are few reports about the relationship between m6A-lncRNA and the immune status of the tumor microenvironment in pancreatic cancer.

In the present study, we aimed to construct an m6A-related lncRNA (m6A-lncRNA) signature and nomogram using bioinformatics approach to identify its relationship with immune cell and immune microenvironment, and to explore the potential of using m6A- lncRNA as predictive biomarkers for prognosis and immunotherapy in pancreatic cancer.



MATERIALS AND METHODS


Acquisition of Information of Pancreatic Cancer Data From Public Database

A portion of pancreatic cancer samples and the corresponding clinical data were obtained from the TCGA PAAD database1 and the data of normal was obtained from GTEx database.2 A cohort of 178 pancreatic cancer and 171 normal pancreatic tissue from TCGA and GTEx were included for analysis. Samples with missing OS values or with OS ≤ 30 days were excluded (Subramanian et al., 2005). In total, 177 pancreatic cancer patients samples defined as a combination set, which was divided into a training set and a validation set.



Identification of N6-Methyladenosine-Associated Long Non-coding RNAs and Novel Candidate of Pancreatic Cancer

Twenty-five m6A RNA methylation were collected from the m6A2target database3 (Deng et al., 2021) and literatures (Tu et al., 2020; Xu et al., 2020). The expression matrixes of these 25 m6A genes were retrieved from the TCGA, including the expression regulatory factors of writers (METTL3, METTL14, METTL16, CBLL1, ZCCHC4, WTAP, VIRMA, ZC3H13, RBM15, and RBM15B), readers (YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRNPC, FMR1, RBMX, HNRNPA2B1, LRRPRC, IGF2BP1, IGF2BP2, and IGF2BP3), and erasers (FTO and ALKBH5). Then, a cohort of m6A-related lncRNAs was identified according to Pearson correlation analysis between the m6A genes and lncRNA expression level in samples (| R| > 0.5, P < 0.01).



Establishing of the N6-Methyladenosine-Associated Long Non-coding RNAs Risk Signature

The TCGA pancreatic cancer data set was randomized as a training set and a validation set. The training set was to construct an m6A-associated lncRNA model, and the validation set was applied to validate this established model. Univariate Cox regression analysis was performed to sort the m6A-associated lncRNAs with significant prognostic value (P < 0.01). The low- and high-risk groups were divided using the median risk score. Multivariate Cox regression analysis was used to evaluate the independent prognostic factors in pancreatic cancer. Then, the prognosis-related gene sets from m6A-associated lncRNAs were further analyzed by the least absolute shrinkage and selection operator (LASSO) regression analysis. The m6A-lncRNA significantly associated with prognosis were obtained, and the risk characteristics of each sample were constructed. The samples were split into two groups: a high- and a low-risk group according to the characteristics and coefficients, Receiver operating characteristic (ROC) curve was generated to analyze the 1 year survival rate of patients and assess the accuracy of survival prediction of the gene signature.



Construction and Evaluation of a Predictive Nomogram

The predictive ability of the nomogram and other predictors (age, gender, grade, clinical stage, T status, N status, Alcohol take, Radiation, Chemotherapy, and risk score) for the 1-, 2-, and 3-year OS was set up. The ROC curve and C-index (Harrell’ concordance index) was used to evaluate the best prediction of the model.



Estimation Clinical Feature and Tumor Immune Microenvironment Profile Using the N6-Methyladenosine-Associated Long Non-coding RNAs Model

To evaluate the biological characteristics of the m6A-lncRNAs in pancreatic cancer, the relationship between high- and long-risk groups and clinical features was further examined. The candidate m6A-lncRNA gene sets were presented as feature factors Clinicopathological characteristics (age, gender, grade, TNM staging, T status, N status, alcohol take, diabetes history, radiation, chemotherapy) between groups were compared in the TCGA set.

To evaluate the immune cell infiltration data and its related immune function in pancreatic cancer, we download infiltrating immune cell data from TIMER 2.04 (Li et al., 2017). CIBERSORT (Newman et al., 2015) algorithm was also applied to calculate the infiltrating ratio of 22 immune cell types in tumor samples. The activity of 13 immune-related pathways were calculated with ssGSEA (Li et al., 2017; Yi et al., 2020). The potential immune check-point molecules were retrieved from published literature (Tang et al., 2021).



RESULTS


Characteristics of N6-Methyladenosine-Associated Long Non-coding RNAs in Pancreatic Cancer

The study flow chart is shown in Supplementary Figure 1. The detailed clinical characteristics of these patients are summarized in Table 1. A total of 25 m6A methylation regulators were divided into three types: binding protein (readers); methyltransferase (writers); and demethylase (erasers) according to their roles in the methylation process. The 25 m6A RNA methylation were listed in Table 2.


TABLE 1. Clinical characteristics of the pancreatic cancer patients.

[image: Table 1]
TABLE 2. The components of m6A RNA methylation regulators in writer-, reader,- and eraser-complex.

[image: Table 2]To identify m6A-associated lncRNAs in pancreatic cancer, we use co-expressed perl script to identify 276 m6A-associated lncRNAs by constructing m6A-lncRNA co-expression networks based on the available TCGA dataset. The overall features of m6A-associated lncRNAs were shown in Figure 1A. Among them, 51% (141/276) of the m6A-associated lncRNAs were differentially expressed between tumor tissues and adjacent non-tumorous tissues, and the univariate Cox regression analysis showed that 39.4% (109/276) of the m6A-associated lncRNAs were correlated with OS Then we extracted these prognosis related differential m6A-lncRNAs (hub genes) for further analysis (Figures 1B,C).
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FIGURE 1. Identification of m6A-associated lncRNAs in pancreatic cancer. (A) Co-expression network of m6A regulatory genes and related lncRNA. (B) Venn plot of differential and prognostic m6A-associatedlncRNAs. (C) Heatmap for prognosis related differential m6A-lncRNAs (hub genes).




Risk Model of N6-Methyladenosine-Long Non-coding RNA Signature and Patients’ Survival

LASSO Cox regression analysis was used to construct a prognostic model based on the expression profile of the prognostic related m6A-lncRNA genes mentioned above. As a result, 8 of the prognostic related m6A-lncRNA genes were significantly correlated with OS with p < 0.05, including TRPC7-AS1, AC092171.5, DCST1-AS1, LINC02004, AC025165.1, CASC8, AC010615.2, and AC090114.2. Then the LASSO Cox regression analysis for those 8 m6A-lncRNAs was performed to establish a comprehensive risk signature for prognosis. The weighed summation of gene expression levels of constituent biomarkers, i.e., the risk score, for tumor samples were calculated based on the coefficients determined by the LASSO Cox regression analysis (Figure 2C). The tuning parameters (log λ) of associated molecules were selected to cross-verify the error curves. According to the minimal criterion and 1-se criterion, perpendicular imaginary lines were drawn at the optimal value (Figure 2A). The LASSO coefficient profile of 109 OS-related lncRNAs and perpendicular imaginary line were drawn at the value chosen by 10-fold cross-validation (Figure 2B). Finally, the pancreatic cancer patients data from TCGA database were divided into a high-and low-risk score groups for further assessment.
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FIGURE 2. Least absolute shrinkage and selection operator (LASSO) regression for calculating risk model for pancreatic cancer patients based on the m6A-associated lncRNAs. (A) The tuning parameters of OS-related proteins to cross-verify the error curve. (B) Perpendicular imaginary lines to calculating the minimum criteria (C) The LASSO coefficient profile of 24 OS-related m6A-lncRNA and perpendicular imaginary line. (D) Survival status of patients in different groups in training cohort. (E) Rank of prognostic index and distribution of groups based on m6A-lncRNA prognostic signature risk scores in training cohort. (F) Receiver operating characteristic (ROC) curves of the m6A-lncRNA prognostic signature for predicting the 1-year survival in training cohort. (G) Survival status in validation cohort. (H) Rank of prognostic index and distribution of groups based on m6A-lncRNA prognostic signature risk scores in validation cohort. (I) ROC curves for predicting the 1-year survival in validation cohort.


Kaplan-Meier analysis was performed to evaluate. The prognostic value of the 8m6A-lncRNA signature in these pancreatic cancer patients was evaluated by the Kaplan-Meier analysis. To test the robustness of the model constructed from the TCGA validating cohort, the patients were categorized into high- or low-risk groups by the median value calculated with the same formula as that from the TCGA training cohort. The risk plot and the survival status of patients between the low-risk and high-risk groups were distributed in discrete directions both in the training set (Figure 2E) and in the validation set (Figure 2H). High m6A-lncRNA risk score was associated with poor OS in the TCGA training set (Figure 2D), and this result was further validated by the validation set (Figure 2G). Finally, a 8 m6A-lncRNA gene signature was constructed to stratify patients into two risk groups with significantly different OS (HR = 2.68, 95% CI = 1.74–4.14, P < 0.0001). One year ROC curve was performed, and it showed good sensitivity and specificity of survival prediction both in the training group (Figure 2F) and validation group (Figure 2I). The clinicopathological features between the two were compared and shown in Figure 3, and it indicates that diabetes history and alcohol uptake associated with pancreatic risk.
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FIGURE 3. Heatmap for the m6A-associated lncRNAsprognostic signature and clinicopathological manifestations in pancreatic cancer. *P < 0.05.




Construction and Evaluation of the Prognostic Nomogram

A total of 177 samples were included in the analysis after deleting those with no proper follow-up. These TCGA samples included 80 females and 97 males. Also the samples included datas 93 were under 65-year-old and 84 were older than 65-year-old. A brief summary of clinical and pathological characteristics was shown in Table 1. The clinical characteristics and m6A-lncRNA risk score were used to construct a prognostic nomogram (Figure 4A). Multivariate Cox regression analyses were carried out among the available variables to determine whether the 8 m6A-lncRNA risk score was an independent prognostic predictor for OS (training: HR = 4.287 95% CI = 1.903–9.658, P < 0.001; validation: HR = 2.915, 95% CI = 1.096–7.755, P = 0.03; Table 3). Each factor (age, gender, grade, clinical stage, T status, N status, Alcohol take, Diabetes history, Radiation, Chemotherapy, and m6A-lncRNA risk score) was used to obtain a summary score and the total score of the individual sample. The 8 m6A-lncRNA risk score and the clinicopathologic features were used to predict the 1-, 2-, and 3- year OS rates of pancreatic cancer patients. The true positive vs. false positive of the prediction with AUC reached 0.798 at 1 year, 0.749 at 2 years, and 0.765 at 3 years in the training group (Figure 4B). The AUC reached 0.737 at 1 year, 0.622 at 2 years, and 0.715 at 3 years in validation group (Figure 4C), suggesting good prediction performance. The C-index used to evaluate the model was 0.80, indicating that the nomogram has a good fit.
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FIGURE 4. Nomogram based on risk score of m6A-lncRNA signature and clinicopathological manifestation. (A) The nomogram predicts the probability of the 1-, 2-, and 3-year OS. (B) The ROC of the TCGA training cohort (C) The ROC of the TCGA validation cohort.



TABLE 3. Univariate and multivariate regression analysis of pancreatic cancer patients in each data set.
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Evaluation of Tumor Infiltrating Lymphocytes Landerscape

The cellular components and immune responses between the high-and low-risk groups were assessed. TIMER 2.0 to calculate the tumor infiltrating cells, and single-sample gene set enrichment analysis (ssGSEA) were also used to quantify immune infiltration based on the M6A-lncRNA signature. The differences in immune response under different algorithms was shown using a heatmap in Figure 5.
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FIGURE 5. Heatmap for immune responses based on TIMER 2.0 algorithms in pancreatic cancer between the high- and low- risk groups.


The infiltrating score of 22 immune cells were displayed in Figure 6A. It was found that patients who had high m6A-lncRNA signature risk had significantly higher infiltration proportions of M0 and M2 macrophages, and lower infiltration of naive B cell CD8+ T cell and Treg cells. Correlation analysis between immune cell subpopulations and related functions based on ssGSEA revealed that T cell functions (including Cytolytic activity, T cell co-inhibition and co-stimulation, and type II IFN response) were significantly lower in the high- risk group than in the low-risk group (all adjusted P < 0.05, Figure 6B). These results indicate that high m6a-lncRNA risk group is accompanied with an immune-deficient status, especially for the T cell function.
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FIGURE 6. Landscape of Immune Cell Infiltration in pancreatic cancer. (A) The infiltration of 22 immune cell types in the high- and low-risk groups in the TCGAcohort. (B) Comparison of the 13 immune-related functions between the high-and low-risk groups in the TCGA cohort. Adjusted P-values were showed as: ns, not significant; *P < 0.05; ***P < 0.001.


The difference in the expression of immune checkpoints genes between the two groups was also explored, due to the importance of checkpoint inhibitor-based immunotherapies. We found that the immune-related genes were low in the high risk group, indicating that immune checkpoint inhibitors may not be sensitive in pancreatic cancer patients with immunotherapy (Figure 7).
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FIGURE 7. Expression of immune checkpoints among high- and low-risk pancreatic cancer groups. P-values were showed as: ns, not significant; **P < 0.01; ***P < 0.001.




DISCUSSION

Pancreatic cancer is an extremely heterogeneous and universally fatal disease and has been reported to be one of the most common causes of cancer-related death worldwide (Lanfranca et al., 2019; Siegel et al., 2021). Despite the progress made in surgery, radiotherapy and chemotherapy, the prognosis of advanced pancreatic cancer is still poor. Pancreatic cancer is very difficult to detect in the early stage. Therefore, there are increasing interests to explore reliable prognostic biomarkers to better identify patients with high risk of the disease, who would benefit from intensive treatment. In this study, we integrate transcriptome data and corresponding clinical data on 25 m6A methylation-related genes and m6A-related lncRNAs from the TCGA and the GTEx database. We systematically investigated the expression ofm6A-lncRNA in pancreatic tumor tissues and associations with OS. A prognostic model of 8 m6A-lncRNAs was constructed, and this model was validated in an internal cohort.

The m6A methylation is important in common mRNA modification and cancer pathogenesis. m6A modification of lncRNAs can affect the occurrence, development and progression of tumors (Zhou et al., 2016). Similar to mRNAs, lncRNAs are modulated by m6A and exert their regulatory roles by affecting the expression of protein-coding genes (Han et al., 2019; Xiao et al., 2019). Thus, identifying m6A-associated genes and m6A RNA methylation regulators, particularlym6A-associated lncRNA, in deadly pancreatic cancer may provide valuable therapeutic targets.

In the present study, we identified key genes from 276 candidate m6A related lncRNAs and explored their significance in the clinical features of pancreatic cancer patients. We established the m6A-lncRNA model. This model was able to evaluate the prognosis of patients with pancreatic cancer, which is of great significance for the clinical diagnosis and treatment of patients. Nomograms are widely used in the evaluation of tumor prognosis. The degree to which the various factors in the model contribute to the prognostic outcome is scored, and the prognostic outcome events are calculated by determining the total score of the different factors. The main advantage of a nomogram is that it individualized risk assessments according to the characteristics of patients or diseases. In this study, we constructed a prognostic nomogram combining clinical features with m6A-lncRNA signature.

Pancreatic cancer is a disease associated with immunosuppression. Currently, little is known about the m6A -lncRNA on TIME in pancreatic cancer is limited. A previous study indicated that immune infiltrating cells can be modulated by the immune checkpoint inhibitors (Sun et al., 2020). A tumor microenvironment is regulated by a variety of immunosuppressive signals. Tumor microenvironment and its heterogeneity affect patients prognosis and therapeutic response. Tumor infiltrating lymphocytes and immune scores are associated with the prognosis of pancreatic cancer and the efficacy of radiotherapy and chemotherapy. However, the underlying mechanism of immune infiltration against response in pancreatic cancer remains unclear.

As gene changes may lead to abnormal immune microenvironment in cancers, we investigated the expression of m6A-lncRNA and investigated the infiltration of immune cells in tumor tissues. In recent years, immune escape and immunosuppression have become hot spots of tumor-targeted therapy. Tumor antigen-specific T cells is a critical event for anti-tumor immune surveillance (Hegde and Chen, 2020), and macrophages play a role in the whole spectrum of tumor evolution, from initiation to metastasis (Locati et al., 2020). It is clear that M2-like macrophages can promote immunosuppression, tumor growth, and angiogenesis (Blando et al., 2019; Lin et al., 2020). TIME 2.0 was used to evaluate the immune cell infiltration.TIME2.0 utilizes an R package “immunedeconv,” which integrates six state-of-the-art algorithms, including TIMER, CIBERSORT, EPIC xCell, MCP counter, and quanTIseq (Newman et al., 2015). It shows associations between gene expression, mutations, immune infiltration, and survival features in the TCGA cohorts. In our study, we found that the proportion of naive B cell CD8+ T cell and Treg cells were lower in patients in the high-risk group, meanwhile M0 and M2 macrophages were higher in the high-risk group, which is similar to previous report (Blando et al., 2019). Abnormal signal transduction was also important in tumor development. T cell infiltration and its functional pathway is an evolutionarily conserved signaling pathway, which regulates tumor immunologic status, hence impact the outcome. Our new understanding of how m6A-lncRNA affects the immune microenvironment in pancreatic cancer patients may benefit future tumor targeted therapies.

There are some limitations in our study. Our findings were analyzed by bioinformatics methods and were internally validated. The accuracy of the model need to be confirmed with additional datasets. Clinical samples have been collected and we will next do validation in order to provide more evidence. The 8 m6A-lncRNA signature may provide clues for discovering the mechanisms for pancreatic cancer, but experimental study is warranted on these lncRNAs.



CONCLUSION

In conclusion, our results suggested that the 8 m6A-associated lncRNAs signature could serve as a promising prognostic indicator in patients with pancreatic cancer. It will guide the development of biomarkers and targeted immune regulation in pancreatic cancer.
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Long non-coding RNAs (lncRNAs) are a group of transcripts with fundamental roles in the carcinogenesis. DSCAM Antisense RNA 1 (DSCAM−AS1) is an example of this group of transcripts which has been firstly identified in an attempt to find differentially expressed transcripts between breast tumor cells and benign breast samples. The pathogenic roles of DSCAM-AS1 have been vastly assessed in breast cancer, yet its roles are not restricted to this type of cancer. Independent studies in non-small cell lung cancer, colorectal cancer, osteosarcoma, hepatocellular carcinoma, melanoma and cervical cancer have validated participation of DSCAM-AS1 in the carcinogenic processes. miR-577, miR-122-5p, miR-204-5p, miR-136, miR−137, miR−382, miR−183, miR−99, miR-3173-5p, miR-874-3p, miR-874-3p, miR-150-5p, miR-2467-3p, miR-216b, miR-384, miR-186-5p, miR-338-3p, miR-877-5p and miR-101 are among miRNAs which interact with DSCAM-AS1. Moreover, this lncRNA has interactions with Wnt/β-catenin pathway. The current study aims at summarization of the results of studies which focused on the assessment of oncogenic role of DSCAM-AS1.
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INTRODUCTION

Long non-coding RNAs (lncRNAs) have recently considerable attention among molecular oncologists because of their vast and pervasive impacts in the process of carcinogenesis (Carlevaro-Fita et al., 2020). Up to now, tens of thousands of lncRNAs have been identified (Derrien et al., 2012). They have sizes > 200 nt, yet they do not principally make functional proteins. Moreover, they are evolutionary conserved and are strictly regulated (Ulitsky and Bartel, 2013). Through establishing complexes with proteins and RNAs, they regulate expression of genes not only within the nucleus but also outside the nuclear compartment (Guttman and Rinn, 2012).

DSCAM Antisense RNA 1 (DSCAM-AS1) is an example of this group of transcripts which has been firstly described by Liu et al. (2002) in an attempt to find differentially expressed transcripts between benign and malignant breast tumor cells. Authors have described this transcript as an estrogen-responsive expressed sequence tag being transcribed from an intronic region on chromosome 21q22.3 (Liu et al., 2002). Up to now, four splice variants have been reported for this lncRNA with sizes of 1,640, 1,228, 1,185, and 1,153, respectively1.

Following the research conducted by Liu et al. (2002), Miano et al. (2016) have reported DSCAM-AS1 as the most abundant Apo−Estrogen Receptor α−regulated lncRNA in MCF−7 breast cancer cells. Notably, this lncRNA has been recognized as the main distinguishing feature of the luminal subtype of breast cancer (Miano et al., 2016). A subsequent study has demonstrated interaction between DSCAM−AS1 and hnRNPL in the context of breast cancer. Such interaction has been found to facilitate progression of breast cancer and induce resistance to tamoxifen (Niknafs et al., 2016). After these pioneering studies in breast cancer, several studies have appraised the expression levels of DSCAM-AS1 in different types of malignancies. Since this lncRNA has been dysregulated in several types of cancers, it might be used as a diagnostic marker or therapeutic target for a wide range of neoplastic conditions. Thus, it is necessary to unravel the mechanisms underlying DSCAM-AS1 dysregulation and the functional consequences of this dysregulation. The current study aims at summarization of the results of these studies.



CELL LINE EXPERIMENTS

A set of experiments in different cancer cell lines has shown that DSCAM-AS1 expression is regulated by two super-enhancers induced by FOXA1. DSCAM-AS1 has been shown to influence expression of the principal transcriptional factor FOXA1. In MCF-7 breast cancer cells, DSCAM-AS1 could affect expression of estrogen receptor α (ERα). Functionally, DSCAM-AS1 interplays with YBX1 and affects recruitment of YBX1 to FOXA1 and ERα promoters (Zhang et al., 2020b).


DSCAM-AS1 Expression in Lung Cancer Cell Lines

DSCAM-AS1 has been found to be up-regulated in lung cancer cells parallel with up-regulation of HMGB1 and down-regulation of miR-577. DSCAM-AS1 has an established role in enhancement of proliferation, migratory aptitude and invasive properties of lung cancer cells. Functionally, DSCAM-AS1 regulates expression of HMGB1 through binding with miR-577 and sequestering it. Through miR-577/HMGB1 axis, DSCAM-AS1 could also regulate activity of Wnt/β-catenin pathway (Qiu et al., 2020). Another way of participation of DSCAM-AS1 in the pathogenesis of lung cancer is mediated through up-regulation of BCL11A (Liao and Xie, 2019), a proto-oncogene which is activated in lung cancer through different mechanisms such as gene amplification and over-expression of miR-30a (Jiang et al., 2013). Thus, DSCAM-AS1 establishes a less-appreciated route of proto-oncogene over-expression in lung cancer. Besides, DSCAM-AS1 can decrease bioavailability of miR-122-5p, thus releasing FSTL3 from its inhibitory effects. Since FSTL3 is an oncogene in lung cancer, DSCAM-AS1-mediated up-regulation of this oncogene can promote carcinogenesis process in this type of tissue (Gao et al., 2020).



DSCAM-AS1 Expression in Breast Cancer Cell Lines

In breast cancer cells, up-regulation of DSCAM-AS1 has been associated with reduction of miR-204-5p. The direct interplay between DSCAM-AS1 and miR-204-5p has also been verified. Pro-proliferation and pro-invasion effects of DSCAM-AS1 in breast cancer have been found to be mediated through inhibition of miR-204-5p and subsequent up-regulation of RRM2 (Liang et al., 2019). DSCAM-AS1 silencing in breast cancer cells has led to alteration of more than 900 genes which have been mostly related with regulation of cell cycle and immune responses. Most notably, more than 2,000 splicing events have been shown to be regulated by DSCAM-AS1. Among these events have been alternative polyadenylation events, shortened 3′UTR and exon skipping events. The splicing factor hnRNPL has been demonstrated to interact with DSCAM-AS1 and mediate exon skipping and 3′UTR shortening events (Elhasnaoui et al., 2020). DSCAM-AS1 has also been reported to increase Tamoxifen resistance in breast cancer cells via sponging miR-137, then increasing expression of EPS8. miR-137 can prompt cell cycle arrest at the G0/G1 phase, so its suppression by DSCAM-AS1 leads to enhancement of cell reproduction and inhibition of cell apoptosis in tamoxifen resistant breast cancer cells (Ma et al., 2019).



DSCAM-AS1 Expression in Colon Cancer Cell Lines

In colon cancer, DSCAM-AS1 can down-regulate expression of miR-216b to enhance the migratory potential and invasion of cancer cells (Liu et al., 2019). Moreover, in this type of cancer, DSCAM-AS1 serves as a molecular sponge for miR-384 to enhance expression of AKT3 (Li et al., 2020). The sponging effect of DSCAM-AS1 on miR-204 and subsequent activation of SOX4 is another rout of participation of DSCAM-AS1 in the pathoetiology of colon cancer (Lu et al., 2020).

Another study in colorectal cancer cells has shown the sponging effect of DSCAM-AS1 on miR-137 (Xu et al., 2020). This miRNA has been found to suppress expression of Notch-1, a protein with essential roles in cell proliferation and epithelial-mesenchymal transition (EMT) (Chu et al., 2019). Suppression of DSCAM-AS1 expression in colorectal cancer cells has resulted in down-regulation of Notch-1 (Xu et al., 2020).



DSCAM-AS1 Expression in Osteosarcoma Cell Lines

The oncogenic roles of DSCAM-AS1 in osteosarcoma have been validated through different investigations. DSCAM-AS1 silencing has considerably inhibited viability and invasive properties of osteosarcoma cells, whereas DSCAM-AS1 up-regulation has exerted the opposite effects. DSCAM-AS1 has also been found to inhibit miR-101 expression through directly interacting with its 3′UTR (Yu et al., 2020). Another study has confirmed interaction between DSCAM-AS1 and miR-101-3p and the resultant up-regulation of USP47 in osteosarcoma (Zhang et al., 2020a). Finally, DSCAM-AS1 can promote proliferation and migration of malignant cells via modulation of miR-186-5p/GPRC5A cascade (Ning and Bai, 2021).



DSCAM-AS1 Expression in Other Cancer Cell Lines

DSCAM-AS1 has sponging effects on a variety of other miRNAs such as miR-338-3p, miR-136 and miR-877-5p. In hepatocellular carcinoma cells, DSCAM-AS1 can enhance proliferation, migration and invasion. These effects of DSCAM-AS1 have been found to be mediated through sponging miR-338-3p, a miRNA that can regulate expressions of both CyclinD1 and SMO (Ji et al., 2019). DSCAM-AS1 has also a prominent role in the pathogenesis of melanoma through interacting with miR-136 (Huang et al., 2019). In cervical cancer cells, DSCAM-AS1 interacts with miR-877-5p to increase expression of its target gene ATXN7L3 (Liang et al., 2020). DSCAM-AS1 has also been found to be up-regulated in gastric cancer cell lines. DSCAM-AS1 knock-down has reduced proliferation and migration of these cells. DSCAM-AS1 sequesters miR-204 in these cells, thus increasing expression of its target i.e., TPT1 (Wang et al., 2021) (Figure 1).


[image: image]

FIGURE 1. The effects of DSCAM-AS1 in different types of cancers.


Table 1 summarizes the results of in vitro assessments of DSCAM-AS1 roles in cancer.


TABLE 1. Outlines of researches which judged expression of DSCAM-AS1 in cell lines (Δ: knock-down or deletion).
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ANIMAL STUDIES

The functional role of DSCAM-AS1 in the carcinogenesis has been verified through knock-down studies in xenograft models of lung, breast and colorectal cancers (Table 2). All studies have confirmed that DSCAM-AS1 knock-down in cancer cell lines diminishes their ability to make tumors, thus decreasing tumor volume and weight. Two additional studies in lung cancer (Gao et al., 2020) and HCC (Ji et al., 2019) have shown that knock-down of DSCAM-AS1 downstream target FSTL3 similarly decreases tumor volume. Moreover, in xenograft tumors generated from DSCAM-AS1-suppressed colorectal cancer cells, AKT3 expression has been shown to be decreased, while miR-384 level has been increased, demonstrating the role of DSCAM-AS1 in enhancement of AKT3 levels through modulation of expression of miR-384 (Li et al., 2020).


TABLE 2. Results of studies which evaluated function of DSCAM-AS1 in animal models (Δ: knock-down or deletion).

[image: Table 2]Subcutaneous injection of DSCAM-AS1-silenced H460 cells into nude mice has resulted in attenuation of tumor growth in xenograft models as being evident by significant decrease in tumor bulk and weight. Moreover, these tumors exhibited lower levels of HMGB1, while higher levels of miR-577 expression compared with controls (Qiu et al., 2020).

In xenograft model of breast cancer, DSCAM-AS1 silencing could decrease the tumorigenic potential of cancer cells and increase miR-204-5p levels (Liang et al., 2019).



CLINICAL INVESTIGATIONS

Studies that assessed expression of DSCAM-AS1 in neoplastic tissues have consistently reported up-regulation of this lncRNA in malignant tissues compared with their normal counterparts (Table 3). For instance, DSCAM-AS1 has been found to be over-expressed in high grade Luminal A, B, and HER2 + breast cancer samples. Remarkably, over-expression of DSCAM-AS1 in these samples has been correlated with tumor relapse (Elhasnaoui et al., 2020). Moreover, expression of DSCAM1 has been higher in tamoxifen resistant breast cancer samples compared with non-resistant ones (Ma et al., 2019). A retrospective assessment of clinical data of patients with breast cancer has shown association between up-regulation of DSCAM-AS1 and poor prognosis in patients with luminal breast cancer received endocrine therapy. Thus, DSCAM-AS1 has been suggested as a possible target for enhancement of survival of this kind of breast cancer (Sun et al., 2018). In melanoma, up-regulation of DSCAM-AS1 has been associated with ulceration and advanced clinical stage, resulting in poor patients’ survival. The latter has been verified through univariate and multivariate analyses (Huang et al., 2019).


TABLE 3. Results of papers that reported dysregulation of DSCAM-AS1 in clinical specimens (ANCTs, adjacent non-cancerous tissues; OS, Overall survival; DFS, Disease-free survival; TNM, tumor−node−metastasis; ER, Estrogen Receptor; TR, Tamoxifen−resistant; WT, wild type; TNBC, triple negative breast cancer; RFS, Relapse Free Survival).

[image: Table 3]Expression of DSCAM-AS1 has been reported to be up-regulated in lung cancer tissues compared with normal samples. Besides, up-regulation of this lncRNA has been correlated with up-regulation of HMGB1 in these tissues (Qiu et al., 2020). Another study in lung cancer has verified up-regulation of DSCAM-As1 in tumor samples and assessed the overall survival of these patients following surgery through Kaplan–Meier survival analysis showing correlation between DSCAM-AS1 up-regulation and poor overall survival of patients (Liao and Xie, 2019).

A single study in bladder cancer has reported similar levels of DSCAM-AS1 between tumoral and adjacent non-tumoral tissues (Abdolmaleki et al., 2020). Other studies have in different types of cancer validated correlation between DSCAM-AS1 over-expression and low survival rate in terms of overall, disease-free or relapse free survival times.



DSCAM-AS1 AND DRUG RESISTANCE

DSCAM-AS1 levels can affect response of patients to anti-cancer drugs. For instance, DSCAM-AS1 up-regulation can increase Tamoxifen resistance in breast cancer through sequestering miR-137, then increasing expression of EPS8 (Ma et al., 2019). DSCAM-AS1 has also been shown to increase expressions of DCTPP1 and QPRT, two proteins whose effects on DNA function are possibly associated with resistance to chemo/radiotherapy (Yue et al., 2020).



DISCUSSION

DSCAM-AS1 is an oncogenic lncRNA in various tissues. This lncRNA play a part in essential biological processes, such as DNA replication, cell cycle transition particularly at G1/S phase, sister chromatid unity at the onset of chromosome segregation, recruitment of proteins on the chromosomes and DNA recombination (Sun et al., 2018). Consistent with these diverse roles, up-regulation of DSCAM-AS1 has been associated with carcinogenic events. Its oncogenic effects are mediated through interaction with proteins and transcripts. Several miRNAs including miR-577, miR-122-5p, miR-204-5p, miR-136, miR−137, miR−382, miR−183, miR−99, miR-3173-5p, miR-874-3p, miR-874-3p, miR-150-5p, miR-2467-3p, miR-216b, miR-384, miR-186-5p, miR-338-3p, miR-877-5p and miR-101 have been found to be regulated by DSCAM-AS1. The interaction between DSCAM-AS1 and miR-137, miR-204 and miR-101 has been validated in different studies. Consistently, DSCAM-AS1 can decrease expression of several tumor suppressor miRNAs, thus releasing the oncogenic targets of these miRNAs from their inhibitory effects. Cumulatively, DSCAM-AS1 up-regulates several oncogenes through this mechanism.

miR-577/HMGB1, miR-122-5p/FSTL3, miR-204-5p/RRM2, miR-137/Notch1, miR-186-5p/GPRC5A, miR-877-5p/ATXN7L3, miR-384/AKT3 and miR-204/SOX4 are among molecular cascades being regulated by DSCAM-AS1. Based on these findings, Notch and AKT pathways are possibly regulated by DSCAM-AS1. In addition, Wnt/β-catenin is another cancer-related pathway which has been found to be functionally related with DSCAM-AS1.

In addition to serving as molecular sponge for miRNAs, DSCAM-AS1 can regulate carcinogenesis through modulation of alternative splicing and isoform regulation. Alternative polyadenylation events have been found to be correlated with development and progression of cancers (Zhang et al., 2020c). Moreover, 3′UTR shortening as another event associated with DSCAM-AS1 can repress expression of tumor-suppressor genes through disturbing competing endogenous RNA interaction (Park et al., 2018). Finally, a number of exon skipping events have been associated with cancers (Kim et al., 2020). Thus, DSCAM-AS1 represents an important therapeutic target in cancers being capable of affecting several cancer-related mechanisms.

The importance of DSCAM-AS1 up-regulation in deterioration of patients’ outcome has been validated in independent studies in breast, lung, colorectal, skin, bone and liver cancers potentiating this lncRNA as a prognostic marker. Further assessment of its expression in the circulation of patients with different cancer types is necessary to propose it as a non-invasive marker in this regard.
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Pancreatic cancer is one of the major malignancies and causes of mortality worldwide. E3 ubiquitin–protein ligases transfer activated ubiquitin from ubiquitin-conjugating enzymes to protein substrates and confer substrate specificity in cancer. In this study, we first downloaded data from The Cancer Genome Atlas pancreatic adenocarcinoma dataset, acquired all 27 differentially expressed genes (DEGs), and identified genomic alterations. Then, the prognostic significance of DEGs was analyzed, and eight DEGs (MECOM, CBLC, MARCHF4, RNF166, TRIM46, LONRF3, RNF39, and RNF223) and two clinical parameters (pathological N stage and T stage) exhibited prognostic significance. RNF223 showed independent significance as an unfavorable prognostic marker and was chosen for subsequent analysis. Next, the function of RNF223 in the pancreatic cancer cell lines ASPC-1 and PANC-1 was investigated, and RNF223 silencing promoted pancreatic cancer growth and migration. To explore the potential targets and pathways of RNF223 in pancreatic cancer, quantitative proteomics was applied to analyze differentially expressed proteins, and metabolism-related pathways were primarily enriched. Finally, the reason for the elevated expression of RNF223 was analyzed, and KLF4 was shown to contribute to the increased expression of RNF233. In conclusion, this study comprehensively analyzed the clinical significance of E3 ligases. Functional assays revealed that RNF223 promotes cancer by regulating cell metabolism. Finally, the elevated expression of RNF223 was attributed to KLF4-mediated transcriptional activation. This study broadens our knowledge regarding E3 ubiquitin ligases and signal transduction and provides novel markers and therapeutic targets in pancreatic cancer.

Keywords: pancreatic cancer, E3 ubiquitin ligase, prognosis, RNF223, KLF4, metabolism


INTRODUCTION

Pancreatic cancer (PC) is one of the major malignancies and causes of mortality worldwide (Cheng et al., 2019; Mizrahi et al., 2020; Siegel et al., 2020). The most common type of PC is adenocarcinoma, accounting for 95% of cases, which is classified as pancreatic ductal adenocarcinoma (He et al., 2014; Martens et al., 2019). The prognosis for PC remains poor, with only 4.4% of patients reaching a 5-year survival rate (Mizrahi et al., 2020). Risk factors for developing PC include family history, obesity, type 2 diabetes, and tobacco use (Mizrahi et al., 2020). Diagnosis of PC often occurs at a late stage, meaning that more than 80% of patients with PC are unsuitable for surgical resection (Buscail et al., 2020). Chemotherapy, targeted therapy, and immunotherapy are now the most widely used treatments for PC (Bear et al., 2020; Christenson et al., 2020; Hosein et al., 2020). However, because of delayed disease detection and the limited efficacy of systemic therapies, the prognosis for this disease remains very poor (Grossberg et al., 2020). Therefore, insights regarding the regulatory mechanisms underlying PC progression are required to identify novel diagnostic and/or prognostic markers.

Ubiquitination plays an essential role in protein posttranslational modification and is strongly linked to various diseases (Rape, 2018). E3 ubiquitin–protein ligases transfer activated ubiquitin from ubiquitin-conjugating enzymes to protein substrates and confer substrate specificity in cancer (Zheng and Shabek, 2017; Senft et al., 2018). The RING finger (RNF) protein family is a complex set of proteins containing an RNF domain with more than 200 members having been identified (Joazeiro and Weissman, 2000; Fang et al., 2003; Lipkowitz and Weissman, 2011). Many RNF family members have been reported to play key roles in carcinogenesis (Lipkowitz and Weissman, 2011), such as RNF45 (Tsai et al., 2007), RNF6 (Liang et al., 2018), RNF4 (Plechanovová et al., 2011), RNF7 (Sun and Li, 2013), RNF168 (Devgan et al., 2011), RNF183 (Geng et al., 2017), RNF20 (Dickson et al., 2016), and RNF180 (Deng et al., 2016). In PC, RNF13 is involved in tumorigenesis (Zhang et al., 2009). As a biomarker candidate of PC, RNF6 facilitates PC metastasis by enhancing the c-Myc–mediated Warburg effect (Qiu et al., 2021). RNF43 mutation might cause downregulation of the expression of ring finger protein 43 and synergistically associates with GNAS mutations during the development of PC (Sakamoto et al., 2015). In addition, mutational inactivation of RNF43 confers Wnt dependency and could be used as a predictive biomarker for the clinical development of Wnt inhibitors in PC (Jiang et al., 2013). Identification of additional RNF family members associated with PC will help to elucidate the process of carcinogenesis and to develop new therapeutic strategies.

In this study, we first downloaded gene expression data from The Cancer Genome Atlas (TCGA) pancreatic adenocarcinoma (PAAD) dataset and analyzed the expression differences in E3 ubiquitin ligases (Medvar et al., 2016). Then, the prognostic significance of differentially expressed genes (DEGs) was analyzed. Of the DEGs, RNF223 showed independent significance as an unfavorable prognostic marker and was chosen for subsequent analysis. Next, the function of RNF223 in the PC cell lines ASPC-1 and PANC-1 was investigated using shRNA-mediated RNA silencing. To explore the potential targets and pathways of RNF223 in PC, quantitative proteomics was applied to analyze differentially expressed proteins (DEPs) and their functions in RNF223-silenced ASPC-1 cells. Finally, the mechanism for the elevated expression of RNF223 in PC was analyzed, and the regulatory mechanism was validated using a luciferase assay. The flowchart was shown in Supplementary Figure 1. This study deepens our understanding of the clinical significance and role of the E3 ligase RNF223 in pancreatic cancer.



MATERIALS AND METHODS


The Cancer Genome Atlas Pancreatic Adenocarcinoma Dataset and E3 Ligase Acquisition

TCGA PAAD transcriptome FPKM data were downloaded from the GDC Data Portal1. Clinical data, such as age, sex, clinical stage, and survival time, were also downloaded. The 377 E3 ligase genes were acquired from the online database2.



Differentially Expressed Genes and Functional Analysis

Gene expression in PC and control samples was compared using the LIMMA R package. A fold change ≥ 2 or ≤ 0.5 and p < 0.05 were set as the cutoff values for EG screening. The heatmap R package was used to draw heatmaps. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, Gene Ontology (GO) enrichment analysis, and protein–protein interaction enrichment analysis for DEGs were also performed using the EnrichR (Kuleshov et al., 2016) website tool3.



Genomic Alterations in Pancreatic Adenocarcinoma Samples

The genomic alteration (GA) information of DEGs was acquired using cBioPortal4. Two PAAD datasets were included in this study, the TCGA Pan-cancer atlas and the UTSW study (Witkiewicz et al., 2015). All 184 and 109 samples from the two datasets were included.



Cell Culture and Gene Silencing

The PANC-1 and ASPC-1 human PC cell lines were obtained from the American Type Culture Collection (United States) and cultured at 37°C with 95% air and 5% CO2. PANC-1 and ASPC-1 cells were cultured in Dulbecco modified Eagle medium (Gibco, Germany) supplemented with 10% fetal calf serum (Germany), 2 mM L-glutamine, 105 U/L penicillin, and 100 mg/L streptomycin. Short hairpin RNAs specifically targeting RNF223 and Kruppel-like factor 4 (KLF4) were designed and synthesized by Generay Biotech (Shanghai) Co., Ltd., RNF223 shRNAs were as follows: shRNA1 (5′–3′): GCACAGCAGCCACTGGAAGTC, shRNA2 (5′–3′): GCGAAAGGAGCCTGGCATCTC, and shRNA3 (5′–3′): GGAGCCTGGCATCTCTGAGGA.

KLF4 shRNAs were as follows: shRNA1 (5′–3′): GCTCC ATTACCAAGAGCTCAT, shRNA2 (5′–3′): CCAGCCAGAAA GCACTACAAT, and shRNA3 (5′–3′): GCCTTACACATGAAG AGGCAT.



Cell Counting Kit-8 Assay

The cell proliferation reagent WST-8 (Roche, Germany) was measured. Cell growth: 10 μL of cell counting kit-8 (CCK8) was added to each well at the time of harvest after plating cells in 96-well microtiter plates (Corning, NY) at 1.0 × 103/well, according to the manufacturer’s instructions. Cellular viability was determined by measuring the absorbance of the converted dye at 450 nm 2 h after adding CCK8.



Wound Healing Assay

PANC-1 and ASPC-1 cells were seeded into 6-well plates and incubated for 24 h, and a linear wound was created by dragging a 100-μL pipette tip through the monolayer prior to transfection. Cellular debris was removed by gentle washes with culture medium, following which transfection was immediately performed, and the cells were allowed to migrate for an additional 48 h. The healing process was dynamically imaged after the wound was introduced using a microscope (Olympus 600 Autobiochemical Analyzer, Tokyo, Japan). Migration distance was measured using images (five fields) taken at each indicated time point. The gap size was analyzed using Image Pro Plus 6.0 software. The residual gap between the migrating cells from the opposing wound edge is expressed as a percentage of the initial gap size.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from ASPC-1 and PANC-1 cells using TRIzol® RNA Isolation Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Reverse transcription was performed using the PrimeScriptTM RT reagent kit (Takara, Dalian, China). All mRNA levels were normalized to the housekeeping gene GAPDH. The following RNF223 and KLF4 primers were used in this study: RNF223: 5′-TGATGCTCTTCTGTGTGGCA-3′ (F) and 5′-TTATCAGTCAG AGGCCCGAG-3′ (R). KLF4: 5′-CCCACATGAAGCGACTTC CC-3′ (F) and 5′-CAGGTCCAGGAGATCGTTGAA-3′(R). The GAPDH primers were as follows: 5′-TGACTTCAACAGC GACACCCA-3′ (F) and 5′- CACCCTGTTGCTGTAGCCAAA-3′ (R). All samples were treated under the same conditions and analyzed by quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR) using SYBR Premix ExTaqTM (Takara, Dalian China) according to the manufacturer’s protocol.



Prognostic Significance of Genes

Univariate Cox regression analysis was performed to identify prognosis-associated E3 ligase genes. Genes with a hazard ratio (HR) < 1 were considered favorable for OS, whereas HR > 1 presented unfavorable for OS. Genes with p < 0.05 were considered significant markers. The Kaplan–Meier survival plot was constructed using the “survplot” R package. Pan-cancer survival analysis was conducted using the KM plotter online tool (Nagy et al., 2021)5.



Data-Independent Acquisition Quantitative Proteomics

Data-independent acquisition quantitative proteomics was conducted according to a previous study (Zhang et al., 2021). Briefly, cells underwent protein extraction and trypsin digestion into peptides, and then a spectral library was generated and quantified. Ten fractions were collected, and each fraction was dried in a vacuum concentrator. The fractions were redissolved in 0.1% formic acid and analyzed using nanospray liquid chromatography with tandem mass spectrometry (LC-MS/MS) on an Orbitrap Fusion Lumos Tribrid (Thermo Fisher Scientific, MA, United States) coupled to a Waters nanoACQUITY UPLC System (Waters, MA, United States). The mass spectrometer was run in DDA mode and automatically switched between MS and MS/MS modes. The DDA data were processed and analyzed using Spectronaut X (Biognosys, Schlieren, Switzerland) with default settings to generate an initial target list. A false discovery rate cutoff at the precursor and protein levels was applied at 1%. Finally, proteins were identified and quantified.



ChIP Sequencing Analysis of the Transcription Factors in RNF223

The ChIP sequencing peaks of RNF223 transcription factors were identified using the online tool ChIP-Atlas6. PC, including cell lines, datasets in bigwig format were downloaded and imported into the IGV browser. Transcription factors with binding peaks within the distance of ≤ 1 kb from the transcription start sites were considered candidate peaks.



Luciferase Reporter Assay

A luciferase reporter assay was performed according to a standard protocol as previously described (Gong et al., 2016). Briefly, ASPC-1 cells (3 × 104 cells/well) were seeded into 24-well plates in triplicate and allowed to attach for 24 h. The sequences (−28∼−54) of the wild-type (WT) and mutant ASPC-1 cells were WT: TATACCCTATGGGCCAAGGGTGTGGC and mutant (MUT): CGCCTTTACTGGGAACCGGGAGCAAA. The indicated plasmids and 1.5 ng pRL-TK Renilla plasmid were transfected using Lipofectamine 3000 Reagent (Thermo Fisher Scientific, Waltham, MA, United States, cat. no. L3000008). Forty-eight hours posttransfection, luciferase and Renilla signals were assessed using a Dual Luciferase Reporter Assay Kit (Promega, cat. no. E1980) according to the manufacturer’s instructions as previously described (Hahn et al., 2002).



Statistical Analysis

The data are presented as means ± SD. SPSS 18.0 software was used to perform statistical analyses, and graphs were generated using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, United States). Differences were examined using Student t-test or one-way analysis of variance. p < 0.05 was considered statistically significant.



RESULTS


Comprehensive Analysis of the Clinical Significance of E3 Ligases in Pancreatic Cancer

To examine the expression differences in the E3 ligases in PC, 377 genes were applied for statistical analysis. By applying the cutoff criteria of fold change ≥ 2 or ≤ 0.5 and p < 0.05, 27 DEGs were acquired, including RNF166, MARCHF1, TRIM10, TRIM7, and so on (Figure 1A), and their expression in cancer and normal samples is shown in Figure 1B. Then, we examined their GAs in PC studies. As shown in Figure 1C, MEX3A exhibited the highest alteration frequency of 11%, followed by CBLC (10%), RNF43 (9%), MECOM (8%), TRIM58 (8%), and RNF39 (8%), mostly comprising amplification events. In another study (UTSW) by Witkiewicz et al. (2015), GA events displayed a comparatively different pattern. As shown in Figure 1D, RNF223 (26%), TRIM46 (24%), MEX3A (18%), CBLC (16%), TRIM58 (13%), and RNF43 (9%) showed the highest alteration frequencies. Notably, high occurrence of amplification events in MEX3A, CBLC, and MECOM and truncating mutations in RNF43 were observed in both datasets. In addition, RNF223 showed a distinct GA pattern in the two datasets, with only 2.2% in TCGA and 26% GA events (amplification and deep deletion events combined) in UTSW.
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FIGURE 1. Comprehensive analysis reveals 27 differentially expressed E3 ubiquitin ligase genes and their GAs in the TCGA pancreatic cancer (PAAD) dataset. (A) Differential analysis of E3 ubiquitin ligases identified differentially expressed genes, shown in a volcano plot. Upregulated genes are shown as red dots, downregulated genes are shown as green dots, and genes with no significant differential expression are shown as gray dots. (B) Supervised hierarchical clustering of the DEGs in pancreatic cancer and normal samples. (C) Genetic alterations in pancreatic cancer samples included in the TCGA PAAD dataset. (D) Genetic alterations in pancreatic cancer samples included in the UTSW dataset.


Next, we conducted univariate survival analysis using the 27 DEGs and clinicopathological parameters of the TCGA dataset. As shown in Figure 2A, eight DEGs (MECOM, CBLC, MARCHF4, RNF166, TRIM46, LONRF3, RNF39, and RNF223) and two clinical parameters (pathological N stage and T stage) showed prognostic significance. The Kaplan–Meier survival plot of the eight DEGs is shown in Figure 2B. Of the eight genes, five genes, CBLC (HR = 1.7, p = 0.015), LONRF3 (HR = 2.1, p = 0.00092), RNF39 (HR = 1.6, p = 0.02), MECOM (HR = 1.8, p = 0.0059), and RNF223 (HR = 1.9, p = 0.0034), exhibited unfavorable prognostic significance, whereas TRIM46 (HR = 0.65, p = 0.046), MARCHF4 (HR = 0.63, p = 0.029), and RNF166 (HR = 0.65, p = 0.046) conveyed favorable survival significance. Finally, using the pan-cancer dataset, overall survival (OS) and relapse-free survival (RFS) analyses were conducted using the online tool Kaplan–Meier plotter. Consistent with the results in Figure 3, all eight genes showed prognostic significance, including the RFS data. Taken together, we acquired the expression and GA data of 27 DEGs, among which eight genes exhibited potential performance as prognostic indicators in PC.
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FIGURE 2. Univariate analysis highlights eight genes and clinical parameters with overall prognostic significance. (A) Univariate analysis of the 27 DEGs with prognostic significance in the TCGA PAAD dataset. (B) Kaplan–Meier survival analysis showing the HR of eight genes’ expression with OS rate in TCGA PAAD dataset. Favorable and unfavorable markers are labeled in green and red, respectively.
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FIGURE 3. Validation of the OS and RFS rates using the PAAD dataset in a pan-cancer study. (A) Kaplan–Meier survival analysis showing the HR of eight genes’ expression with OS rate in the pan-cancer PAAD dataset. (B) Kaplan–Meier survival analysis showing the HR of eight genes’ expression with RFS rate in the pan-cancer PAAD dataset. Favorable and unfavorable markers were labeled in green and red, respectively.




Clinical and Functional Investigation of RNF223 in Pancreatic Cancer

Next, a multivariate analysis was conducted to analyze the prognostic significance of the 27 DEGs and the OS rate, and as a result, only RNF223 (among the eight prognostic genes) displayed prognostic significance, indicating that RNF223 may serve as an independent prognostic marker in PC (Figure 4A). Then, we compared the expression of RNF223 in groups of clinical parameters and as shown in Figure 4B, RNF223 in males (gender), high alcohol consumption, ductal/lobular neoplasms (disease type), pathological stage N0, tumor stage IIa, and vital status (dead) groups exhibited significantly higher expression compared to the other groups.


[image: image]

FIGURE 4. RNF223 serves as an independent prognostic marker and correlates with clinical parameters. (A) Multivariate analysis of the 27 DEGs with prognostic significance in the TCGA PAAD dataset. (B) Expression analysis of RNF23 with clinical parameters; *p < 0.05, **p < 0.01, ***p < 0.001.


Next, we focused on RNF223 and explored the function of RNF223 silencing on PC cell line phenotypes (Figure 5A). After RNF223-targeting shRNA transfection, the RNF223 silencing efficiency was examined using qRT-PCR, and because shRNA2 exerted consistently higher (>50%) knockdown efficiency, we used shRNA2 as the subsequent shRNA (shRNF223) (Figure 5B). Then, CCK8 and wound healing assays were applied to study the impact of RNF223 silencing on the proliferation and migration capacity of ASPC-1 and PANC-1 cells. As shown in Figure 5C, RNF223 knockdown significantly reduced the cell number in both cell lines, indicating that RNF223 may promote PC growth. In addition, the wounds of shRNF223-transfected ASPC-1 and PANC-1 cell lines demonstrated reduced migration distance compared to the control group, indicating that RNF223 knockdown decreases the migration ability in both cell lines (Figure 5D). In summary, the above results revealed that RNF223 may represent an independent prognostic marker that promotes PC growth and migration.
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FIGURE 5. Functional investigation of RNF223 silencing in pancreatic cancer PANC-1 and ASPC-1 cell lines. (A) Representative cell morphology of transfection efficiency of RNF223 shRNAs in pancreatic cancer cells. (B) The silencing efficacy of three shRNAs was examined using qRT-PCR in pancreatic cancer PANC-1 and ASPC-1 cell lines. (C) The CCK8 assay was conducted to analyze the effect of RNF223 knockdown on the proliferation capability of pancreatic cancer PANC-1 and ASPC-1 cell lines. (D) The wound healing assay was conducted to analyze the effect of RNF223 knockdown on the migration capability of pancreatic cancer PANC-1 and ASPC-1 cell lines. All assays were conducted using three replicates and *p < 0.05, **p < 0.01.




The Molecular Mechanism of RNF223-Affected Pathways and Targets

Then, the downstream mechanism of RNF223 in PC was investigated using quantitative proteomics in RNF223 knockdown and control ASPC-1 cells. After protein quantification, all 885 DEPs were acquired (Figure 6A), and their expression is shown in Figure 6B. Then, the functions of these DEPs were annotated, and their enriched pathways and functions were identified using KEGG pathways and GO databases. Based on the enrichment score (−log10 p-value), the top 15 enriched pathways and GO biological processes (BPs), cellular components (CCs), and molecular functions (MFs) are shown in Figures 6C–F. The most enriched pathways were oxidative phosphorylation, and other items, such as regulation of cytoskeleton, pathways in cancer, metabolism pathways, and HIG1α signaling pathways, were also enriched. For GO-BPs, metabolism-related BPs were also enriched, such as cellular metabolic, primary metabolic, and nitrogen compound metabolic processes. In addition, the cell cycle process was also significantly enriched. For the GO-CC result, catalytic complex was the top enriched component, supporting the pathway and BPs of enrichment of metabolism-related factors. As expected, the GO-MM category identified enriched protein binding as the most significant item, consistent with the biochemical role of RNF223 as an E3 ligase. Finally, a functional network was created of RNF223 targets, and genes in the DNA synthesis and transforming growth factor β signaling pathways are shown. In summary, we identified potential protein targets and metabolism-related pathways of RNF223 in PC (Figure 6G).
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FIGURE 6. Quantitative proteomics analysis reveals pathways and BPs in the RNF223-silenced ASPC-1 cell line. (A) Analysis of DEGs in RNF223 knockdown ASPC-1 cells is shown using a volcano plot. Upregulated genes are shown as red dots, downregulated genes are shown as blue dots, and genes with no significant differential expression are shown as gray dots. (B) Supervised hierarchical clustering of the DEGs in RNF223 knockdown ASPC-1 cells. (C) The top 15 significantly enriched KEGG pathways of the DEGs in RNF223 knockdown ASPC-1 cells. (D) The top 15 significantly enriched Gene Ontology BPs of the DEGs in RNF223 knockdown ASPC-1 cells. (E) The top 15 significantly enriched Gene Ontology CCs of the DEGs in RNF223 knockdown ASPC-1 cells. (F) The top 15 significantly enriched Gene Ontology MFs of the DEGs in RNF223 knockdown ASPC-1 cells. (G) Functional network of the DEGs in pathways and BPs.




RNF223 Was Transactivated by Kruppel-Like Factor 4 in Pancreatic Cancer

Finally, the mechanism underlying the elevated expression of RNF223 was explored. As the genetic alteration frequency of RNF223 was not remarkably high in PC, we speculated that transcription factors may contribute to this process. First, we downloaded PC ChIP sequencing data from the recently published online tool ChIP-Atlas. As shown in Figure 7A, KLF4 exhibited a prominent peak in the promoter region of RNF223 DNA. In addition, coexpression analysis of KLF4 with RNF223 revealed a strong coefficient (R = 0.51) in TCGA PAAD datasets (Figure 7B). Then, to validate the role of KLF4 on the mRNA expression of RNF223, qRT-PCR was performed to examine the expression of RNF223 in the KLF4 knockdown cell line ASPC-1. As shown in Figure 7C, RNF223 exhibited significantly decreased expression in KLF4-silenced cells, indicating that KLF4 may upregulate RNF223 expression in ASPC-1 cells. Finally, a luciferase assay was conducted to validate the above results. As shown in Figure 7D, KLF4 silencing remarkably decreased luciferase intensity in the RNF223 WT group, whereas no significant difference was observed in the RNF223 MUT group. Altogether, these data show that KLF4 contributes to the increased expression of RNF233 in PC.
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FIGURE 7. RNF223 is transcriptionally activated by KLF4 in pancreatic cancer. (A) Binding peaks of transcription factors in pancreatic cancer tissue and cell lines; arrow indicates that KLF4 shows remarkable binding affinity at the promoter of RNF223. (B) Expression correlation of KLF4 with RNF223 in the TCGA PAAD dataset. (C) Relative expression of KLF4 and RNF223 in KLF4 knockdown shRNA-transfected ASPC-1 cell lines. (D) Luciferase assay showing the binding affinity of KLF4 in RNF223 promoter WT and mutated (MUT) cells. All assays were conducted using three replicates and *p < 0.05.




DISCUSSION

Mounting evidence indicates that E3 ubiquitin ligases play important roles in cancer onset, progression, and treatment response and serve as prognostic makers in cancer (Senft et al., 2018). Both genetic and epigenetic alterations account for the dysregulation of E3s in cancer (Qi and Ronai, 2015). Consequently, the stability and/or activity of E3 substrates are also altered, leading to downregulation of tumor-suppressor activities and upregulation of oncogenic activities (Senft et al., 2018; Fujita et al., 2019). Targeting E3 ligases has been previously proposed as a novel cancer therapeutic strategy (Micel et al., 2013; Sharp et al., 2021). A better understanding of the mechanisms underlying E3 regulation and function in tumorigenesis is expected to reveal novel prognostic markers and to enable the development of the next generation of anticancer therapies (Kumari et al., 2017; Wang et al., 2017; Khan et al., 2020). Here, by analyzing the clinical significance of E3 ligases in PC, we first identified 27 DEGs, of which eight DEGs showed prognostic performance. To the best of our knowledge, this is the first comprehensive study of E3 ligases in PC and provides an overall map of these E3 ligases in PC.

Among the eight prognostic markers, most have been reported in cancer. For instance, MDS1 and EVI1 complex loci (MECOM) interact with PAX8 and drive oncogenic functions in ovarian cancer (Bleu et al., 2021). Cbl Proto-Oncogene C (CBLC) was demonstrated to enhance epidermal growth factor receptor dysregulation and signaling in lung adenocarcinoma (Hong et al., 2018). MARCHF4, previously known as MARCH4, was identified as a potential therapeutic target in cutaneous squamous cell carcinoma (McHugh et al., 2020). The chimeric RNAs generated from tripartite motif containing 46 (TRIM46) with MUC1 and KRTCAP2 have been clinically implicated in high-grade serous ovarian carcinoma (Kannan et al., 2015). In PC, MECOM was shown to be a critical regulator that suppresses acinar cell death by permitting cellular dedifferentiation (Backx et al., 2021), but there are limited studies regarding the other seven genes in pancreatic cancer. Identification of these eight genes provides an alternative option for prognostic prediction in pancreatic cancer patients.

Subsequently, we identified RNF223 as an independent prognostic marker in pancreatic cancer, and further functional assays revealed that RNF223 may play an oncogenic role in pancreatic cancer progression. As a member of the ring finger proteins, most studies have focused on RNF43. RNF43 mutation might cause downregulation of the expression of ring finger protein 43 and associate synergistically with GNAS mutations during the development of PC (Sakamoto et al., 2015). In addition, mutational inactivation of RNF43 confers Wnt dependency and could be used as a predictive biomarker for the clinical development of Wnt inhibitors in PC (Jiang et al., 2013). For RNF223, mutation sites have been related to age, International Federation of Gynecology and Obstetrics stage, and histology in sporadic and Lynch syndrome–associated endometrial cancer (Sun et al., 2021). In addition, RNF223 was reported to serve as a prognostic marker for uterine sarcoma (Zhou et al., 2019). To date, no studies of RNF223 have been reported in PC. Moreover, we are conducting additional assays to reveal the role of RNF223 in PC, including the clinical significance of RNF223 in our collected PC samples, in vivo xenograft animal assays, and immunoprecipitation-coupled MS to identify targets of RNF223 in PC. In addition, as E3 ligases have been shown to function in both ubiquitin–proteasome-dependent and ubiquitin–proteasome-independent diseases (Cadena et al., 2019; Weinelt and van Wijk, 2021), the specific mechanism of RNF223 in PC remains to be uncovered in the future.

Finally, utilizing the ChIP data in ChIP-Atlas and further validation assays, such as luciferase assays, we identified KLF4 to be a hub regulon of RNF223 in PC. KLF4 has been widely reported as an oncogene in multiple cancer types (Rowland and Peeper, 2006; Hu et al., 2015; Hsieh et al., 2017; Murgai et al., 2017), including lung cancer (Yu et al., 2016), ovarian cancer (Zhang et al., 2019), esophageal squamous cell cancer (Tetreault et al., 2010), gastric cancer (Li et al., 2012), colorectal cancer (Li et al., 2011; Gamper et al., 2012), and leukemia (Faber et al., 2013; Li et al., 2015; Seipel et al., 2016; Park et al., 2019). In PC, KLF4 was demonstrated to contribute to carcinogenesis and progression by inducing acinar-to-ductal reprogramming (Wei et al., 2016), as well as the LDHA signaling pathway and aerobic glycolysis (Shi et al., 2014) and MSI2 signaling pathway–mediated cell growth (Guo et al., 2017). Moreover, increased expression of KLF4 is attributed to hypomethylation-mediated by DNA methyltransferase 1 (Xie et al., 2017). In this study, we first validated RNF223 as a novel target of KLF4, and the primary enriched metabolic pathways of RNF223 also corresponded to the function of KLF4 as a regulator of glycolysis.



CONCLUSION

This study comprehensively analyzed the expression difference in E3 ligases and identified eight prognostic markers among 27 DEGs. In addition, functional assays of RNA silencing revealed RNF223 as a tumor-promoting gene that may regulate cancer cell metabolism. Finally, the elevated expression of RNF223 was attributed to KLF4-mediated transcriptional activation. This study broadens our knowledge of E3 ubiquitin ligases and signal transduction and provides novel markers and therapeutic targets for PC.
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MicroRNAs (miRNAs) consist of a large family of small, non-coding RNAs with the ability to result in gene silencing post-transcriptionally. With recent advances in research technology over the past several years, the physiological and pathological potentials of miRNAs have been gradually uncovered. MiR-149-5p, a conserved miRNA, was found to regulate physiological processes, such as inflammatory response, adipogenesis and cell proliferation. Notably, increasing studies indicate miR-149-5p may act as an important regulator in solid tumors, especially cancers in reproductive system and digestive system. It has been acknowledged that miR-149-5p can function as an oncogene or tumor suppressor in different cancers, which is achieved by controlling a variety of genes expression and adjusting downstream signaling pathway. Moreover, the levels of miR-149-5p are influenced by several newly discovered long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs). However, there is blank about systematic function and mechanism of miR-149-5p in human cancers. In this review, we firstly summarize the present comprehension of miR-149-5p at the molecular level, its vital role in tumor initiation and progression, as well as its potential roles in monitoring diverse reproductive and digestive malignancies.
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1 Introduction

It is widely acknowledged that microRNAs (miRNAs), a type of short (~22 nucleotides), single-stranded non-coding RNA, are reported to regulate cellular proliferation, differentiation, apoptosis, oxidative stress, and autophagy through binding to the 3′-untranslated region (UTR) of target mRNA, thereby causing translational repression or mRNA degradation in animals or plants (1–4). The process of mature miRNA formation requires the cooperation and coordination of various enzymes and proteins. In humans, four vital enzymes, including Drosha, exportin 5, Dicer and argonaute 2 (AGO2), participate in miRNA processing (5). Unfortunately, increasing evidence indicate that cancers may occur when this finely coordinated processing is disrupted, or when one or more of the enzymes are mutated, which consequently leads to oncogene awakening or tumor suppressor gene silencing (6). Historically, one study from Carlo Croce’s laboratory identified that miRNAs play an important role in cancer initiation and progression. This pathbreaking study reported that miR-15/16 acts as tumor suppressors in chronic lymphocytic leukemia (CLL), promoting numerous researchers to unveil the non-negligible role of miRNA in cell proliferation, migration, metastasis, energy metabolism of various cancers (7). The current studies have provided evidences that the activity of miRNAs can be influenced by the existence of competing endogenous RNAs (ceRNAs), vying for the miRNAs with shared miRNAs responses elements(MREs) (8). Moreover, with the rapid development of high-throughput sequencing technology, molecular biology and life science, other ceRNAs apart from protein-coding ceRNAs, such as lncRNAs and circRNAs, sharing common MRE, are discovered as important upstream modulators by serving as miRNA sponges, thereby repressing normal miRNA targeting activity on mRNA (9, 10). Consequently, advances in keeping miRNAs as a balanced level in vivo through adjusting the levels of ceRNAs, utilizing miRNA inhibitor or mimics delivery methods, such as nanoparticle delivery systems and exosome carrier delivery systems, will make miRNA-based therapeutics feasible (11, 12). Overall, miRNAs have promising therapeutic and predictive potentials in cancers treatment.

Recently, mounting evidences have indicated the pleiotropic functions of miR-149-5p in different human cancers. MiR-149-5p serves as tumor suppressor in several cancers by targeting specific mRNA expression, such as gastric cancer (GC) (13), breast cancer (14), hepatocellular carcinoma (HCC) (15), and colorectal cancer (CRC) (16), whereas in lung adenocarcinoma (LUAD) (17), acute lymphoblastic leukemia (ALL) (18), and acute myeloid leukemia (AML) (19), it acts as oncomiR, promoting tumorigenesis and aggression (20). Intriguingly, miR-149-5p was reported to be regulated by lncRNAs and circRNAs in cancer development, such as LINC00460 in CRC, CircNRIP1 in GC, and hsa_circ_0075341 in cervical cancer (13, 16, 21–23). Yet, the function and mechanism of miR-149-5p in cancer initiation and progression have not been fully understood. In this review, we systematically summarize the expression, function, target genes, upstream regulators and application potentials in different cancers, with special emphasis on reproductive system and digestive system cancers.



2 Physiological Roles of miR-149-5p


2.1 Role of miR-149-5p in Adipogenesis

A recent study by Khan’s team analyzed the expression of miR-149-5p during adipogenesis and found that miR-149-5p was highly expressed in bovine adipocytes on the 9th day of proliferation and differentiation. Functional studies have shown that miR-149-5p inhibits the proliferation and differentiation of bovine adipocytes by targeting CRTC1 and CRTC2, two well-known regulators of adipogenesis (24). The team further found that miR-149-5p plays a role in adipogenesis through cross-regulation of differential expressed genes, such as CCND2, KLF6, ACSL1, Cdk2, SCD, SIK2, and ZEB1, and its respective KEGG pathways in bovine adipocytes. To sum up, their results suggest that miR-149-5p can regulate the lipid metabolism of bovine adipocytes (25).

The adipocytes perform various roles, particularly energy storage in the form of triglycerides. Intriguingly, increasing studies have indicated that some adipocytes, as an important element of the stromal microenvironment in various cancers, exhibit tumor-promoting effects on different tumor cells by influencing excretion of adipokines and proinflammatory cytokines, thus this group of adipocytes is characterized as cancer-associated adipocytes (CAAs). Recently, increasing miRNAs have been found to play a crucial role in communication between CAAs and tumor cells (26). For example, Wu et al. revealed that breast cancer cells co-cultured with mature adipocytes display an aggressive phenotype through enhancing epithelial-mesenchymal transition (EMT). Mechanistically, exosome-derived miR-155 originated from breast cancer cells promoted beige/brown differentiation and remodel metabolism in resident adipocytes (27). Notably, miR-149-3p was reported to participate in a subcutaneous-to-visceral fat switch during 24 h fasting. Mechanistically, in cultured inguinal preadipocytes, overexpression of miR-149-3p promoted a visceral-like switch during cell differentiation (28). However, it has not been reported whether miR-149-5p is involved in differentiation, proliferation or cytokine release of human adipocytes. Given the role of miR-149-5p in bovine adipogenesis, it is necessary to study whether miR-149-5p is involved in activity of adipocytes, especially CAAs in human cancers.



2.2 Role of miR-149-5p in Vascular Smooth Muscle Cells

Vascular smooth muscle cells (VSMCs) are class of cells maintaining normal vascular structure, but they will manage their ability to migrate to the intima and proliferate to supplement neointimal lesions when pathological damages occurs (29). Zhang et al. found that the levels of miR-149-5p are down-regulated in PDGF-BB-induced VSMCs in a time- and dose-dependent manner. Overexpression of miR-149-5p can inhibit the proliferation, invasion and migration of VSMCs, while miR-149-5p knockdown has the opposite effect. In addition, histone deacetylase 4 (HDAC4) has been found to be a potential target for miR-149-5p, which can rescue the repressed effects on VSMCs mediated by miR-149-5p (30). Consistent with the above results, Peng et al. found that circDHCR24, a sponge for miR-149-5p, increased the expression of MMP9, which in turn promoted the proliferation, migration and phenotypic transformation of human VSMCs (31). Besides, Wang et al. found that circ CHFR regulates the expression of neuropilin 2 (NRP2) via sponging miR-149-5p, subsequently promoting the proliferation, migration and invasion of human VSMCs (32). In short, miR-149-5p performs biological functions through various pathways and may provide effective therapeutic potentials for VSMC growth-related diseases.



2.3 Other Functions

Wang et al. found that the levels of miR-149-5p in the skin tissue of superior-quality brush hair goats are higher than that of ordinary brushed goats. Functional studies indicated miR-149-5p plays an important role in the formation of high-quality hair traits. Through the post-transcriptional mechanism, it can inhibit the expression of CKLF-like MARVEL transmembrane domain-containing 3 (CMTM3), promote the proliferation of goat hair follicle stem cells and inhibit the apoptosis of hair follicle stem cells (33).




3 MiR-149-5p in Human Cancers


3.1 Cancers of the Reproductive System


3.1.1 Breast Cancer

As we all know, breast cancer is the most common malignant tumor in female reproductive system. According to the global cancer statistics in 2018, there are about 2.1 million newly diagnosed cases of female breast cancer, accounting for 1/4 of female cancer, which is a serious threat to the health of women around the world (34).

Fortunately, many of the recent and upcoming anticancer drugs are attempted to treat breast cancer. It has been reported that paclitaxel (PTX) is a first-line drug for the treatment of breast cancer. However, due to the resistance of breast cancer to PTX, the application of PTX is limited (35). Recently, a study by Xiang et al. revealed that ursolic acid (UA), a pentacyclic triterpenoid existing widely in plant, can reverse the resistance of MDA-MB-231, one breast cancer cell line, to PTX. The expression of miR-149-5p in 231/PTX cells treated with UA was remarkably higher compared to untreated 231/PTX cells. Intriguingly, the reverse effect of UA disappeared after miR-149-5p inhibitors treatment, indicating that UA has a reversal effect by up-regulating the expression of miR-149-5p. Bioinformatics analysis showed that there was a binding site of miR-149-5p in the 3’-UTR of MyD88. Furthermore, the reversal effect of UA in 231/PTX cell disappeared after overexpression of MyD88, suggesting that miR-149-5p negatively regulate the expression of MyD88 by binding to its 3’-UTR, thereby reversing drug resistance of breast cancer (36). The protective effect of miR-149-5p was also proved in trastuzumab resistance (Tr-R). At present, trastuzumab is the first choice for treating HER2-overexpressing breast cancer by restraining HER2 expression, but its drug resistance is gradually increasing (37). Tian and coworkers found that propofol, a common intravenous anesthetic, has anti-cancer effects in breast cancer via epigenetically upregulating miR-149-5p expression in HER2-overexpressing cell with Tr-R (38). In short, miR-149-5p might be a target for reversing drug resistance in breast cancer, and finding an upstream regulator of miR-149-5p is also important for comprehending the intrinsic mechanism. Qi and collaborators found that circ_0072995 promotes breast cancer cell progression by acting as a sponge for miR-149-5p, thereby upregulating serine hydroxymethyltransferase 2 (SHMT2), an oncogene in breast cancer (39). Later, Temiz et al. found that in breast cancer, overexpression of miR-149-5p reduces the expression of Chaperonin Containing TCP1 Subunit 3 (CCT3), which leads to the destruction of intracellular reactive oxygen species (ROS) homeostasis and the distribution of free amino acids in energy metabolism, and promotes tumor cell apoptosis (14).

Collectively, miR-149-5p may act as a tumor suppressor and restoring the expression of miR-149-5p in breast cancer may be an effective strategy for breast cancer treatment (Figure 1).




Figure 1 | Function and regulatory mechanism of miR-149-5p in reproductive system. MiR-149-5p plays an anticancer role in breast cancer and cervical cancer by targeting important genes. However, its role in ovarian cancer remains controversial (*). The expression of miR-149-5p is regulated by non-coding RNA, including circ_0072995, circ_0075341, circCELSR1 and circPVT1.





3.1.2 Ovarian Cancer

Ovarian cancer is the third most common gynecological malignant tumor in the world, but it has the highest mortality among these cancers. Globally, there are 239000 new cases and 152000 deaths each year (40). The treatment of ovarian cancer, especially advanced and recurrent ovarian cancer, has always been the biggest challenge in clinical work.

Xu et al. found that the expression of miR-149-5p in chemotherapy-resistant ovarian cancer tissues is abnormally higher than that in chemotherapy-sensitive ovarian cancer tissues and non-cancer tissues. Functionally, silencing of miR-149-5p enhanced the sensitivity of ovarian cancer cells to cisplatin in vivo and in vitro. On the contrary, overexpression of miR-149-5p increased the chemotherapy resistance of ovarian cancer cells. Mechanistical studies showed that miR-149-5p directly inhibits MST1 and SAV1, two key proteins in Hippo pathway, thereby leading to inactivation of Hippo signals and promoting chemotherapy resistance of ovarian cancer cells to cisplatin (41).

Paradoxically, Sun et al. found that the expression of miR-149-5p is down-regulated in chemotherapy-resistant ovarian cancer tissues and cells, and the overexpression of miR-149-5p inhibited the growth of ovarian cancer cells and promoted apoptosis and cisplatin sensitivity (42). Consistently, Wei et al. found that compared with PTX-sensitive ovarian cancer tissues and cells, the expression of miR-149-5p was down-regulated in PTX-resistant ovarian cancer tissues and cells. And overexpression of miR-149-5p could enhance the sensitivity of PTX, inhibit cell viability and clone formation, block cell cycle, and induce apoptosis of PTX-resistant cells. In addition, inhibition of miR-149-5p could effectively reverse the effects of circ_CELSR1 deficiency on PTX resistance, cell survival, colony formation, cell cycle and apoptosis of PTX-resistant cells, indicating that circ_CELSR1 increased PTX resistance of PTX-resistant cells through acting sponges for miR-149-5p. The up-regulation of salt inducible kinase 2 (SIK2) reversed the inhibitory effect of miR-149-5p on PTX resistance and cell progression in PTX-resistant ovarian cancer cells, indicating that miR-149-5p enhanced PTX sensitivity by targeting SIK2. In summary, they found that circ_CELSR1 can act as a sponge for miR-149-5p, thus regulating the expression of SIK2 (43). Moreover, Li et al. found that the expression of PVT1 increased in ovarian cancer, and circular PVT1 regulated miR-149-5p in the form of ceRNA, and then up-regulated Forkhead Box M1 (FOXM1), subsequently promoting the occurrence of ovarian cancer (44).

Conclusively, the emerging role of miR-149-5p is gradually investigated (Figure 1), but due to the contrary opinions, the function of miR-149-5p in ovarian cancer needs to be further studied.



3.1.3 Cervical Cancer

Cervical cancer is a growing global burden for both developing and developed countries. It is estimated that there were 570000 cases and 311000 deaths worldwide in 2018, making it the fourth most commonly diagnosed cancer among women and the fourth leading cause of cancer death among women (34).

Based on microRNA sequencing and bioinformatics analysis, miR-149-5p was found as a potential regulatory factor in HPV-positive cervical squamous cell carcinoma (45). Recently, Shao et al. found that the expression of hsa_circ_0075341 is aberrantly up-regulated in patients with cervical cancer, which was related to tumor size, FIGO stage progression and lymph node metastasis. Inhibition of hsa_circ_0075341 in vitro weakened the proliferation and invasion of cervical cancer cells. Circinteractome analysis confirmed that hsa_circ_0075341 may have a target site for miR-149-5p, which was further verified by luciferase report experiment and qRT-PCR. Their study found that the expression of miR-149-5p is down-regulated in cervical cancer, which is related to poor prognosis. Rescue assay showed that inhibition of miR-149-5p can block the effect of circ_0075341 siRNA on the proliferation of cervical cancer cells. Therefore, hsa_circ_0075341 may act as a sponge for miR-149-5p in cervical cancer. In addition, they found that increased expression of Aurora kinase A (AURKA) was associated with poor prognosis in patients with cervical cancer. Functional analysis showed that inhibition of AURKA could reduce the proliferation and invasion of cervical cancer cells in vitro. In terms of mechanism, they further confirmed that AURKA is the target for miR-149-5p. Therefore, miR-149-5p may act as key modulator in the oncogenic role of hsa_circ_0075341 in cervical cancer, by binding 3’-UTR region of AURKA (23) (Figure 1). Besides, Liu et al. found that hsa_circ_0061140 may play a role in promoting tumorigenesis in endometrial carcinoma by inducing the expression of STAT3 as a molecular sponge for miR-149-5p (46). Collectively, miR-149-5p may be a tumor suppressor in cervical cancer progression and further studies are needed to confirm its therapeutic effect.



3.1.4 Prostate Cancer

Prostate cancer (PCa) is the most common non-skin cancer in men in the world. It is estimated that there are nearly 1.3 million new cases of PCa and 359000 related deaths worldwide in 2018, making it the second most common cause of cancer and the fifth leading cause of cancer death among men (34).

In 2019, Fu et al. found the anticancer effect of Fuzheng Yiliu decoction (FZYL), a Chinese medicinal formulae, combined with docetaxel (Doc) was enhanced in PCa, compared with one of them in a castration-resistant prostate cancer (CRPC) mouse model. By analyzing the differential miRNA in tumor tissues treated with Doc + FZYL, there were 10 specific miRNAs, in which miR-149-5p sharply decreased. The enrichment analysis of speculated target genes by KEGG and GO showed that Doc + FZYL-specific miRNAs may be involved in PI3K-Akt signal pathway to enhance the therapeutic effect (47).

Subsequently, Ma et al. found that the expression of miR-149-5p is down-regulated in PCa, and overexpression of miR-149-5p weakened the malignant degree of PCa cells by regulating Regulator of G Protein Signaling 17 (RGS17). Mechanistically, silencing of miR-149-5p upregulated the expression of RGS17 in PCa tissues and cells, while overexpression of miR-149-5p showed an opposite effect (48). Besides, Temiz et al. found that in PCa cell lines, overexpression of miR-149-5p can downregulate the expression of CCT3, which leads to the destruction of intracellular ROS homeostasis and the distribution of free amino acids in energy metabolism, and promotes tumor cell apoptosis (14).

Overall, miR-149-5p may be a vital tumor suppressor in reproductive system cancers (Figure 1), but its function in ovarian cancer is controversial. To explore the diagnostic role in reproductive system cancers, essential studies are needed to perform.




3.2 Cancers of the Digestive System


3.2.1 Gastric Cancer

Gastric cancer is a dangerous disease in the world, which threatens human lives. It is estimated that there are more than 1 million new cases of GC every year, making it the fifth largest disease diagnosed as a malignant tumor in the world. Because GC is often diagnosed at an advanced stage and has a high mortality rate, it ranked the third most common cause of cancer-related deaths, with 784000 deaths worldwide in 2018 (49).

The discovery of the role of miR-149-5p in GC is attributed to the studies on circRNA and lncRNA. Recently, the next-generation sequencing method was used to detect the differentially expressed circRNA in GC tissues. It was found that CircNRIP1 was up-regulated exponentially in GC tissues compared with adjacent normal gastric tissues, and the levels of CircNRIP1 were significantly correlated with the size of GC, lymphatic invasion, disease-free survival and overall survival. Functionally, CircNRIP1 knockdown successfully blocked the proliferation, migration, invasion and AKT1 expression of GC cells. Interestingly, miR-149-5p inhibited the oncogenic role of CircNRIP1 in GC cells, and the overexpression of miR-149-5p blocked the malignant behavior of CircNRIP1. Experiments in vitro suggested that CircNRIP1, as a sponge for miR-149-5p, promotes the progression of GC through AKT/mTOR-mediated metabolism and EMT pathway. In addition, CircNRIP1 can be transmitted between GC cells through exosome communication, and CircNRIP1 in exosomes can also promote tumor metastasis in vivo. Further studies on the mechanism show that RNA binding protein QKI can promote the cyclic transcription of NRIP1 gene. Finally, the tumor promoting effect of CircNRIP1 was verified in patient-derived xenograft (PDX) model (13).

Moreover, another study demonstrated that lncRNA BLACAT1 promotes the proliferation, migration and invasion of GC cells by regulating the miR-149-5p/KIF2A axis (50). CircNHSL1 can affect the expression of YWHAZ through sponging miR-149-5p, thereby regulating the progression of GC (51). Circ_0044516 could promote the expression of HuR through sponging miR-149-5p, thereby regulating the progression of GC (52). Importantly, Chen et al. reported low serum levels of miR-149-5p, combined with miR-1-3p, miR-125b-5p and miR-196a-5p, may be used as a noninvasive biomarker for gastric adenocarcinoma diagnosis (53). Given the crucial role of miRNA in cellular communication through exosome, it is necessary to explore whether miR-149-5p exists in exosome in GC.

Collectively, as a tumor suppressor in GC, miR-149-5p expression was imprisoned by a variety of lncRNAs and circRNAs (Figure 2). Therefore, targeting some upstream non-coding RNAs is a good choice to rescue the normal levels of miR-149-5p.




Figure 2 | Function and regulatory mechanism of miR-149-5p in digestive system. MiR-149-5p inhibits cell proliferation, migration, invasion and drug resistance in HCC, GC and CRC through binding 3’-UTR of target mRNA. In disease state, miR-149-5p is usually imprisoned by some noncoding RNAs, including LINC00461, PART1, NEAT1 in HCC; LINC00460, DLGAP1-AS1, circ5616 and circCTNNA1 in CRC; BLACAT1, circNRIP1, circNHSL1 and circ_0044516 in GC. In GC, circNRIP1 exists in exosome, and mediates cell to cell communication.





3.2.2 Hepatocellular Carcinoma

Liver cancer is predicted to be the fourth leading cancer-related deaths and the sixth most commonly diagnosed cancer worldwide in 2018, posing a serious threat to human quality of life (34). Based on annual data, the World Health Organization estimates that more than 1 million people will die of liver cancer in 2030 (54). Hepatocellular carcinoma is the most common tumor in all primary liver cancer, accounting for 80% of the total number of cases (55).

In HCC, miR-149-5p was also regarded as tumor suppressor, and was regulated by several important lncRNAs. For example, Ji et al. found that LINC00461 was a ceRNA by directly sponging miR-149-5p in liver cancer cells, and then regulated LRIG2, to play a carcinogenic role (56). Zhou et al. found that lncRNA PART1 promotes the proliferation, migration and invasion of HCC cells by regulating the miR-149-5p/MAP2K1 axis (57). Moreover, Chen et al. confirmed that miR-149-5p was associated with lung metastasis in patients with liver cancer (58).

Niu et al. found that the expression of NEAT1 in HCC tissues was significantly higher than that in adjacent tissues. Functional analysis showed that NEAT1 could directly bind to miR-149-5p, leading to suppression of miR-149-5p/AKT1 axis, thereby promoting the drug resistance of HCC cells to sorafenib (59).

It is widely acknowledged that tumor microenvironment (TME) plays a crucial role in tumor growth, development and metastasis, among which inflammation is one of the most important factors, and macrophages are class of the most common immune-related cells in it. Macrophages can be classified into two types, classical macrophages (M1) and alternative (M2) macrophages, in microenvironment. In general, M1 macrophages play a pro-inflammatory role by expressing nitric oxide synthase (INOS), while M2 macrophages express anti-inflammatory cytokines, such as IL-10, to promote tumor progression and metastasis (60). Liu et al. found that M2 macrophages may increase the expression of MMP9 by reducing the level of miR-149-5p in HCC cells and promote the progression of HCC (15), further confirmed the tumor suppressive role of miR-149-5p in HCC. Interestingly, increasing evidences revealed that hypoxia can regulate the status of tumor immune microenvironment, such as promoting the release of inflammation factors, enhancing the recruitment of innate immune cells (61). Thus, it is meaningful for researchers to study whether hypoxia alters the level of miR-149-5p and whether miR-149-5p is involved in the changes of immune microenvironment induced by hypoxia in HCC.

In order to accurately predict the prognosis of HCC patients, many teams have constructed a model containing miRNAs (62–64). Inconsistent with above mentioned studies (Figure 2), they reported that miR-149-5p was one of the elements, and its high expression was associated with poor prognosis. Therefore, further studies should pay more attention on clinical samples, and analyze the correlation between miR-149-5p with HCC.



3.2.3 Colorectal Cancer

A few decades ago, CRC was rarely diagnosed. According to 2018 GLOBOCAN, CRC ranks third in terms of incidence, but second in terms of mortality. Over 1.8 million new CRC cases and 881,000 deaths are estimated to occur in 2018, accounting for about 1 in 10 cancer cases and deaths (34). The incidence and mortality of CRC vary geographically, with the highest rates in developed countries, but with the continuous progress of developing countries, the global incidence of CRC is expected to increase to 2.5 million new cases by 2035 (65).

By analyzing TCGA RNA sequencing data and other publicly available microarray data, Lian et al. found a new lncRNA, LINC00460, whose expression in CRC tissues is significantly higher than that in adjacent normal tissues. Importantly, the high levels of LINC00460 in CRC were associated with larger tumor, advanced tumor stage, lymph node metastasis and shorter overall survival. Functional studies indicated LINC00460 can promote proliferation and inhibit apoptosis of CRC cells in vitro and in vivo. Mechanistical studies demonstrated that LINC00460 can be served as a molecular sponge for miR-149-5p, antagonizing its capacity to inhibit cullin 4A (CUL4A) protein translation, which suggests a tumor suppressive role of miR-149-5p, in contrast to the oncogenic function of LINC00460 in CRC (16). Consistently, Ruan et al. confirmed that LINC00460 can be used as the ceRNA for miR-149-5p to up-regulate BGN, thus promotes the metastasis of CRC cells (22).

It has been reported that oxaliplatin resistance was a major challenge in clinical treatment of advanced CRC (66). Meng et al. reported that LINC00460-miR-149-5p/miR-150-5p-mutant p53 feedback loop was associated with oxaliplatin resistance in CRC. LINC00460 was exhibited a high level in oxaliplatin-resistant CRC (CRC/OxR) cells than that in oxaliplatin-sensitive CRC cells, and this expression pattern depends on mutant p53 (SW480/OxR) rather than wild-type p53 (HCT116/OxR). Further studies suggested that LINC00460 promotes oxaliplatin resistance by inhibiting miR-149-5p/miR-150-5p, and improving the expression of miRNA-targeted p53 (21). Moreover, Qu et al. found that lncRNA DLGAP1-AS1 knockdown inhibits the occurrence of CRC by regulating miR-149-5p/TGFB2/Smad2 signal pathway in vivo and in vitro, and improves the sensitivity of 5-FU (67). These studies highlighted an important role of miR-149-5p in CRC, and the intimate regulatory relation between miRNA-149-5p and lncRNAs.

It is worth mentioning that the levels of miR-149-5p are also regulated by two newly discovered circRNAs, Circ5615 and CircCTNNA1. The study by Ma et al. first explored the expression profile of circRNA in 5 pairs of CRC tissues by microarray, and found that one CircRNA, hsa_CIRC_0005615 (Circ5615) was remarkably up-regulated in CRC tissues. The upregulation is closely related to the high T stage and poor prognosis of patients with CRC. Studies in vitro and in vivo have shown that in CRC cells, Circ5615 gene knockdown inhibited cell proliferation and cell cycle acceleration, while overexpression promoted malignant phenotype. Mechanism studies have shown that Circ5615, as a sponge for miR-149-5p, inhibits miRNA-mediated inhibition of target gene TNKS. The increase of TNKs level can stabilize β-catenin by stimulating the degradation of AXIN2. Promote the proliferation of CRC cells through Wnt/β-catenin pathway (68).

Similarly, Chen et al. used CircRNA and mRNA microarray techniques to analyze the colon cancer tissues and paracancerous normal tissues of 3 patients with colon cancer. The most related mRNA (FOXM1) and CircRNA (CircCTNNA1, a new CircRNA) were significantly up-regulated in colon cancer, and their levels were related to the stage of lymph node metastasis, poor prognosis and poor survival in patients with colon cancer. CircCTNNA1 can promote the proliferation, migration and invasion of colon cancer cells in vitro and in vivo. Functional analysis showed that CircCTNNA1 could be used as a ceRNA of miR-149-5p to counteract the inhibitory effect of miR-149-5p on downstream target gene FOXM1 (69).

Collectively, miR-149-5p exerts a tumor suppressive role in CRC, and is usually regulated by some crucial lncRNAs and circRNAs (Figure 2).



3.2.4 Other Cancers of Digestive System

In addition to GC, HCC and CRC, miR-149-5p has also been studied in other digestive system cancers, including oral cancer, esophageal cancer and ductal adenocarcinoma of the pancreas (70–76).

According to statistics, more than 140000 people die of oral cancer every year. More than 300000 people are diagnosed with oral cancer each year (77). Studies reported that the expression of miR-149-5p was decreased in oral carcinoma, including tongue squamous cell carcinoma (71) and oral squamous cell carcinoma (OSCC) (75). Luo et al. found that the expression of miR-149-5p in cisplatin-resistant cell line (CAL-27/CDDP) was lower than that in normal OSCC cell line (CAL-27). Functional analysis showed that miR-149-5p could enhance the chemosensitivity of OSCC cells to cisplatin by targeting TGF β2, inhibit cell proliferation, migration and invasion, and promote apoptosis (75). Notably, Qiu et al. confirmed that CircBICD2 knockdown could inhibit the proliferation, migration, invasion, glutamine degradation and increase apoptosis of OSCC cells by regulating the miR-149-5p/IGF2BP1 axis (70). Similarly, down-regulation of lncRNA DLEU1 could inhibit the occurrence of OSCC by regulating the miR-149-5p/CDK6 axis (76).

Esophageal cancer is a global problem and the sixth most common cause of cancer death every year. In 2018, an estimated 572000 people worldwide were diagnosed with esophageal cancer and 509000 died of the disease, indicating a high mortality rate from esophageal cancer (34). The expression of miR-149-5p was low, while LincDRAIC and NFIB were highly expressed in esophageal cancer cells. Down-regulation of DRAIC, NFIB and up-regulation of miR-149-5p can inhibit the proliferation, invasion, and promote apoptosis and autophagy of esophageal cancer cells at the meanwhile. Further studies suggested that DRAIC could act as a sponge for miR-149-5p (72). Consistently, Xu et al. found that miR-149-5p was remarkably down-regulated in esophageal squamous cell carcinoma tissues and cell lines. CIRC_0000654 can be used as a sponge for miR-149-5p to promote the progression of esophageal cancer by indirectly activating IL-6/STAT3 signal pathway (73).

Compared with healthy people and patients with benign pancreatic lesions, the expression of miR-149-5p in serum exosome of patients with pancreatic ductal adenocarcinoma (PDAC) was up-regulated (74). But no further studies elucidated the role of miR-149-5p in PDAC, thus to explore the prognostic and diagnostic role of miR-149-5p, more researches should focus on its function in tumor initiation and progression rather than merely examining its expression level.




3.3 Cancers of the Respiratory System


3.3.1 Lung Cancer

Lung cancer remains the most common cancer (11.6% of all cancers) and the leading cause of cancer deaths, with about 1.8 million deaths worldwide in 2018 (78). Histologically, lung cancer is divided into two categories: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), in which NSCLC accounts for more than 80% of lung cancer (79).

The role of miR-149-5p in lung cancer is still controversial (Figure 3). In 2016, Yang et al. made a comprehensive analysis of the expression profiles of miRNA and mRNA in NSCLC tissues for the first time, and found that the expression of miR-149-5p in cancer tissues was up-regulated compared with that in paracancerous tissues (80). On the contrary, Li et al. found that the expression of miR-149-5p was down-regulated in NSCLC tissues and cell lines. LncRNA PCAT-1 promoted the growth of NSCLC cells by up-regulating LRIG2 through acting as a ceRNA for miR-149-5p, indicating tumor suppressive role of miR-149-5p (81). Consistently, Liu et al. also found that the expression of miR-149-5p was relatively down-regulated in NSCLC. LncRNA HNF1A-AS1, a newly found “oncogene”, was reported to promote the proliferation, migration and invasion of NSCLC cells through sponging with miR-149-5p and targeting CDK6 (82). Zhou et al. found that MIAT can directly bind to miR-149-5p, and then act as a sponge to improve the expression level of FOXM1 and promote the process of NSCLC (83). Li et al. found that HOTAIR can be used as the endogenous ceRNA of miR-149-5p to promote the expression of HNRNPA1, and then promote the proliferation, migration and invasion of NSCLC cells (84). Similarly, Wei et al. found that CircFOXM1 promotes the development of NSCLC by regulating the miR-149-5p/ATG5 axis (85).




Figure 3 | Function and regulatory mechanism of miR-149-5p in lung cancer. The role of miR-149-5p in lung cancer is controversial. In NSCLC, miR-149-5p mostly is regarded as a tumor suppressor by targeting different genes, and is controlled by LINC00460, PCAT-1, HNF1A-AS1, MIAT, HOTAIR and circFOXM1. Paradoxically, high levels of miR-149-5p are found in serum exosome, and promotes LUAD progression.



Besides, β1, 3-N-acetylglucosaminyltransferase-3(B3GNT3) was reported be abnormally expressed in lung cancer, and the overexpression of B3GNT3 is related to the poor prognosis of patients with lung cancer. Further studies indicated miR-149-5p had a negative regulatory effect on lung cancer progression, and downregulating the expression of B3GNT3 by directly targeting 3’-UTR of B3GNT3. Overexpression of miR-149-5p can antagonize the tumorigenicity of B3GNT3 in vitro (86).

Platinum-based chemotherapy after surgical resection has become the standard strategy for the treatment of NSCLC (87). However, the clinical results of patients with NSCLC are still disappointing, mainly due to acquired clinical drug resistance (88). Therefore, reducing drug resistance may be a promising method for the treatment of cisplatin-resistant NSCLC patients.

Zhan et al. found that the expression of lncRNA HOTAIR was up-regulated in DDP-resistant NSCLC tumor tissues and cell lines (A549/DDP and H1299/DDP). The knockdown of HOTAIR decreased the acquired resistance of A549/DDP and H1299/DDP cells to cisplatin, which was characterized by the decrease of 50% inhibitory concentration (IC50) of DDP, the weakening of cell proliferation, migration and invasion in vitro, and the inhibition of tumor growth in vivo. Functionally, miR-149-5p deletion counteracted the inhibitory effect of HOTAIR gene knockdown on cisplatin resistance; on the contrary, restoring miR-149-5p showed a similar inhibitory effect on cisplatin resistance in vitro, and up-regulation of DCLK1 weakened this inhibitory effect. In conclusion, HOTAIR gene knockdown can enhance the cisplatin sensitivity of cisplatin-resistant NSCLC cells partly by regulating the miR-149-5p/DCLK1 axis (89).

Non-small cell lung cancer is a heterogeneous tumor, that can be divided into lung adenocarcinoma(LUAD) and lung squamous cell carcinoma (LUSC) (90). It has been reported that epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKIs) is the first choice for the treatment of LUAD with EGFR activation mutation. However, although the initial response to EGFR-TKI treatment was good, most patients eventually developed EGFR-TKI resistance and relapsed within 1 year.

In LUAD cells, LINC00460 promotes EGFR-TKI resistance as a competitive bait for miR-149-5p, thus promoting the expression of IL-6 and inducing EMT-like phenotype. In LUAD cells resistant to gefitinib, the knockdown of LINC00460 restored the response to EGFR-TKI. In addition, compared to patients with low expression of LINC00460 in tumors, patients with high expression of LINC00460 had significantly shorter progression-free survival and shorter overall survival after gefitinib treatment. The discovery of the importance of LINC00460 may lead to its application as a prognostic factor, a diagnostic index of EGFR-TKIs and a molecular target of drugs (91).

Conversely, miR-149-5p was reported be highly expressed in peripheral blood exosome of patients with LUAD. The upregulation of miR-149-5p in exosomes promoted the growth of tumor cells and inhibited the apoptosis of tumor cells. The results of ROC curve analysis showed that exosome miR-149-5p was of good value in the diagnosis of LUAD. Exosome miR-149-5p can directly bind to AMOTL2 and mediate tumor cell proliferation and apoptosis, suggesting that exosome miR-149-5p may be a reliable biomarker of TME in LUAD (17).

Collectively, miR-149-5p may play a tumor suppressive role in NSCLC, and its low expression is usually caused by some oncogenic ceRNAs. However, in LUAD, miR-149-5p is highly expressed in exosome, displaying a tumor promotive role. Therefore, it is important to clarify the role of miR-149-5p in lung cancer, and to detect the exosome miR-149-5p will be more effective to estimate the disease stage.



3.3.2 Nasopharyngeal Carcinoma

Nasopharyngeal carcinoma (NPC) is a type of epithelial carcinoma originating from the lining of nasopharyngeal mucosa. According to the International Agency for Research on Cancer, there were about 129000 new cases of NPC in 2018, accounting for only 0.7 percent of all cancers diagnosed in January 2018. However, its global geographical distribution is extremely uneven, with more than 70% of new cases occurring in East and Southeast Asia (92). At present, radiotherapy, chemotherapy and radiotherapy are the main methods for the treatment of NPC, but some patients always grow to the neck and/or distant metastasis, because of their high metastasis, the prognosis is still very poor (93). Therefore, it is necessary to further study the molecular mechanism of NPC and more effective treatment strategies.

Kong et al. identified a new lncRNA, LINC00460, that is located on chromosome 13q33.2 and is transcribed into a 935nt transcript. The expression of LINC00460 in NPC is significantly higher than that in non-tumor tissues. The overexpression of LINC00460 is closely related to the poor prognosis of patients with NPC. Silencing LINC00460 can inhibit the proliferation of NPC cells in vivo and in vitro. Mechanistic studies showed that LINC00460 may play an oncogenic role partly by up-regulating the target gene IL-6, acting as a sponge for miR-149-5p in NPC (94). Therefore, the tumor suppressive role of miR-149-5p may be inhibited by LINC00460 in NPC.




3.4 Cancers of the Urinary System


3.4.1 Renal Cell Carcinoma

Renal cell carcinoma (RCC) affects more than 400,000 people worldwide every year. The age of diagnosis is about 60 years old, and the number of males is twice as high as that of females (95).

Jin et al. clarified the expression and function of miR-149-5p in RCC for the first time. Compared with normal renal tissue, the expression of miR-149-5p was significantly down-regulated in RCC. Restoring the expression of miR-149-5p with synthetic mimics could inhibit the proliferation and migration and promote apoptosis of RCC cells (96).

The most common subtype of RCC is clear cell renal cell carcinoma(ccRCC) with high morbidity and poor prognosis (97). Okato’s team studied the role of pre-miR-149’s dual strands in ccRCC. The expression level of miR-149-5p in cancer tissues was significantly lower than that in normal tissues, but there was no significant difference in the expression level of miR-149-3p between cancer tissues and non-cancer tissues. The overexpression of miR-149-5p and miR-149-3p could inhibit the proliferation, migration and invasion of renal cancer cells, showing anti-tumor effect. After screening, FOXM1 was the downstream gene of miR-149-5p and miR-149-3p. Compared with normal tissues, the expression of FOXM1 in cancer tissues was significantly up-regulated. In this study, they speculated that miR-149-5p and miR-149-3p jointly regulate the progression and metastasis of ccRCC by acting on FOXM1 (98). These results suggest that miR-149-5p may be a tumor suppressor in RCC.

In addition, Xie et al. constructed a signature containing four-miRNA (miR-21-5p, miR-9-5p, miR-149-5p, and miR-30b-5p), which was related to the survival of ccRCC and can be used as a prognostic biomarker of ccRCC (99). In short, it is crucial for researchers to detect serum miR-149-5p and study whether exosome miR-149-5p is involved in progression of RCC.



3.4.2 Bladder Cancer

Bladder cancer (BC) brings a huge social burden, with more than 500000 new diagnoses and 200000 deaths worldwide every year. The impact of the disease on men (3:1 ratio) is disproportionate to that of the elderly, with a median age of 69 years for men and 71 years for women at the time of diagnosis (100, 101).

CircRNA_100146 was highly expressed in BC, and the increase of circRNA_100146 indicated a poor prognosis of patients with BC. CircRNA_100146 promoted the proliferation, migration and invasion of BC cells through sponging miR-149-5p and promoting the expression of RNF2 (102).

In addition, Lin and other researchers found that the expression level of miR-149-5p in urine of patients with BC were significantly higher than that of healthy controls. The high expression of miR-149-5p was significantly correlated with the overall survival rate of patients with BC, suggesting that urinary miR-149-5p may be a potential biomarker for non-invasive BC detection (103).




3.5 Cancers of the Endocrine System

Thyroid cancer (TC) is a common endocrine malignant tumor in the world. It was estimated that there were 567000 confirmed cases and 41000 deaths worldwide in 2018 (34). Thyroid carcinoma is usually divided into differentiated thyroid cancer (DTC), anaplastic thyroid cancer (ATC), medullary thyroid cancer (MTC) (104).

Papillary thyroid cancer (PTC) is the most common type of DTC. Although it is generally believed that genetic and environmental factors are related to the occurrence of PTC, the etiology is not completely clear. Rs2292832 is a genetic polymorphism located in the precursor of miR-149. In patients with PTC, compared with TT homozygote and TT/TC combined genotype, the CC genotype of rs2292832 was significantly associated with the increased risk of PTC tumorigenesis and invasion. Interestingly, the expression level of miR-149-5p in PTC patients with CC genotype was lower than that in patients with TC and TT genotypes, suggesting miR-149-5p may function as a tumor suppressor. Rs2292832 may participate in the susceptibility and local progression of PTC in Chinese patients by changing the expression level of miR-149-5p and its target genes (105). A small number of PTC will progress to advanced stage with distant metastasis and have little response to radioiodine therapy or hormone inhibition therapy. Therefore, a better understanding of the molecular biology of metastatic PTC will promote the development of new targeted therapies. Ouyang and his collaborators found that TR4 in PTC patients with distant metastasis was significantly higher than that in patients without metastasis. Mechanism studies have shown that TR4 can directly bind to the upstream promoter of circ-FLNA and regulate its expression at the transcriptional level. circ-FLNA acted as a sponge for miR-149-5p, thereby enhancing the expression of MMP9 and promoting the invasion and migration of PTC cells. In addition, the carcinogenic effect of TR4 and CIRC-FLNA in mouse xenotransplantation model has also been verified. TR4/CIRC-FLNA/miR-149-5p/MMP9 signal may be an ideal therapeutic target for patients with metastatic PTC (106) (Figure 4).




Figure 4 | Function and regulatory mechanism of miR-149-5p in thyroid cancer. MiR-149-5p inhibits thyroid cancer progression through targeting MMP9, and is sponged by circFLNA.



Medullary thyroid carcinoma is a malignant tumor originating from parafollicular cells of the thyroid gland, accounting for about 3.8% of TC. The clinical malignant degree of MTC is higher than that of PTC, that is more prone to lymph node metastasis, bringing more difficulties to therapy (107). Ye et al. found that the expression of miR-149-5p in MTC was significantly decreased, and it was significantly correlated with distant metastasis, TNM stage and poor prognosis. Overexpression of miR-149-5p can inhibit the proliferation and invasion of MTC cells. In addition, GIT1 was confirmed to be a directly target for miR-149-5p, and negatively correlated with its expression in MTC. Overexpression of GIT1 could partially reverse the inhibitory effect of miR-149-5p on MTC. Restoring the expression of miR-149-5p by silencing GIT1 may open up a new therapeutic approach for the treatment of MTC (108).



3.6 Cancers of the Circulatory System

Recent epidemiological data show that leukemia remains an important cancer worldwide, with about 440000 newly confirmed cases and 310000 deaths in 2018 (34). Leukemia is a blood or bone marrow disease that produces a large number of abnormal white blood cells. There are mainly four types: ALL, AML, CLL and chronic myeloid leukemia (CML) (109).

Among them, AML is the most common malignant tumor, and the overall disease-free recurrence survival rate is about 60%. Tian and his collaborators found that the expression of miR-149-5p was up-regulated in leukemic cell lines and blood and bone marrow samples of leukemia patients, especially in THP-1 cell lines and AML specimens. Fas Ligand (FASLG) was the direct target gene of miR-149-5p and was negatively regulated by miR-149-5p. Mechanism studies have shown that miR-149-5p inhibition induces apoptosis by targeting FASLG, accompanied by the activation of FADD and caspases. In conclusion, inhibition of miR-149-5p may be a potential therapeutic strategy for AML by inducing apoptosis (19).

It has been reported that ALL, a clonal dysplastic disease originating from bone marrow, can produce B-line or T-line lymphocytes, which is common in children. Zhu and his colleagues found that the expression of CircADD2 was down-regulated in bone marrow of children’s ALL and ALL cell lines. Overexpression of CircADD2 could inhibit cell proliferation, and promote cell apoptosis in vitro and in vivo. Mechanism studies have shown that CircADD2 could directly bind to miR-149-5p and down-regulate the expression level of AKT2, the target gene of miR-149-5p (18).

Collectively, miR-149-5p may play a potential oncogenic role in leukemia by targeting important genes, and is possibly repressed by some important non-coding RNAs. Therefore, it is an effective strategy to reduce the high level of miRNA in leukemia by altering the level of upstream ceRNAs.



3.7 Cancers of the Nervous System

Glioma is a primary tumor of the central nervous system, which originates from the inherent constituent cells of the brain, with an estimated annual incidence of 6.6 per 100,000 individuals in the USA (110, 111). Surgery, radiotherapy and temozolomide adjuvant chemotherapy are standard treatments for gliomas; however, due to the resistance to temozolomide, which reduces the cytotoxicity of temozolomide, the prognosis is still poor. Over the past decade, the median survival time of glioma patients has been about 12 months or less (112).

Xu et al. found that the expression of miR-149-5p was significantly down-regulated in glioma cell lines, tumor tissues and leukocytes of glioma patients. Inconsistent with the previous study, glioma patients with miR-149 rs2292832 carrying C allele (CC/CT) have a better prognosis. Functional analysis showed that miR-149 rs2292832C promoted the expression of miR-149-5p, while miR-149-5p could inhibit the proliferation of glioma cells and enhance the killing effect of temozolomide on glioma cells. Further study indicated that CDK6 was the downstream target of miR-149-5p, and miR-149-5p could exert its anticancer effect by inhibiting CDK6/SOX2 pathway. In short, miR-149-5p may be a potential prognostic biomarker of glioma (113).



3.8 Cancers of the Motor System

Osteosarcoma is the most common malignant bone tumor. The annual incidence of osteosarcoma was 3.1 ‰, while that of individuals under 25 years old was 4.4 ‰. It is an invasive tumor, which mainly occurs in children and young adults. Although the advances had been made in multidrug chemotherapy and surgical resection of solid tumors, the 5-year overall survival rate and recurrence rate of osteosarcoma patients have not been improved due to tumor metastasis (114).

Xu et al. found that the expression of miR-149-5p was significantly down-regulated in human osteosarcoma and negatively correlated with tumor size, which was an independent prognostic factor for the overall survival of patients with osteosarcoma. The recovery of miR-149-5p expression inhibited the growth of osteosarcoma cells, while knockdown it shows an opposite effect, suggesting that miR-149-5p may be a potential biomarker of prognosis in osteosarcoma patients. Mechanistical studies demonstrated that miR-149-5p inhibits the growth of osteosarcoma cells by regulating the TWEAK/Fn14/PI3K/AKT pathway (115).




4 Conclusion

In summary, miR-149-5p displays lower expression level in most cancers, but riches in clinical leukemia samples and peripheral blood of patients with LUAD, which makes a dual role of miR-149-5p in different cancers (Table 1). On the one hand, miR-149-5p regulates proliferation, apoptosis, migration, metastasis, and drug-resistance through targeting certain key genes in cancer development. On the other hand, miR-149-5p is regulated by several lncRNAs and circRNAs, such as LINC004600 and CircNRIP1, and its tumor suppressive role is often inhibited by these ceRNAs. These studies revealed a vital role of miR-149-5p in human cancer development, especially reproductive system cancers and digestive system cancers, making it as a promising non-coding RNA for cancer diagnosis, tumor staging and prognosis evaluation.


Table 1 | MiR-149-5p in different human cancers.



Encouragingly, several studies indicated miR-149-5p displays in exosome, and could be detected in liquid biopsy, such as serum in LUAD and urine in BC, making miR-149-5p be a promising biomarker in evaluation of tumor stage. We hope that future studies should focus more on the collection and analysis of large clinical samples and the levels of miR-149-5p in liquid biopsy. Furthermore, miR-149-5p delivery strategy, such as exosome-based delivery system, could be designed to target tumor tissues in animals first.

Given the role of miR-149-5p in bovine adipogenesis, it is interesting to detect whether miR-149-5p presents in CAAs or CAAs-derived exosomes in different human cancers. Besides, miR-149-5p has been reported to be downregulated in TME of HCC, and increasing studies indicated CAAs are crucial immunomodulators in TME. Therefore, associating miR-149-5p with CAAs in TME is a good research direction, which is more conducive to develop the therapeutic and diagnostic value of miR-149-5p.



Author Contributions

F-jR, YY, and X-yC drafted the manuscript. Y-tC and QS checked the figures and tables and revised the manuscript. G-yF edited and added the constructive suggestions on the manuscript. All authors contributed to the article and approved the submitted version.



Acknowledgments

We appreciate the support of Hangzhou Women’s Hospital.



References

1. Rupaimoole, R, and Slack, FJ. MicroRNA Therapeutics: Towards a New Era for the Management of Cancer and Other Diseases. Nat Rev Drug Discovery (2017) 16:203–22. doi: 10.1038/nrd.2016.246

2. Lin, YH. MicroRNA Networks Modulate Oxidative Stress in Cancer. Int J Mol Sci (2019) 20:4497 . doi: 10.3390/ijms20184497

3. Jeker, LT, and Bluestone, JA. MicroRNA Regulation of T-Cell Differentiation and Function. Immunol Rev (2013) 253:65–81. doi: 10.1111/imr.12061

4. Huang, T, Wan, X, Alvarez, AA, James, CD, Song, X, Yang, Y, et al. MIR93 (microRNA -93) Regulates Tumorigenicity and Therapy Response of Glioblastoma by Targeting Autophagy. Autophagy (2019) 15:1100–11. doi: 10.1080/15548627.2019.1569947

5. Ha, M, and Kim, VN. Regulation of microRNA Biogenesis. Nat Rev Mol Cell Biol (2014) 15:509–24. doi: 10.1038/nrm3838

6. Mishra, S, Yadav, T, and Rani, V. Exploring miRNA Based Approaches in Cancer Diagnostics and Therapeutics. Crit Rev Oncol Hematol (2016) 98:12–23. doi: 10.1016/j.critrevonc.2015.10.003

7. Calin, GA, Dumitru, CD, Shimizu, M, Bichi, R, Zupo, S, Noch, E, et al. Frequent Deletions and Down-Regulation of Micro- RNA Genes Mir15 and Mir16 at 13q14 in Chronic Lymphocytic Leukemia. Proc Natl Acad Sci USA (2002) 99:15524–9. doi: 10.1073/pnas.242606799

8. Sen, R, Ghosal, S, Das, S, Balti, S, and Chakrabarti, J. Competing Endogenous RNA: The Key to Posttranscriptional Regulation. ScientificWorldJournal (2014) 2014:896206. doi: 10.1155/2014/896206

9. Kulcheski, FR, Christoff, AP, and Margis, R. Circular RNAs Are miRNA Sponges and Can Be Used as a New Class of Biomarker. J Biotechnol (2016) 238:42–51. doi: 10.1016/j.jbiotec.2016.09.011

10. Chan, JJ, and Tay, Y. Noncoding RNA : RNA Regulatory Networks in Cancer. Int J Mol Sci (2018) 19:1310. doi: 10.3390/ijms19051310

11. Ganju, A, Khan, S, Hafeez, BB, Behrman, SW, Yallapu, MM, Chauhan, SC, et al. miRNA Nanotherapeutics for Cancer. Drug Discov Today (2017) 22:424–32. doi: 10.1016/j.drudis.2016.10.014

12. Barile, L, and Vassalli, G. Exosomes: Therapy Delivery Tools and Biomarkers of Diseases. Pharmacol Ther (2017) 174:63–78. doi: 10.1016/j.pharmthera.2017.02.020

13. Zhang, X, Wang, S, Wang, H, Cao, J, Huang, X, Chen, Z, et al. Circular RNA Circnrip1 Acts as a microRNA-149-5p Sponge to Promote Gastric Cancer Progression via the AKT1/mTOR Pathway. Mol Cancer (2019) 18:20. doi: 10.1186/s12943-018-0935-5

14. Temiz, E, Koyuncu, I, and Sahin, E. CCT3 Suppression Prompts Apoptotic Machinery Through Oxidative Stress and Energy Deprivation in Breast and Prostate Cancers. Free Radic Biol Med (2021) 165:88–99. doi: 10.1016/j.freeradbiomed.2021.01.016

15. Liu, G, Yin, L, Ouyang, X, Zeng, K, Xiao, Y, and Li, Y. M2 Macrophages Promote HCC Cells Invasion and Migration via miR-149-5p/MMP9 Signaling. J Cancer (2020) 11:1277–87. doi: 10.7150/jca.35444

16. Lian, Y, Yan, C, Xu, H, Yang, J, Yu, Y, Zhou, J, et al. A Novel lncRNA, LINC00460, Affects Cell Proliferation and Apoptosis by Regulating KLF2 and CUL4A Expression in Colorectal Cancer. Mol Ther Nucleic Acids (2018) 12:684–97. doi: 10.1016/j.omtn.2018.06.012

17. Tian, W, Yang, H, and Zhou, B. Integrative Analysis of Exosomal microRNA-149-5p in Lung Adenocarcinoma. Aging (Albany NY) (2021) 13:7382–96. doi: 10.18632/aging.202596

18. Zhu, Y, Ma, X, Zhang, H, Wu, Y, Kang, M, Fang, Y, et al. Mechanism of Circadd2 as ceRNA in Childhood Acute Lymphoblastic Leukemia. Front Cell Dev Biol (2021) 9:639910. doi: 10.3389/fcell.2021.639910

19. Tian, P, and Yan, L. Inhibition of MicroRNA-149-5p Induces Apoptosis of Acute Myeloid Leukemia Cell Line THP-1 by Targeting Fas Ligand (FASLG). Med Sci Monit (2016) 22:5116–23. doi: 10.12659/msm.899114

20. He, C, Luo, B, Jiang, N, Liang, Y, He, Y, Zeng, J, et al. OncomiR or Antioncomir: Role of miRNAs in Acute Myeloid Leukemia. Leuk Lymphoma (2019) 60:284–94. doi: 10.1080/10428194.2018.1480769

21. Meng, X, Sun, W, Yu, J, Zhou, Y, Gu, Y, Han, J, et al. LINC00460-miR-149-5p/miR-150-5p-Mutant P53 Feedback Loop Promotes Oxaliplatin Resistance in Colorectal Cancer. Mol Ther Nucleic Acids (2020) 22:1004–15. doi: 10.1016/j.omtn.2020.10.018

22. Ruan, T, Lu, S, Xu, J, and Zhou, JY. lncRNA LINC00460 Functions as a Competing Endogenous RNA and Regulates Expression of BGN by Sponging miR-149-5p in Colorectal Cancer. Technol Cancer Res Treat (2021) 20:1533033820964238. doi: 10.1177/1533033820964238

23. Shao, S, Wang, C, Wang, S, Zhang, H, and Zhang, Y. Hsa_circ_0075341 Is Up-Regulated and Exerts Oncogenic Properties by Sponging miR-149-5p in Cervical Cancer. BioMed Pharmacother (2020) 121:109582. doi: 10.1016/j.biopha.2019.109582

24. Khan, R, Raza, SHA, Junjvlieke, Z, Wang, X, Wang, H, Cheng, G, et al. Bta-miR-149-5p Inhibits Proliferation and Differentiation of Bovine Adipocytes Through Targeting CRTCs at Both Transcriptional and Posttranscriptional Levels. J Cell Physiol (2020) 235:5796–810. doi: 10.1002/jcp.29513

25. Guo, H, Khan, R, Abbas Raza, SH, Suhail, SM, Khan, H, Khan, SB, et al. RNA-Seq Reveals Function of Bta-miR-149-5p in the Regulation of Bovine Adipocyte Differentiation. Anim (Basel) (2021) 11:1207. doi: 10.3390/ani11051207

26. Lee, J, Hong, BS, Ryu, HS, Lee, HB, Lee, M, Park, IA, et al. Transition Into Inflammatory Cancer-Associated Adipocytes in Breast Cancer Microenvironment Requires microRNA Regulatory Mechanism. PloS One (2017) 12:e0174126. doi: 10.1371/journal.pone.0174126

27. Wu, Q, Sun, S, Li, Z, Yang, Q, Li, B, Zhu, S, et al. Tumour-Originated Exosomal miR-155 Triggers Cancer-Associated Cachexia to Promote Tumour Progression. Mol Cancer (2018) 17:155. doi: 10.1186/s12943-018-0899-5

28. Ding, H, Zheng, S, Garcia-Ruiz, D, Hou, D, Wei, Z, Liao, Z, et al. Fasting Induces a Subcutaneous-to-Visceral Fat Switch Mediated by microRNA-149-3p and Suppression of PRDM16. Nat Commun (2016) 7:11533. doi: 10.1038/ncomms11533

29. Wang, G, Jacquet, L, Karamariti, E, and Xu, Q. Origin and Differentiation of Vascular Smooth Muscle Cells. J Physiol (2015) 593:3013–30. doi: 10.1113/JP270033

30. Zhang, B, Dong, Y, Liu, M, Yang, L, and Zhao, Z. miR-149-5p Inhibits Vascular Smooth Muscle Cells Proliferation, Invasion, and Migration by Targeting Histone Deacetylase 4 (Hdac4). Med Sci Monit (2019) 25:7581–90. doi: 10.12659/MSM.916522

31. Peng, W, Li, T, Pi, S, Huang, L, and Liu, Y. Suppression of Circular RNA Circdhcr24 Alleviates Aortic Smooth Muscle Cell Proliferation and Migration by Targeting miR-149-5p/MMP9 Axis. Biochem Biophys Res Commun (2020) 529:753–59. doi: 10.1016/j.bbrc.2020.06.067

32. Wang, M, Li, C, Cai, T, Zhang, A, Cao, J, and Xin, H. Circ_CHFR Promotes PDGF-BB-Induced Proliferation, Invasion and Migration in VSMCs via miR-149-5p/NRP2 Axis. J Cardiovasc Pharmacol (2021). doi: 10.1097/FJC.0000000000001055

33. Wang, J, Qu, J, Li, Y, Feng, Y, Ma, J, Zhang, L, et al. miR-149-5p Regulates Goat Hair Follicle Stem Cell Proliferation and Apoptosis by Targeting the CMTM3/AR Axis During Superior-Quality Brush Hair Formation. Front Genet (2020) 11:529757. doi: 10.3389/fgene.2020.529757

34. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68:394–424. doi: 10.3322/caac.21492

35. Abu Samaan, TM, Samec, M, Liskova, A, Kubatka, P, and Busselberg, D. Paclitaxel’s Mechanistic and Clinical Effects on Breast Cancer. Biomolecules (2019) 9:789 . doi: 10.3390/biom9120789

36. Xiang, F, Fan, Y, Ni, Z, Liu, Q, Zhu, Z, Chen, Z, et al. Ursolic Acid Reverses the Chemoresistance of Breast Cancer Cells to Paclitaxel by Targeting MiRNA-149-5p/Myd88. Front Oncol (2019) 9:501. doi: 10.3389/fonc.2019.00501

37. Barok, M, Joensuu, H, and Isola, J. Trastuzumab Emtansine: Mechanisms of Action and Drug Resistance. Breast Cancer Res (2014) 16:209. doi: 10.1186/bcr3621

38. Tian, D, Tian, M, Ma, ZM, Zhang, LL, Cui, YF, and Li, JL. Anesthetic Propofol Epigenetically Regulates Breast Cancer Trastuzumab Resistance Through IL-6/miR-149-5p Axis. Sci Rep (2020) 10:8858. doi: 10.1038/s41598-020-65649-y

39. Qi, C, Qin, X, Zhou, Z, Wang, Y, Yang, Q, and Liao, T. Circ_0072995 Promotes Cell Carcinogenesis via Up-Regulating miR-149-5p-Mediated SHMT2 in Breast Cancer. Cancer Manag Res (2020) 12:11169–81. doi: 10.2147/CMAR.S272274

40. Lheureux, S, Braunstein, M, and Oza, AM. Epithelial Ovarian Cancer: Evolution of Management in the Era of Precision Medicine. CA Cancer J Clin (2019) 69:280–304. doi: 10.3322/caac.21559

41. Xu, M, Xiao, J, Chen, M, Yuan, L, Li, J, Shen, H, et al. Mir1495p Promotes Chemotherapeutic Resistance in Ovarian Cancer via the Inactivation of the Hippo Signaling Pathway. Int J Oncol (2018) 52:815–27. doi: 10.3892/ijo.2018.4252

42. Sun, L, Zhai, R, Zhang, L, and Zhao, S. MicroRNA-149 Suppresses the Proliferation and Increases the Sensitivity of Ovarian Cancer Cells to Cisplatin by Targeting X-Linked Inhibitor of Apoptosis. Oncol Lett (2018) 15:7328–34. doi: 10.3892/ol.2018.8240

43. Wei, S, Qi, L, and Wang, L. Overexpression of Circ_CELSR1 Facilitates Paclitaxel Resistance of Ovarian Cancer by Regulating miR-149-5p/SIK2 Axis. Anticancer Drugs (2021) 32:496–507. doi: 10.1097/CAD.0000000000001058

44. Li, M, Chi, C, Zhou, L, Chen, Y, and Tang, X. Circular PVT1 Regulates Cell Proliferation and Invasion via miR-149-5p/FOXM1 Axis in Ovarian Cancer. J Cancer (2021) 12:611–21. doi: 10.7150/jca.52234

45. Yuan, Y, Shi, X, Li, B, Peng, M, Zhu, T, Lv, G, et al. Integrated Analysis of Key microRNAs/TFs/mRNAs/in HPV-Positive Cervical Cancer Based on microRNA Sequencing and Bioinformatics Analysis. Pathol Res Pract (2020) 216:152952. doi: 10.1016/j.prp.2020.152952

46. Liu, Y, Chang, Y, and Cai, Y. Hsa_circ_0061140 Promotes Endometrial Carcinoma Progression via Regulating miR-149-5p/STAT3. Gene (2020) 745:144625. doi: 10.1016/j.gene.2020.144625

47. Fu, W, Hong, Z, You, X, Din, J, Chen, B, Zhao, B, et al. Enhancement of Anticancer Activity of Docetaxel by Combination With Fuzheng Yiliu Decoction in a Mouse Model of Castration-Resistant Prostate Cancer. BioMed Pharmacother (2019) 118:109374. doi: 10.1016/j.biopha.2019.109374

48. Ma, J, Wei, H, Li, X, and Qu, X. Hsa-miR-149-5p Suppresses Prostate Carcinoma Malignancy by Suppressing Rgs17. Cancer Manag Res (2021) 13:2773–83. doi: 10.2147/CMAR.S281968

49. Smyth, EC, Nilsson, M, Grabsch, HI, van Grieken, NCT, and Lordick, F. Gastric Cancer. Lancet (2020) 396:635–48. doi: 10.1016/s0140-6736(20)31288-5

50. Wang, Z, Liu, X, Liu, X, and Niu, D. Long Non-Coding RNA BLACAT1 Promotes the Tumorigenesis of Gastric Cancer by Sponging microRNA-149-5p and Targeting KIF2A. Cancer Manag Res (2020) 12:6629–40. doi: 10.2147/CMAR.S258178

51. Hui, C, Tian, L, and He, X. Circular RNA Circnhsl1 Contributes to Gastric Cancer Progression Through the miR-149-5p/YWHAZ Axis. Cancer Manag Res (2020) 12:7117–30. doi: 10.2147/CMAR.S253152

52. Yang, Y, Cai, B, Shi, X, Duan, C, Tong, T, and Yu, C. Circ_0044516 Functions in the Progression of Gastric Cancer by Modulating MicroRNA-149-5p/HuR Axis. Mol Cell Biochem (2021). doi: 10.1007/s11010-020-04026-9

53. Chen, X, Li, X, Peng, X, Zhang, C, Liu, K, Huang, G, et al. Use of a Four-miRNA Panel as a Biomarker for the Diagnosis of Stomach Adenocarcinoma. Dis Markers (2020) 2020:8880937. doi: 10.1155/2020/8880937

54. Villanueva, A. Hepatocellular Carcinoma. N Engl J Med (2019) 380:1450–62. doi: 10.1056/NEJMra1713263

55. Yang, JD, Hainaut, P, Gores, GJ, Amadou, A, Plymoth, A, and Roberts, LR. A Global View of Hepatocellular Carcinoma: Trends, Risk, Prevention and Management. Nat Rev Gastroenterol Hepatol (2019) 16:589–604. doi: 10.1038/s41575-019-0186-y

56. Ji, D, Wang, Y, Li, H, Sun, B, and Luo, X. Long Non-Coding RNA LINC00461/miR-149-5p/LRIG2 Axis Regulates Hepatocellular Carcinoma Progression. Biochem Biophys Res Commun (2019) 512:176–81. doi: 10.1016/j.bbrc.2019.03.049

57. Zhou, C, Wang, P, Tu, M, Huang, Y, Xiong, F, and Wu, Y. Long Non-Coding RNA PART1 Promotes Proliferation, Migration and Invasion of Hepatocellular Carcinoma Cells via miR-149-5p/MAP2K1 Axis. Cancer Manag Res (2020) 12:3771–82. doi: 10.2147/CMAR.S246311

58. Chen, EB, Zhou, ZJ, Xiao, K, Zhu, GQ, Yang, Y, Wang, B, et al. The miR-561-5p/CX3CL1 Signaling Axis Regulates Pulmonary Metastasis in Hepatocellular Carcinoma Involving CX3CR1(+) Natural Killer Cells Infiltration. Theranostics (2019) 9:4779–94. doi: 10.7150/thno.32543

59. Niu, Y, Tang, G, Wu, X, and Wu, C. LncRNA NEAT1 Modulates Sorafenib Resistance in Hepatocellular Carcinoma Through Regulating the miR-149-5p/AKT1 Axis. Saudi J Gastroenterol (2020). doi: 10.4103/sjg.SJG_4_20

60. Lewis, CE, and Pollard, JW. Distinct Role of Macrophages in Different Tumor Microenvironments. Cancer Res (2006) 66:605–12. doi: 10.1158/0008-5472.CAN-05-4005

61. Palazon, A, Goldrath, AW, Nizet, V, and Johnson, RS. HIF Transcription Factors, Inflammation, and Immunity. Immunity (2014) 41:518–28. doi: 10.1016/j.immuni.2014.09.008

62. Wang, S, Zhang, JH, Wang, H, Yang, L, Hong, S, Yu, B, et al. A Novel Multidimensional Signature Predicts Prognosis in Hepatocellular Carcinoma Patients. J Cell Physiol (2019) 234:11610–19. doi: 10.1002/jcp.27818

63. Fang, SS, Guo, JC, Zhang, JH, Liu, JN, Hong, S, Yu, B, et al. A P53-Related microRNA Model for Predicting the Prognosis of Hepatocellular Carcinoma Patients. J Cell Physiol (2020) 235:3569–78. doi: 10.1002/jcp.29245

64. Chen, Y, Wang, G, Xu, H, Wang, H, and Bai, D. Identification of a Novel Metastasis-Related miRNAs-Based Signature for Predicting the Prognosis of Hepatocellular Carcinoma. J Oncol (2021) 2021:6629633. doi: 10.1155/2021/6629633

65. Dekker, E, Tanis, PJ, Vleugels, JLA, Kasi, PM, and Wallace, MB. Colorectal Cancer. Lancet (2019) 394:1467–80. doi: 10.1016/s0140-6736(19)32319-0

66. Martinez-Balibrea, E, Martinez-Cardus, A, Gines, A, Ruiz de Porras, V, Moutinho, C, Layos, L, et al. Tumor-Related Molecular Mechanisms of Oxaliplatin Resistance. Mol Cancer Ther (2015) 14:1767–76. doi: 10.1158/1535-7163.MCT-14-0636

67. Qu, L, Chen, Y, Zhang, F, and He, L. The lncRNA DLGAP1-AS1/miR-149-5p/TGFB2 Axis Contributes to Colorectal Cancer Progression and 5-FU Resistance by Regulating Smad2 Pathway. Mol Ther Oncolytics (2021) 20:607–24. doi: 10.1016/j.omto.2021.01.003

68. Ma, Z, Han, C, Xia, W, Wang, S, Li, X, Fang, P, et al. Circ5615 Functions as a ceRNA to Promote Colorectal Cancer Progression by Upregulating TNKS. Cell Death Dis (2020) 11:356. doi: 10.1038/s41419-020-2514-0

69. Chen, P, Yao, Y, Yang, N, Gong, L, Kong, Y, and Wu, A. Circular RNA Circctnna1 Promotes Colorectal Cancer Progression by Sponging miR-149-5p and Regulating FOXM1 Expression. Cell Death Dis (2020) 11:557. doi: 10.1038/s41419-020-02757-7

70. Qiu, L, Zheng, L, Gan, C, Deng, W, Sun, Y, and Wang, T. Circbicd2 Targets miR-149-5p/IGF2BP1 Axis to Regulate Oral Squamous Cell Carcinoma Progression. J Oral Pathol Med (2020) 50:668–80. doi: 10.1111/jop.13156

71. Lai, H, Xu, G, Meng, H, and Zhu, H. Association of SP1 Rs1353058818 and STAT3 Rs1053004 Gene Polymorphisms With Human Tongue Squamous Cell Carcinoma. Biosci Rep (2019) 39. doi: 10.1042/BSR20190955

72. Li, F, Zhou, X, Chen, M, and Fan, W. Regulatory Effect of LncRNA DRAIC/miR-149-5p/NFIB Molecular Network on Autophagy of Esophageal Cancer Cells and Its Biological Behavior. Exp Mol Pathol (2020) 116:104491. doi: 10.1016/j.yexmp.2020.104491

73. Xu, Z, Tie, X, Li, N, Yi, Z, Shen, F, and Zhang, Y. Circular RNA Hsa_Circ_0000654 Promotes Esophageal Squamous Cell Carcinoma Progression by Regulating the miR-149-5p/IL-6/STAT3 Pathway. IUBMB Life (2020) 72:426–39. doi: 10.1002/iub.2202

74. Wang, C, Wang, J, Cui, W, Liu, Y, Zhou, H, Wang, Y, et al. Serum Exosomal miRNA-1226 as Potential Biomarker of Pancreatic Ductal Adenocarcinoma. Onco Targets Ther (2021) 14:1441–51. doi: 10.2147/OTT.S296816

75. Luo, K, He, J, Yu, D, and Acil, Y. MiR-149-5p Regulates Cisplatin Chemosensitivity, Cell Growth, and Metastasis of Oral Squamous Cell Carcinoma Cells by Targeting Tgfbeta2. Int J Clin Exp Pathol (2019) 12:3728–39.

76. Lv, T, Liu, H, Wu, Y, and Huang, W. Knockdown of lncRNA DLEU1 Inhibits the Tumorigenesis of Oral Squamous Cell Carcinoma via Regulation of Mir1495p/CDK6 Axis. Mol Med Rep (2021) 23:447. doi: 10.3892/mmr.2021.12086

77. Chaturvedi, P, Singh, A, Chien, CY, and Warnakulasuriya, S. Tobacco Related Oral Cancer. BMJ (2019) 365:l2142. doi: 10.1136/bmj.l2142

78. The L. Lung Cancer: Some Progress, But Still a Lot More to Do. Lancet (2019) 394:1880. doi: 10.1016/s0140-6736(19)32795-3

79. Schabath, MB, and Cote, ML. Cancer Progress and Priorities: Lung Cancer. Cancer Epidemiol Biomarkers Prev (2019) 28:1563–79. doi: 10.1158/1055-9965.EPI-19-0221

80. Yang, C, Sun, C, Liang, X, Xie, S, Huang, J, and Li, D. Integrative Analysis of microRNA and mRNA Expression Profiles in Non-Small-Cell Lung Cancer. Cancer Gene Ther (2016) 23:90–7. doi: 10.1038/cgt.2016.5

81. Li, J, Li, Y, Wang, B, Ma, Y, and Chen, P. LncRNA-PCAT-1 Promotes Non-Small Cell Lung Cancer Progression by Regulating miR-149-5p/LRIG2 Axis. J Cell Biochem (2018) 120:7725–33. doi: 10.1002/jcb.28046

82. Liu, L, Chen, Y, Li, Q, and Duan, P. lncRNA HNF1A-AS1 Modulates Non-Small Cell Lung Cancer Progression by Targeting miR-149-5p/Cdk6. J Cell Biochem (2019) 120:18736–50. doi: 10.1002/jcb.29186

83. Zhou, Z, Zhang, S, and Xiong, Y. Long Noncoding RNA MIAT Promotes Non-Small Cell Lung Cancer Progression by Sponging miR-149-5p and Regulating FOXM1 Expression. Cancer Cell Int (2020) 20:348. doi: 10.1186/s12935-020-01432-3

84. Li, H, Cui, Z, Lv, X, Li, J, Gao, M, Yang, Z, et al. Long Non-Coding RNA HOTAIR Function as a Competing Endogenous RNA for miR-149-5p to Promote the Cell Growth, Migration, and Invasion in Non-Small Cell Lung Cancer. Front Oncol (2020) 10:528520. doi: 10.3389/fonc.2020.528520

85. Wei, H, Li, L, Zhang, H, Xu, F, Chen, L, Che, G, et al. Circ-FOXM1 Knockdown Suppresses Non-Small Cell Lung Cancer Development by Regulating the miR-149-5p/ATG5 Axis. Cell Cycle (2021) 20:166–78. doi: 10.1080/15384101.2020.1867780

86. Sun, Y, Liu, T, Xian, L, Liu, W, Liu, J, and Zhou, H. B3GNT3, A Direct Target of miR-149-5p, Promotes Lung Cancer Development and Indicates Poor Prognosis of Lung Cancer. Cancer Manag Res (2020) 12:2381–91. doi: 10.2147/CMAR.S236565

87. Rossi, A, and Di Maio, M. Platinum-Based Chemotherapy in Advanced Non-Small-Cell Lung Cancer: Optimal Number of Treatment Cycles. Expert Rev Anticancer Ther (2016) 16:653–60. doi: 10.1586/14737140.2016.1170596

88. Chang, A. Chemotherapy, Chemoresistance and the Changing Treatment Landscape for NSCLC. Lung Cancer (2011) 71:3–10. doi: 10.1016/j.lungcan.2010.08.022

89. Zhan, Y, Abuduwaili, K, Wang, X, Shen, Y, Nuerlan, S, and Liu, C. Knockdown of Long Non-Coding RNA HOTAIR Suppresses Cisplatin Resistance, Cell Proliferation, Migration and Invasion of DDP-Resistant NSCLC Cells by Targeting miR-149-5p/Doublecortin-Like Kinase 1 Axis. Cancer Manag Res (2020) 12:7725–37. doi: 10.2147/CMAR.S246299

90. Lim, SM, Hong, MH, and Kim, HR. Immunotherapy for Non-Small Cell Lung Cancer: Current Landscape and Future Perspectives. Immune Netw (2020) 20:e10. doi: 10.4110/in.2020.20.e10

91. Nakano, Y, Isobe, K, Kobayashi, H, Kaburaki, K, Isshiki, T, Sakamoto, S, et al. Clinical Importance of Long Noncoding RNA LINC00460 Expression in EGFRmutant Lung Adenocarcinoma. Int J Oncol (2020) 56:243–57. doi: 10.3892/ijo.2019.4919

92. Chen, Y-P, Chan, ATC, Le, Q-T, Blanchard, P, Sun, Y, and Ma, J. Nasopharyngeal Carcinoma. Lancet (2019) 394:64–80. doi: 10.1016/s0140-6736(19)30956-0

93. Tang, X-R, Li, Y-Q, Liang, S-B, Jiang, W, Liu, F, Ge, W-X, et al. Development and Validation of a Gene Expression-Based Signature to Predict Distant Metastasis in Locoregionally Advanced Nasopharyngeal Carcinoma: A Retrospective, Multicentre, Cohort Study. Lancet Oncol (2018) 19:382–93. doi: 10.1016/s1470-2045(18)30080-9

94. Kong, YG, Cui, M, Chen, SM, Xu, Y, Xu, Y, and Tao, ZZ. LncRNA-LINC00460 Facilitates Nasopharyngeal Carcinoma Tumorigenesis Through Sponging miR-149-5p to Up-Regulate IL6. Gene (2018) 639:77–84. doi: 10.1016/j.gene.2017.10.006

95. Jonasch, E, Walker, CL, and Rathmell, WK. Clear Cell Renal Cell Carcinoma Ontogeny and Mechanisms of Lethality. Nat Rev Nephrol (2021) 17:245–61. doi: 10.1038/s41581-020-00359-2

96. Jin, L, Li, Y, Liu, J, Yang, S, Gui, Y, Mao, X, et al. Tumor Suppressor miR-149-5p Is Associated With Cellular Migration, Proliferation and Apoptosis in Renal Cell Carcinoma. Mol Med Rep (2016) 13:5386–92. doi: 10.3892/mmr.2016.5205

97. Gremel, G, Djureinovic, D, Niinivirta, M, Laird, A, Ljungqvist, O, Johannesson, H, et al. A Systematic Search Strategy Identifies Cubilin as Independent Prognostic Marker for Renal Cell Carcinoma. BMC Cancer (2017) 17:9. doi: 10.1186/s12885-016-3030-6

98. Okato, A, Arai, T, Yamada, Y, Sugawara, S, Koshizuka, K, Fujimura, L, et al. Dual Strands of Pre-miR-149 Inhibit Cancer Cell Migration and Invasion Through Targeting FOXM1 in Renal Cell Carcinoma. Int J Mol Sci (2017) 18:1969. doi: 10.3390/ijms18091969

99. Xie, M, Lv, Y, Liu, Z, Zhang, J, Liang, C, Liao, X, et al. Identification and Validation of a four-miRNA (miRNA-21-5p, miRNA-9-5p, miR-149-5p, and miRNA-30b-5p) Prognosis Signature in Clear Cell Renal Cell Carcinoma. Cancer Manag Res (2018) 10:5759–66. doi: 10.2147/CMAR.S187109

100. Lenis, AT, Lec, PM, Chamie, K, and Mshs, MD. Bladder Cancer: A Review. JAMA (2020) 324:1980–91. doi: 10.1001/jama.2020.17598

101. Patel, VG, Oh, WK, and Galsky, MD. Treatment of Muscle-Invasive and Advanced Bladder Cancer in 2020. CA Cancer J Clin (2020) 70:404–23. doi: 10.3322/caac.21631

102. Wang, H, Niu, X, Mao, F, Liu, X, Zhong, B, Jiang, H, et al. Hsa_circRNA_100146 Acts as a Sponge of miR-149-5p in Promoting Bladder Cancer Progression via Regulating Rnf2. Onco Targets Ther (2020) 13:11007–17. doi: 10.2147/OTT.S273622

103. Lin, JT, and Tsai, KW. Circulating miRNAs Act as Diagnostic Biomarkers for Bladder Cancer in Urine. Int J Mol Sci (2021) 22:4278. doi: 10.3390/ijms22084278

104. Cabanillas, ME, McFadden, DG, and Durante, C. Thyroid Cancer. Lancet (2016) 388:2783–95. doi: 10.1016/s0140-6736(16)30172-6

105. Wei, WJ, Lu, ZW, Li, DS, Wang, Y, Zhu, YX, Wang, ZY, et al. Association of the miR-149 Rs2292832 Polymorphism With Papillary Thyroid Cancer Risk and Clinicopathologic Characteristics in a Chinese Population. Int J Mol Sci (2014) 15:20968–81. doi: 10.3390/ijms151120968

106. Ouyang, X, Feng, L, Yao, L, Xiao, Y, Hu, X, Zhang, G, et al. Testicular Orphan Receptor 4 (TR4) Promotes Papillary Thyroid Cancer Invasion via Activating Circ-FNLA/miR-149-5p/MMP9 Signaling. Mol Ther Nucleic Acids (2021) 24:755–67. doi: 10.1016/j.omtn.2021.03.021

107. Santarpia, L, Ye, L, and Gagel, RF. Beyond RET: Potential Therapeutic Approaches for Advanced and Metastatic Medullary Thyroid Carcinoma. J Intern Med (2009) 266:99–113. doi: 10.1111/j.1365-2796.2009.02112.x

108. Ye, X, and Chen, X. miR-149-5p Inhibits Cell Proliferation and Invasion Through Targeting GIT1 in Medullary Thyroid Carcinoma. Oncol Lett (2019) 17:372–78. doi: 10.3892/ol.2018.9628

109. Kantarjian, HM, Keating, MJ, and Freireich, EJ. Toward the Potential Cure of Leukemias in the Next Decade. Cancer (2018) 124:4301–13. doi: 10.1002/cncr.31669

110. Reifenberger, G, Wirsching, HG, Knobbe-Thomsen, CB, and Weller, M. Advances in the Molecular Genetics of Gliomas - Implications for Classification and Therapy. Nat Rev Clin Oncol (2017) 14:434–52. doi: 10.1038/nrclinonc.2016.204

111. Bi, J, Chowdhry, S, Wu, S, Zhang, W, Masui, K, and Mischel, PS. Altered Cellular Metabolism in Gliomas - an Emerging Landscape of Actionable Co-Dependency Targets. Nat Rev Cancer (2020) 20:57–70. doi: 10.1038/s41568-019-0226-5

112. Omuro, A, and DeAngelis, LM. Glioblastoma and Other Malignant Gliomas: A Clinical Review. JAMA (2013) 310:1842–50. doi: 10.1001/jama.2013.280319

113. Xu, B, Luo, X, Ning, X, Luo, J, Guo, J, Liu, Q, et al. miR-149 Rs2292832 C Allele Enhances the Cytotoxic Effect of Temozolomide Against Glioma Cells. Neuroreport (2020) 31:498–506. doi: 10.1097/WNR.0000000000001440

114. Gianferante, DM, Mirabello, L, and Savage, SA. Germline and Somatic Genetics of Osteosarcoma - Connecting Aetiology, Biology and Therapy. Nat Rev Endocrinol (2017) 13:480–91. doi: 10.1038/nrendo.2017.16

115. Xu, RD, Feng, F, Yu, XS, Liu, ZD, and Lao, LF. miR-149-5p Inhibits Cell Growth by Regulating TWEAK/Fn14/PI3K/AKT Pathway and Predicts Favorable Survival in Human Osteosarcoma. Int J Immunopathol Pharmacol (2018) 32:2058738418786656. doi: 10.1177/2058738418786656




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 © 2021 Ren, Yao, Cai, Cai, Su and Fang. 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: 15 October 2021

doi: 10.3389/fonc.2021.743990

[image: image2]


N6-Methyladenosine-Sculpted Regulatory Landscape of Noncoding RNA


Zhongyuan Zhang 1†, Wei Wei 2†, Hao Wang 2* and Jiangning Dong 1*


1 Department of Radiology, The First Affiliated Hospital of the University of Science and Technology of China, Anhui Provincial Cancer Hospital, Hefei, China, 2 Department of Laboratory Medicine, Division of Life Sciences and Medicine, The First Affiliated Hospital of the University of Science and Technology of China, Hefei, China




Edited by: 

Jian-ye Zhang, Guangzhou Medical University, China

Reviewed by: 

Ki-Jun Yoon, Korea Advanced Institute of Science and Technology, South Korea

Dong Ren, The First Affiliated Hospital of Sun Yat-sen University, China

*Correspondence: 

Hao Wang
 wanghao986118@163.com
Jiangning Dong
dongjn@163.com 


†These authors have contributed equally to this work


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


Received: 19 July 2021

Accepted: 27 September 2021

Published: 15 October 2021

Citation:
Zhang Z, Wei W, Wang H and Dong J (2021) N6-Methyladenosine-Sculpted Regulatory Landscape of Noncoding RNA. Front. Oncol. 11:743990. doi: 10.3389/fonc.2021.743990



The exploration of dynamic N6-methyladenosine (m6A) RNA modification in mammalian cells has attracted great interest in recent years. M6A modification plays pivotal roles in multiple biological and pathological processes, including cellular reprogramming, fertility, senescence, and tumorigenesis. In comparison with growing research unraveling the effects of m6A modifications on eukaryotic messenger RNAs, reports of the association between noncoding RNAs and m6A modification are relatively limited. Noncoding RNAs that undergo m6A modification are capable of regulating gene expression and also play an important role in epigenetic regulation. Moreover, the homeostasis of m6A modification can be affected by noncoding RNAs across a broad spectrum of biological activities. Importantly, fine-tuning and interaction between these processes are responsible for cell development, as well as the initiation and progression of the disease. Hence, in this review, we provide an account of recent developments, revealing biological interactions between noncoding RNAs and m6A modification, and discuss the potential clinical applications of interfering with m6A modification.
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1 Introduction

Since the definition of the term “epitranscriptomics”, more than 100 types of RNA modifications have been recognized in living organisms. As an important mechanism of epitranscriptomics, first characterized in the 1970s, N6-methyladenosine (m6A) is the most frequently observed internal chemical modification in eukaryotic mRNA (1–3). As illustrated by a large body of research, m6A RNA modification modulates sophisticated RNA processes, including splicing, nucleic transport, degradation, and translation efficiency, thereby broadening the diversity of RNA modification (1–3). Preferentially found in the brain, heart, and kidney, and highly conserved between humans and mice, m6A modification mainly lies in the 3’-UTR of mRNAs, near the stop codons and within internal exons (1). m6A is a dynamic and reversible event, that is manipulated selectively by enzymes that play the part of “writers”, “erasers”, and “readers”. These effectors are equipped with multifaceted and tunable properties based on the cellular context. For certain RNA, the accessibility and biological activity of m6A modification very likely influences the outcome of physiological or pathological processes.


1.1 Biological Role of m6A Modification


1.1.1 Writers

m6A modification is regulated by a methyltransferase complex, the core subunits of which are composed of METTL3 and METTL14, as well as other auxiliary cofactors, including WTAP, VIRMA, RBM15/15B, ZC3H13, and HAKAI. METTL3, the first identified methyltransferase, often forms a heterodimer with METTL14, which functions as a conformational switch for the catalytic activity of METTL3 (2). The METTL3-METTL14 complex accurately binds to targets with the assistance of WTAP, a regulatory subunit without catalytic a domain. Interestingly, METTL3 can stimulate the translation of a set of oncogenes independently of m6A modification in lung cancer (3). VIRMA acts as an RNA-binding protein related to splicing and processing (3). The interaction of RBM15 and its paralog RBM15B with METTL3 is dependent on WTAP, both RBM15 and RBM15B bind to the U-rich sequence near the m6A sites (4). Correct nuclear localization of the writer complex relies on ZC3H13, which modulates the differentiation of mouse embryonic stem cells and nuclear RNA m6A methylation (5). HAKAI, an E3-ligase for E-cadherin, shares several targets with WTAP and is closely related to epithelial-mesenchymal transition (EMT) (6). Another effector of m6A modification, METTL16, other than being the m6A reader of U6 snRNA, also mediates atypical m6A modifications. Most of the m6A residues are found in introns (7), suggesting that METTL16 probably binds to pre-mRNAs in addition to small nuclear RNA (Figure 1).




Figure 1 | Molecular composition and regulation mechanism of m6A methylation modification. m6A methylation is a dynamic and reversible process coordinated by methyltransferases (defined as “writers”, including METTL3, METTL14, WTAP, ZC3H13, HAKAI, VIRMA, and RBM15), demethylases (defined as “erasers”, FTO and ALKBH5), and “readers”, such as YTHDF1-3, YTHDC1, IGF2BPs, HNRNPC, HNRNPA2B1, and eIF3, recognize and bind to m6A-modified RN and mediating RNA splicing, stability, translation, and RNA nuclear export.





1.1.2 Erasers

m6A modification is reversible due to the activity of two erasers, FTO and ALKBH5, which remove m6A modification from modified RNAs. While the former is predominantly expressed in adipose tissue and hypothalamic nuclei (8) and are related to human obesity and energy metabolism (6), the latter is mainly distributed in the testis, and its depletion leads to aberrant spermatogenesis (9). Given their different localization, FTO and ALKBH5 may function separately in a tissue-specific manner (3) (Figure 1).



1.1.3 Readers

The fate of m6A-located transcripts is determined by a series of readers. The YTH (YT521-B homology) family was the first identified class of readers recognizing sites of m6A modifications. Among these, YTHDC1 regulates splicing by recruiting splicing factors (4). While YTHDF1 and YTHDC2 elevate the translation efficiency of m6A-modified RNA, YTHDF2 and YTHDF3 prompt the decay of targeted RNAs (10). In mammalian germ cells, YTHDC2 is essential for meiosis depending on m6A modifications (11). Insulin-like growth factor 2 mRNA-binding proteins 1/2/3 (IGF2BP1/2/3), a family of newly discovered m6A readers, modulate m6A-transcripts localization, stability, and translational efficiency (12). Different from the abovementioned counterparts, FMR1 is an indirect and sequence-context-dependent m6A reader that inhibits translation (13). HNRNPA2B1, an HNRNP family protein, accelerates miRNA processing after recognizing m6A-pri-miRNA and attracting accessory microprocessors and triggers alternative splicing similar to the activity of METTLs on mRNA (14). HNRNPC is involved in the alternative splicing of m6A-transcripts indirectly. Eukaryotic initiation factor 3 (eIF3) contributes to ribosome loading by binding to m6A-modified sequences (15). Recently, it has been reported that NF-kappaB activating protein (NKAP) preferentially binds to m6A-pri-miR-25 rather than pri-miR-25 (16), indicating a role for the m6A reader NKAP in pancreatic cancer (Figure 1).




1.2 Biological Role of Noncoding RNA

The majority of human transcription products are non-coding RNAs (ncRNA) that are ubiquitously expressed in a broad spectrum of tissues (17). These RNAs engage in intricate gene expression processes, such as RNA splicing and protein translation, although they have little or no capacity for protein-coding. Recently, by virtue of the advancement in detection methods, numerous noncoding transcripts that were previously overlooked and merely regarded as intermediaries of protein synthesis, have been characterized to be critical for the posttranscriptional regulation of transcriptome expression (17). In general, ncRNAs mainly contain long noncoding RNA (lncRNA), microRNA (miRNA), circular RNA, rRNA, tRNA, and snRNA. Considering the vital role of the first three ncRNA listed above, this review describes their functions in multiple biological and pathological processes.


1.2.1 Long Noncoding RNA

LncRNA, consisting of over 200 nucleotides, can be divided into five types and defined as intergenic lncRNAs, intronic lncRNAs, antisense lncRNAs, bidirectional lncRNAs, and enhancer lncRNAs, according to their genomic organization (17). LncRNAs, whose exact source remains obscure at present, execute the molecular functions as decoys, guides, scaffolds, and signals (18). Widely expressed in eukaryotes, they were previously defined as anomalies in the process of transcription. However, it has now been universally accepted that lncRNAs modulate various processes of gene transcription or post-transcription via interacting with mRNAs, miRNAs, or proteins (19). Approximately half of lncRNAs are believed to be retained in the nucleus and fine-tune the chromatin spatial architecture (19), or interact with the chromosome related proteins constituting the RNA-DNA complex. Moreover, recent studies have shown that some cytoplasmic lncRNAs migrate and act in ribosomes (20). Importantly, lncRNAs are very likely to act as competing endogenous RNA (ceRNA) in regulating the repression effects of miRNAs by competitively binding to miRNAs (21).



1.2.2 MicroRNA

As a class of endogenous non-coding single-stranded RNA comprising 21–24 nucleotides, miRNAs function as sequence-specific negative regulators in post-transcriptional gene silencing by recognizing target mRNAs and mediating mRNA cleavage or translational repression (22). miRNAs are produced from primary miRNAs (pri-miRNAs), which differ in length and are located in the introns of host genes. Pri-miRNAs are first converted into hairpin-shaped precursor microRNA (pre-miRNA) upon the cleavage of Drosha (23). Afterward, pre-miRNAs translocate from the nucleus to the cytoplasm where Dicer digests pre-miRNA to generate functionally mature miRNA (24). The nucleotides 2-8 at the 5’-end of miRNAs decide the binding sequence of mRNA, hundreds of mRNAs can be targeted by a single miRNA, and vice versa, each mRNA can also be subjected to regulation by different miRNAs simultaneously or sequentially, this phenomenon may be explained by the imperfect base-pairing between miRNAs and mRNAs, and because most binding sites are positioned within the 3’-UTR of mRNAs (25).



1.2.3 Circular RNA

Circular RNA (circRNA), characterized by the lack of free 5’ and 3’ ends, is a novel class of ncRNAs generated from non-canonical back-splicing or the exon skipping of linear pre-mRNAs (26). CircRNAs are mostly composed of internal exons and reside predominantly in cytoplasm. Intriguingly, compared to their linear counterparts, the covalently closed loop structure endows circRNAs with preferable stability (27).

The degradation of circRNAs is solely dependent on endoribonucleolytic cleavage owing to the absence of the 5’ cap and 3’ poly(A) tail (18). The resistance to RNA exonuclease or RNase R hinders their degradation and enhances their detectability. Another property of circRNAs lies in their specific expression in certain cell types and tissues. In addition, circRNAs are sensitive to cellular stress. All these features render the potential of circRNAs to be novel molecular biomarkers for the diagnosis of diseases (4).





2 LncRNA and N6-Methyladenosine

Similar to mRNAs, lncRNAs are subjected to m6A methylation in various cell lines. m6A residues show a preference for locating in lncRNA transcripts that have been subjected to alternative splicing (19), indicating that m6A deposition may play a potential role in the formation of lncRNA isoforms. m6A methylation sites are well-distributed along transcripts, in comparison to mRNAs modification patterns (27). As illustrated by recent studies, the abundance of m6A-modified lncRNAs dramatically decreases in human fetal tissues (21), in comparison with mRNA (Figure 2 and Table 1).




Figure 2 | Interplay between lncRNAs and m6A modification. (A) m6A-mediated lncRNAs target mRNA/protein. m6A-lncRNA GAS5 targets endogenous YAP, which induces YAP degradation and downregulation of its target YTHDF3. In turn, YTHDF3 promotes degradation of m6A-modified GAS5. m6A-lncRNA RP11 binds to the mRNA of FBXO45 and SIAH1 promoting their degradation. (B) m6A-mediated methylation of lncRNA-miRNAs activity in gene expression. METTL3-mediated m6A-lncRNAs methylation serves as a sponge to restrain miRNA activity and thus abolishes miRNAs-modulated mRNA inhibition. Furthermore, interaction of lncRNA and miRNA contribute to proper differentiation of mouse embryonic stem cells and the inflammatory response of cells. (C) The role of LncRNA-AS in m6A-mediated regulation. LncRNA can directly interact with ALKBH5 or METTL3. GAS5-AS binds to m6A-GAS in a YTHDF2-dependent manner and reduces its stability. Furthermore, demethylation of GAS5 is mediated by ALKBH5 and GAS-AS facilitate this process. ARHGAP5-AS1 can recruit METTL3 to stimulate the m6A modification of ARHGAP5 and increase its stabilization in the cytoplasm.




Table 1 | LncRNAs in disease or normal cells and related m6A effectors.




2.1 m6A-Mediated Regulation on LncRNA Expression

The dysregulation of lncRNAs has been proven to play a non-negligible role in tumorigenesis. In colorectal cancer (CRC) cells, increased expression of lncRNA RP11 in the nucleus and chromatin is mediated by m6A methylation. RP11 is capable of directly binding to the mRNA of Siah1 and Fbxo45 and then stimulates mRNA degradation, leading to the post-translational stabilization of ZEB1 (19). As revealed by Ni et al., m6A methylation participates in the regulation of YAP signaling in the progression of CRC. lncRNA GAS5 inhibits CRC progression via mediating the phosphorylation and degradation of YAP. However, the interaction of GAS5 and the m6A reader YTHDF3 results in the degradation of the former, contributing to the suppression of cell proliferation and metastasis abilities (28) (Figure 2A). It is of note that lncRNA can also interact with m6A writers such as METTL3. In gastric cancer, LINC00470 associates with METTL3 to weaken the stabilization of PTEN mRNA. YTHDF2 accounts for the detection of m6A sites within PTEN mRNA (38). In addition, lncRNA NEAT1 is demethylated by ALKBH5, consequently upregulates and prompts the invasion and metastasis of GC cells (29). In addition, In osteosarcoma, m6A demethylation on lncRNA PVT1 is mediated by ALKBH5 and associated with malignant properties (30).

Patil et al. demonstrated that the knockdown of METTL3 impaired the silencing of gene transcription in human cells. This process was modulated by lncRNA XIST (4). An enhanced abundance of m6A modification on XIST residues is mediated by RBM15/15B, which recruits the WTAP-METTL3 complex, and subsequently, YTHDC1 preferentially binds to m6A residues on XIST. Methyltransferase METTL16 can interact with lncRNA MALAT1, a cancer-related lncRNA (7, 48, 49). The crosslinking sites mainly occur at the 3’ UTR of MALAT1, wherein the triple helix element is usually recruited. m6A methylation disrupts the local RNA architecture of MALAT1 (50) and impedes the binding of RBPs to MALAT1. The aberrant expression of IGF2BP2 has been associated with insulin resistance, diabetes, and even neoplasia (51). IGF2BP2 interacted with lncRNA DANCR modified by m6A, resulting in the stability enhancement of DANCR. IGF2BP2 and DANCR jointly contribute to the proliferation and stemness-like properties of pancreatic cancer cells (31).



2.2 m6A-Mediated LncRNA-miRNA Interaction

Based on genome-wide microarray analysis, a novel upregulated oncogenic lncRNA FAM225A was found to be significantly related to recurrence and distant metastasis in nasopharyngeal carcinogenesis (NPC) (32). Enhanced stabilization of FAM225A likely resulted from the enrichment of m6A modifications within its transcripts. Most FAM225A is located in the cytoplasm and absorbs miR-590-3p and miR-1275, resulting in the upregulation of their common target integrin β3(ITGB3). ITGB3 was shown to account for malignant phenotype progression in NPC cells (32). Yang et al. found that lncRNA 1281 could sequester pluripotency-related let-7 family miRNAs in mouse embryonic stem cells (mESC) (33). Sufficient m6A modification on lncRNA 1281 transcripts was necessary for this direct RNA-RNA interaction, which maintained mESC markers and proper differentiation (Figure 2B and Table 1). Studies have revealed that lncRNA 00958 acts as an oncogenic gene in gliomagenesis (52), whereas its role in hepatocellular carcinoma (HCC) was not revealed until very recently. Zuo et al. disclosed that METTL3 induced the upregulation of lncRNA 00958, which exerted lipogenesis and the unfavorable survival of HCC patients (34). LncRNA 00958 could sponge miR-3619-5p whose target was hepatoma-derived growth factor (HDGF). The inhibitory effects of miR-3619-5p in the dissemination and invasion of HCC cells have also been described previously (53). In addition, m6A modification is also involved in nontumor pathologic or physiological processes, including heart and brain ischemia reperfusion injury (54). LncRNA MALAT1 targets miR-26b in the regulation of PTGS2, and has been reported to exacerbate inflammatory response in myocardial ischemia infarction patients, while m6A modification may also enhance MALAT1 expression (55). The lncRNA-BLACAT2 is a sponge of miR-193b-5p and has been associated with the progression of gastric cancer while silencing BLACAT2 inhibited cancer cells migration and invasion. A further study showed that METTL3 was a direct target of miR-193b-5p (39). Furthermore, similar to ceRNA, the lncRNA pseudogene Olfr29-ps1 sponged miR-214-3p and influenced IL6-mediated m6A modification, which jointly modulated the differentiation of myeloid-derived suppressor cells (40). Likewise, METTL3-mediated LINC00958 upregulation also played a similar ceRNA role over miR-378a-3p to promote YY1 expression in BC tumorigenesis (41). METTL3 induced LncRNA MEG3 stability and suppressed the progression of HCC by targeting miR-544b/BTG2 signaling (35). Furthermore, m6A methylation on lncRNA PCAT6 contributed to PCAT6 upregulation in an IGF2BP2‐dependent manner in prostate cancer (36). Yuan et al. also showed that METTL3 promoted osteogenic ossification through the upregulation of lncRNA XIST, and further investigation confirmed that lncRNA XIST regulated osteogenic differentiation of primary ligament fibroblasts via miR-302a-3p, which targets ubiquitin-specific protease 8 (USP8) (37).



2.3 m6A-Methylation of LncRNA-Antisense ncRNA

A recent study showed that GAS5-AS1, the antisense RNA of GAS5, was downregulated in HCC (56) and non-small cell lung carcinoma (NSCLC) (57). In cervical cancer (CC) cells, the lncRNA GAS5-AS1 attenuates m6A modification of GAS5 through antisense pairing with the GAS5 3’ UTR, and thus, epigenetically enhanced GAS5 stability in a YTHDF2-dependent fashion. Whereas knockdown GAS5-AS1 resulted in larger tumors, enhanced metastasis, and advanced prognosis in CC patients (42). The lncRNA GAS5-AS1 also interacts with ALKBH5 to induce GAS5 upregulation (Figure 2C and Table 1). Analogously, the lncRNA ARHGAP5-AS1 can recruit METTL3 to methylate ARHGAP5 mRNA in gastric cancer cells, thus, increased levels of m6A-ARHGAP5 were predictive of enhanced chemoresistance and poor prognosis (46). Zhang et al. revealed that FOXM1 maintained self-renewal and tumorigenic properties of glioblastoma stem-like cells (GSCs) (43). ALKBH5-mediated demethylation of nascent FOXM1 transcripts and upregulation of FOXM1 expression was facilitated by lncRNA FOXM1-AS. GSCs properties could be destroyed significantly when ALKBH5 or FOXM1-AS expression was blocked. He et al. determined that lncRNA KCNK15-AS1 was significantly decreased in cancer cells compared to normal pancreatic ductal epithelial cells (44) and its expression was correlated with the degree of m6A methylation. Simultaneously, ALKBH5 could demethylate KCNK15-AS1 and enhance the repression effects of KCNK15-AS1 on cancer cell viability. Furthermore, METTL3 was found to be responsible for the m6A methylation on the ABHD11-AS1 transcript and enhanced its stability in NSCLC tumorigenesis (45).

Recently, the lncRNA HOTAIR was reported to act as a plasma-derived biomarker of NSCLC, and m6A methylation was found to be co-expressed with HOTAIR (47). Moreover, many other lncRNAs, such as ANRIL, NEAT1, PVT1, TUG1, and DICER1-AS1, probably undergo m6A modification (58). These findings were conducive to improving understanding of the underlying mechanisms of human diseases and designing applicable therapeutic strategies.




3 MicroRNA and N6-Methyladenosine


3.1 m6A-Mediated Processing of Primary-miRNAs

Many studies have reported that miRNAs are abnormally expressed in different pathological processes, including diabetes, neurodegenerative diseases, and carcinomas. Pri-miRNA transcript can be methylated by METTL3 in the nucleus, and contribute to the recognition of pri-miRNAs by the microprocessor protein DGCR8 (59). Consistently, METTL3 deficiency can markedly decrease the expression of mature miRNAs. In bladder cancer, for example, upregulation of METTL3 accelerated the processing of pri-miR221/222, which promoted the proliferation, migration, and invasion of cancer cells in an m6A-dependent manner (60). Mature miR221/222 was also confirmed to have a carcinogenic role in other carcinomas (61), such as prostate cancer (62) and thyroid cancer (63). Analogously to its impact on bladder carcinoma, METTL3 facilitated the pri-miR-1246 maturation process and paved the way for the enhanced metastasis of CRC cells via the MAPK signaling pathway (64). Analogously, METTL3 upregulated miR-1246 expression and contributed to NSCLC cell growth (65). Likewise, miR-25-3p maturation was impeded by m6A modification mediated by METTL3 in pancreatic ductal adenocarcinoma (16). Furthermore, METTL3 drove the development of obstructive renal fibrosis by promoting miR-21-5p maturation (66). In vitro, the knockdown of METTL3 reduced the expression of miR-221-3p via m6A methylation of pri-miR-221-3p mRNA (67). It is of note that cigarette smoking has been shown to stimulate the METTL3 promoter resulting in its enhanced energetic transcription. Wang et al. provided evidence that METTL3-mediated miR-143-3p upregulation enhanced VASH1 repression, which thereafter triggered brain metastasis and the angiogenesis of lung cancer (68). Consistently, miR-873-5p maturation induced by exogenous METTL3 activity could protect mouse renal tubular epithelial cells (mRTECs) against colistin-induced nephrotoxicity (69). Interestingly, Yang et al. suggested that miR24-2 not only indirectly facilitated METTL3 transcription, but also enhanced miR6079 expression by promoting m6A methylation on pri-miR6079 in liver cancer cells (70).

Downregulation of the methyltransferase METTL14 was shown to be responsible for the aberrant m6A modification observed in HCC metastasis. miR126 is a downstream target of METTL14 and was markedly decreased in cancer tissues compared to the adjacent tissue (71). Consistently, Chen et al. revealed that downregulation METTL14 could induce pri-miRNA-375 processing arrest and reduced overall levels of miRNA-375 in CRC (72). Thus, miRNA-375 was revealed as an anti-oncogene regulated by METTL14 through the YAP/SP1 pathway and m6A methylation. miR-200a is also subject to METTL14 modulation (Figure 3A and Table 2). As a reader of the m6A label in pri-miRNAs, HNRNPA2/B1 widely directed the maturation of pri-miRNA in LCC9 breast cancer cells (83). This processing was m6A dependent and promoted endocrine resistance in LCC9 cells, resulting in the poor survival of patients with advanced tumors.




Figure 3 | Interplay between microRNA and m6A modification. (A) m6A modification promotes pri-miRNAs processing. METTL3/ETTL14 facilitates DGCR8 recognition of pri-miRNAs contributing to the increased levels of mature miRNAs under the cleavage of Drosha and Dicer. One strand of the miRNAs is loaded on RISC and mediates mRNA silencing or translation repression. (B) MiRNAs regulate m6A levels through binding to m6A readers. MiRNAs bind to YTHDF2 mRNA inducing its degradation and interfere with HCC cell malignancy. (C) MiRNAs regulate m6A levels by binding to m6A writers. miRNAs degrade METTL3 mRNA and lead to decreased breast cancer cell proliferation. Upregulation of METTL3 contributes to HBXIP m6A modification, in turn, HBXIP reverses the miRNAs-induced degradation of METTL3, forming the positive feedback of METTL3/HBXIP/miRNA/METTL3. DGCR8, DiGeorge syndrome critical region 8; RISC, RNA-induced silencing complex.




Table 2 | MicroRNAs in disease and related m6A effectors.





3.2 miRNAs Directly Target m6A Effectors

The transcriptional regulator SRF is regulated epigenetically and responsible for cells contractility and proliferation (84). A recent study indicated that IGF2BP1 promotes the expression of SRF in a conserved and m6A-dependent manner, IGF2BP1 can impair the miRNA-directed decay of the SRF mRNA, resulting in enhanced SRF-dependent transcriptional activity (85). A sequence pairing mechanism contributes to miRNAs regulation of m6A methylation of mRNAs. Yang et al. reported that miRNA-145 expression might be considered a negative prognostic marker in liver cancer. The 3′UTR region of YTHDF2 mRNA contains direct binding sites for miR-145, and the overexpression of mir-145 increased m6A deposition and downregulated YTHDF2 expression (Figure 3B and Table 2) (73).

In hemorrhoid vascular endothelial cells, a decrease in miR-4729 expression was confirmed to be responsible for vascular cell proliferation. miR-4729 was responsible for silencing METTL14 expression, reducing TIE1 mRNA stability, and inhibiting angiogenesis (74). Additionally, miR-103-3p directly targets METTL14 to inhibit osteoblast activity (75). METTL3 has also been reported to be a target of miR-186 in hepatoblastoma (76). Overexpression of miR-186 drastically ameliorated the metastatic phenotype induced by METTL3 upregulation. Moreover, as demonstrated in bladder cancer and CRC, the oncogenic role of METTL3 substantially relied on the degradation of tumor suppressor mRNAs targeted by miRNAs. Du et al. confirmed that in NSCLC cells, miR-33a bound to the 3’-UTR of METTL3 mRNA, and thus, resulted in a decrease in m6A deposition and proliferation of cancer cells accompanied by the downregulation of METTL3 (79). Moreover, in gastric cancer, miR-338-5p has also been reported to target METTL3 and repress the m6A-mediated translation of CDCP1 (77). Furthermore, Wei et al. indicated that miR-600 repressed METTL3 expression and eliminated the oncogenic activity induced by METTL3 on NSCLC progression (80). MiR-4443 directly targeted METTL3 and regulated the expression of FSP1 via m6A methylation (78). It has also been reported that WTAP downregulation in GSCs was caused by miR-29a upregulation, which could interfere with the malignant potential of GSCs (81). Cai et al. demonstrated that in breast cancer cells, HBXIP increased METTL3 expression by interfering with let-7g, a miRNA binding to the 3′UTR of METTL3, which subsequently interfered with METTL3 expression (82). Interestingly, METTL3 also upregulated HBXIP expression following the marked increase of overall m6A methylation, favoring the positive feedback loop HBXIP/let-7g/METTL3/HBXIP, which strongly promoted tumor cell growth and metastasis (Figure 3C and Table 2) (82).

DDX3, a protein of the DEAD-box RNA helicases family, is involved in miRNAs demethylation due to its interaction with AGO2 protein and is involved in miRNA synthesis and function (86). Furthermore, m6A-AGO2 transcripts influence cellular miRNA levels and induced cell senescence (87). The role of miRNA in spermatogenesis was strongly evidenced in the mouse testis (88). ALKBH5 deficiency caused aberrant mammalian spermatogenesis or apoptosis because of the removal of the m6A modification on mRNAs (9) (Figures 3B, C and Table 2).




4 CircRNA and N6-Methyladenosine

In recent research, circRNAs have ceased to be considered irrelevant artefacts of splicing errors, and are considered factors impacting the post-transcriptional regulation of gene expression These single-stranded RNAs can be detected in plasma, exosomes, and cell-free saliva (89). Mounting evidence has shown that m6A modification may participate in regulating the biological functions of circRNAs. circRNA may be a potential target for cancer therapy (Figure 4 and Table 3). 




Figure 4 | Interplay between circular RNAs and m6A modification. (A) circRNAs act as ceRNA to regulate gene expression. m6A modified circRNAs sequester miRNAs resulting in inhibition of miRNA-direct gene silencing. (B) m6A modification of circRNAs suppresses immune genes expression or initiates translation. (C) m6A modified circRNAs regulate gene expression by directly targeting mRNA.YTHDC1 promotes the nuclear export of circRNAs to the cytoplasm following methylation by METTL3. IGF2BP2 promotes the stability of m6A-circRNAs and interacts with oncogenic mRNAs.




Table 3 | CircRNAs in cancer or normal cells and related m6A effectors.




4.1 m6A-Regulated miRNA/RBP Sponges of circRNA

In addition to mRNAs, pseudogenic RNAs, or lncRNAs, circRNAs have also be defined as ceRNA and compete with miRNAs or RBPs (Figure 4A) (104). These competing transcripts probably cross-regulate each other. In primary liver cancer, the highly expressed circRNA_104075 stimulated YAP expression both at the mRNA and protein levels (90). Further study has suggested that removal of the m6A modification on the 3′UTR region of YAP was essential for miR-582-3p binding to YAP. Furthermore, serum circ_104075 possessed high sensitivity and specificity for HCC diagnosis. circRNA-SORE sustains sorafenib resistance in HCC, and m6A modification increases the stability of circRNA-SORE (91). Yang et al. characterized eleven m6A containing circRNAs, among which seven circRNAs were significantly correlated with YTHDF2 (105). Furthermore, Chen et al. demonstrated that circFOREIGN can potentially activate gene expression of immunogenic factors (92). Nevertheless, YTHDF2 abrogated innate immunity by sequestering m6A-circRNA (Figure 4B and Table 3). The study established a patient-derived xenograft (PDX) tumor model for CRC and found that circNSUN2 strongly interfered with liver metastasis of CRC (93). The exon5-exon4 junction site of circNSUN2 was identified as the m6A modification site. The binding of YTHDC1 to the m6A-modified circNSUN2 promoted a complex nuclear to cytoplasmic export analogous to mRNA trafficking (Figure 4C and Table 3) (93). Interestingly, Wu et al. showed that METTL3 stabilized the expression of circCUX1 through the m6A methylation modification, which in turn, promoted radiotherapy resistance of hypopharyngeal cancer via caspase1 (94).



4.2 m6A-Mediated Translation Potential of circRNA

Some circRNAs carrying internal ribosome entry sites (IRESs) have the potential capacity of coding proteins (106). Granados-Riveron reported that a single m6A modification was sufficient to instigate the functional translation of circRNAs in the presence of eIF4G2 and YTHDF3 (107). Sun et al. found that circPVRL3 structure contained RRm6ACH (R = G or A; H = A, C or U), ORF, and IRES (95). Previous studies have documented that the m6A modification could regulate circRNA translation (108). Thus, it is reasonable to believe that circPVRL3 could translate into detectable peptides endogenously under certain cellular stresses. Zhao et al. reported that circE7 is found mainly in the cytoplasm and derives from oncogenic human papillomaviruses (HPVs) (96). CircE7 is highly m6A modified and translates to E7 oncoprotein following its association with polysomes.



4.3 circRNAs-Mediated Regulation on m6A Effectors

circRNAs also play a vital role in regulating the expression of m6A-related proteins. It has been reported that circNDUFB2 is downregulated in NSCLC and inhibits the malignant progression of NSCLC (97). Mechanically, circNDUFB2 was found co-localized with IGF2BPs in the cytoplasm and physically interacted with IGF2BP1/2/3. Interestingly, overexpression of circNDUFB2 has no effect on the mRNA levels but protein levels of IGF2BPs. Further research found that circNDUFB2 reduces IGF2BPs stability via ubiquitin/proteasome-mediated degradation of IGF2BPs (97). circSTAG1 can bind with ALKBH5 in the astrocyte cytoplasm of the chronic unpredictable stress-treated mouse hippocampus, overexpressed circSTAG1 absorbs ALKBH5 and decreases the translocation of ALKBH5 into the nucleus, resulting in enhancement of m6A methylation on fatty acid amide hydrolase (FAAH) mRNA and subsequent degradation of FAAH (98). In addition, circMAPK4 acts as a ham-miR-139-5p sponge to regulate the expression and activity of YTHDF1 (99). circPTPRA can directly bind to the KH3 and KH4 domains of IGF2BP1, and block recognition of m6A-modified MYC and FSCN1 transcripts in BC cells (100).




5 Other Noncoding RNA and m6A

m6A modification may also occur on rRNA and spliceosome RNA, albeit the relevant mechanism is not as well-known as that of mRNA or the abovementioned ncRNA. Ma et al. reported that human 28S rRNA undergoes m6A modification at position A4220 by ZCCHC4, which is aberrantly expressed in tumor tissues and positively regulates HCC cancer cell proliferation (101). An additional rRNA m6A modification is located on A1832 in 18s rRNA. These rRNAs m6A-modifications influence many aspects of ribosome activity, including localization, tertiary structure, and dynamics (109). In contrast to METTL3-METTL14-mediated m6A modification, METTL16 modified sites are primarily located in either introns or exon-intron boundaries (49). METTL16 is responsible for the methylation of MAT2A mRNA and the spliceosome U6 snRNA (49, 102, 103, 110). U6 snRNA is crucial to pre-mRNAs splicing events. U6 snRNA carries m6A modification at position A43, an evolutionarily conserved nucleotide, and is lethal if mutated in yeast models (111).



6 Perspectives

In recent years, the emergence of transcriptomic approaches and bioinformatics have placed m6A modification to the research spotlight, and have expanded the full scope of m6A targets, including coding RNA and ncRNAs, and have convincingly elucidated their roles in multiple mammalian cell types. METTL16, a newfound m6A effector, acts as both a writer and U6 snRNA reader (112). In addition, METTL16 modified sites almost lie within introns, which is different from that of METTL3-METTL14 mediated sites, indicating a novel specific mechanism in methylation modifications. The dual identity of METTL16 deserves further exploration. During oxidative stress, NSUN2-mediated 5-methylcytosine (m5C) activity together with METTL3-METTL14-mediated m6A methylation contributes to synergistic upregulation of p21 (113). Methylation at m6A can facilitate the methylation at m5C, and vice versa. This functional interconnection between methylation sites leads to doubt about whether other chemical modifications can promote or inhibit coding RNA or ncRNAs at the posttranscriptional level.

In particular, m6A distribution mapping in lncRNAs is distinct compared to other mRNAs, but underlying effects remain currently unknown. Many lncRNAs are retained in the nucleus, which implies they exert their regulatory effects on the chromatin; however, this effect also can be impaired by m6A deposition. What are the effects of lncRNAs and m6A joint modulation of chromosomal conformations? Functionally, m6A-sculpted lncRNAs levels in the fetus are fewer than the mRNA counterparts, suggesting m6A-lncRNAs may be related to cell senescence in biological development. lncRNAs are expressed in a cell-type-dependent and tissue-specific-dependent manner. This pattern is conducive to the identification of novel landmarks for certain diseases, but also raises new questions about that how lncRNAs function in different environments, which warrants additional studies in the future. As Zuo et al. claimed, in xenograft tumors of HCC, the overall survival rate in mice was significantly prolonged following treatment with a PLGA-based siLINC00958 nanoplatform (34). The polymeric nanoparticle platform is formulated with poly (lactic acid/glycolic) copolymer (PLGA) and can deliver different drugs including siRNAs. This nanotherapy is unlike conventional therapies and exhibits limited systemic toxicity, low immunogenicity, good controllability, high-efficiency, and tumor targeting. It is a promising approach to target disease mediated by the dysregulation of noncoding RNAs.

However, the study of m6A modification is still in its infancy, biological functions of the m6A-related protein family still need to be further explored. First, m6A modification can occur in most tumors, it is difficult to identify the specific m6A effectors in different tumors accurately. Second, there is no recognized reference method for the detection of m6A modification, methylated RNA immunoprecipitation combined with high throughput sequencing (MeRIP-Seq) can only identify the m6A hypermethylated region, but cannot quantitatively analyze m6A level or detect single-based m6A methylation. Third, the crosslink between m6A modification and noncoding RNAs is complicated, the specific binding sites between m6A methylation and ncRNA need further study. Potential biomarkers for diagnosis and adjuvant therapies will come from a better understanding of these action mechanisms.



7 Conclusion

The aberrant levels of m6A have been associated with multiple activities of ncRNAs, such as lncRNA metabolism, miRNA biogenesis, and circRNA translation, especially in eukaryotic organisms. Accumulating evidence has suggested that dysregulation of m6A modification leads to multiple diseases including carcinomas. Therein, to a great extent, the complicated regulatory mechanisms involved remain uncharted territory. In this review, based on the current literature, we have described the crosstalk between m6A deposition and ncRNAs on determining cell development and fate. m6A-derived transcriptome topology broadens our horizons into the mechanisms underlying gene expression. Further studies are necessary to reveal the biochemical and structural basis of these ncRNAs and m6A modifications, to design selective inhibitors and potential therapies in the future.
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Cancer drug resistance has always been a major difficulty in cancer therapy. In the face of drug pressure, resistant cancer cells show complex molecular mechanisms including epigenetic changes to maintain survival. Studies prove that cancer cells exhibit abnormal m6A modification after acquiring drug resistance. m6A modification in the target RNA including non-coding RNA can be a controller to determine the fate and metabolism of RNA by regulating their stability, subcellular localization, or translation. In particular, m6A-modified non-coding RNA plays multiple roles in multiple drug-resistant cancer cells, which can be a target for cancer drug resistance. Here, we provide an overview of the complex regulatory mechanisms of m6A-modified non-coding RNA in cancer drug resistance, and we discuss its potential value and challenges in clinical applications.
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Introduction

RNA modification determines cell fate by regulating gene expression and responds to environmental pressures (1, 2). m6A methylation is the most common modification in mammalian RNAs. Many studies showed that m6A sites are highly conservative and prefer to the motif RRACH (R = G, A, or U; R = G or A; H = A, C, or U) in human, yeast, and mice RNA (3–5). In the early days, m6A modification was reported to be present in ribosomal RNA and tRNA. Subsequent studies have found that there are also abundant m6A sites depositing in mRNA and non-coding RNA (6–8). Among them, m6A modification could affect these types of RNA metabolism events, including RNA cleavage, processing, transportation, stability, and translation by embedding dynamic and reversible deposition of m6A sites (9, 10). Then, the dysregulated mRNA or non-coding RNA was reported to play an important role in physiological and pathologic activities, such as cancer (11–13).

Cancer, which has still endangered human health, kills approximately 600,000 people each year (14, 15). Therefore, it is an urgent problem that scientists are committed to solving. Currently, five mainstream approaches for oncotherapy are surgical resection, radiotherapy and chemotherapy, targeted therapy, and biological immunotherapy. Among them, chemotherapy and targeted therapy are an important leap in the development of cancer therapy. However, it is unsatisfactory that therapy pressure compels the cancer cell appearing drug resistance (16). In brief, a group of cancer cells are inherently resistant or becomes resistant cancer cells under drug treatment (17). The molecular mechanism of tumor resistance is extremely complex and changeable (18). Many studies have shown that epigenetic changes, such as differential non-coding RNA and dynamic m6A modification, can lead to cancer drug resistance (2, 19).

In this review, we focused on the important role of m6A modification in cancer drug resistance, summarized the molecular mechanism of m6A-modified RNA including non-coding RNA involved in cancer drug resistance, and discussed the application and clinical value of m6A modification in the prediction and treatment of cancer resistance.



Dynamic and Reversible Deposition in RNA by m6A Regulators

Like other epigenetic modification, such as DNA methylation, m6A methylation is a dynamic and reversible phenomenon that embeds or removes m6A modification in RNA. This process is controlled by methylases and demethylases, which are vividly known as “writers” and “erasers” and then recognized by m6A “readers” (Figure 1). These m6A regulators affect multiple physiological and pathological activities such as cellular differentiation and cancer progression (10). The increasing rate suggested that m6A regulators decide RNA might play important roles in cancer progression (20).




Figure 1 | Regulators and functions involved in m6A modification. m6A writer, such as METTL3 and METTL14, binds to RNA to methylate adenine. Then, the m6A readers including YTHDC1/2, YTHDF1/2/3, IGF2BP1/2/3, and HNRNPA2B1 recognize the m6A site and participate in the process of RNA splicing, stability, nuclear transport, translation, degradation, or miRNA processing. In addition, m6A modifications can also be erased by FTO and ALKBH5, thereby affecting the fate of RNA. A, adenine.




m6A Dynamic Deposition by m6A “Writers” and “Erasers”

Methyltransferase complexes, which consisted of multicomponents including methyltransferase-like 3/14/16 (METTL3/14/16), WT1-associated protein (WTAP), vir-like m6A methyltransferase-associated (VIRMA, another name: KIAA1429), zinc finger CCCH-type containing 13 (ZC3H13), and RNA-binding motif protein 15 (RBM15), is the key for catalyzing m6A sites in RNA. In the 1990s, an m6A complex containing three components was found in the mRNA of HeLa (21). Then, Joseph et al. found MT-A (MT-A70), which is also called METTL3, is the critical core of m6A methyltransferase complex and interacts with the methyl donor S-adenosylmethionine (SAM) for catalyzing methyl to partial RNA sequence (22–25). Moreover, another critical component of this complex, METTL14, could be as an RNA-binding platform stabilized METTL3 conformation when METTL3 is the catalytic core of this complex (23–25). WTAP, located at nuclear speckles, was another component that could interact with METTL3 and METTL14 for recruiting the m6A methyltransferase complex to RNA targets (26). Recently, Huang et al. reported that m6A deposition catalyzed by METTL3–METTL14–WTAP complex was regulated by histone H3 trimethylation at Lys36 (H3K36me3). Moreover, METTL14 could be a “reader” of H3K36me3 for promoting m6A deposition in transcribed nascent RNAs via binding adjacent RNA polymerase II (27). In addition, another m6A methylase component was identified in other types of RNAs, such as METTL16. Studies showed that m6A modification in U6 snRNA was catalyzed by METTL16 (28, 29). Moreover, METTL16 could efficiently induce splicing via binding 3′UTR of MAT2A, which encoded the SAM synthetase, a methyl donor (28). Removal of m6A modification in RNA was controlled by demethylase, FTO (obesity-associated protein), and alkB homolog 5 (ALKBH5). Initially, FTO was found to be correlated with childhood and adult obesity in early time (30). In 2011, FTO was firstly identified to have demethylation activity to decreased m6A amounts (31). Moreover, FTO could be as demethylase involved in physiology and pathology processes (32). ALKBH5 was identified as another demethylase in mammalian RNA and affects RNA export and RNA metabolism (33).



The Regulation Mechanism of m6A Regulators via m6A “Reader”

Gene expression on the post-transcriptional level, including RNA splicing, transport, stability, and translation, was closely mediated by m6A modification via recruiting reader protein or changing RNA structure (34–38).

The newly transcribed RNA is regulated by the m6A regulator to affect its splicing. The METTL3–METTL14–WTAP complex was in nuclear speckles to regulate alternative gene splicing (26). In addition, m6A demethyltransferase FTO regulated splicing factor serine/arginine-rich splicing factor 2 (SRSF2)-targeted exons to control RNA splicing (39). Nuclear m6A “reader” YTH domain-containing protein 1 (YTHDC1) was reported to recruit SRSF3 and blocked SRSF10 to promote exon inclusion for affecting RNA splicing (40). Moreover, YTHDC1 mediated RNA export from the nucleus to the cytoplasm in HeLa cells via interacting with SRSF3, which is a splicing factor and nuclear export adaptor protein (41).

The fate of RNA in the cytoplasm is to be translated into protein or be degraded. Increasing studies proved that m6A reader YTH domain-containing family proteins (YTHDFs) greatly contributed to RNA translation (42). YTHDF1 promoted RNA translation efficiency via interacting with translation initiation factor complex 3 (eIF3) (38). Moreover, RNAs that modified m6A in its 5′UTR could be translated in a cap-independent manner by directly binding eIF3 (43). RNA stability protected by its 5′ cap and 3′ poly A tail is the key for RNA to execute its roles in the vital movement. When RNA was redundant, the RNA degradation mechanism was initiated by the deadenylation-dependent decay pathway and/or deadenylation-independent decay pathway. It has been reported that m6A modification destabilized m6A-embedded RNA (44, 45). YTHDF2 could recruit CCR4-NOT deadenylase complex for destabilizing m6A-containing RNA. This binding is critical for m6A-containing RNA deadenylated by CAF1 and CCR4 (37). Furthermore, YTHDF3 interacted with YTHDF1 to promote protein synthesis and regulated decay of methylated RNA in a YTHDF2-dependent manner (46). In addition, the insulin-like growth factor 2 mRNA-binding protein (IGF2BP) family, including IGF2BP1/2/3, could be an m6A “reader” to promote RNA stability by interacting with ELAV-like RNA-binding protein 1 (ELAVL1), matrin 3 (MATR3), and poly(A) binding protein cytoplasmic 1 (PABPC1) for regulating RNA translation under normal and stress conditions (47). HnRNP A2/B1, which contains two RNA recognition motifs, was another reported m6A “reader” for promoting microRNA (miRNA) processing (48). The above shows that m6A modification decided the RNA destiny regulated by “writers,” “erasers,” and “reader”.




m6A Modification Contributes to Cancer Drug Resistance

Increasing data showed that m6A modification playing as a decision maker contributed to cancer progression (13). For example, overexpressed FTO is a critical oncogene in hematologic malignancies, such as AML (49, 50). High expression of METTL3 has been reported to be an oncogene in multiple solid tumors, such as hepatocellular carcinoma (HCC) (51), non-small cell lung cancer (NSCLC) (52), gastric cancer (GC) (53), colorectal cancer (CRC) (54), and bladder cancer (BLC) (55). Deregulation of m6A regulators in cancer cells is involved in cell stemness, proliferation, apoptosis, metastasis, immune, and drug resistance (13). Chemotherapy and targeted therapy are the main methods for patients with hematologic tumors and solid tumors. Cancer cells that develop resistance to drug treatment usually cause tumor recurrence, leading to a bad clinical outcome (16). Complicated mechanisms including epigenetic change are crucial for cancer cell obtaining resistance (56). Emerging data indicated that the global m6A level was abundant and aberrant in drug resistance of cancer cells (Figure 2) (57–59). Moreover, m6A “writers,” “erasers,” and “readers” were dysregulated in multiple cancer cells, and these regulators played important roles in cancer cells resisting chemotherapeutic drugs and targeted drug (Table 1) (57, 61, 63).




Figure 2 | Aberrant m6A regulator and global m6A levels in drug-resistant cancer. The changes in m6A levels and the expression of m6A regulators were present after chemotherapy and targeted drug treatment in multiple cancer. BC, breast cancer; CSCC, cervical squamous cell carcinoma; CRC, colon cancer; GC, gastric cancer; HCC, hepatocellular carcinoma; NPC, nasopharyngeal carcinoma; NSCLC, non-small cell lung cancer; OSCC, oral squamous cell carcinoma; OS, osteosarcoma; OC, ovarian cancer; PC, pancreatic cancer.




Table 1 | The role and regulatory mechanism of m6A regulator in cancer drug resistance.




Change of Global m6A Level Under Drug Pressure in Cancer

Increasing data showed that the global m6A level in cancer tissues was different from that in normal tissues (73, 74). Aberrant and abundant global m6A levels have also been reported in cancer drug resistance (57–59). In leukemia, researchers found that the development of resistance phenotype during tyrosine kinase inhibitor (TKI) treatment depended on the reduction of m6A detected by m6A dot-blotting due to FTO overexpression in leukemia cells. Furthermore, these results lead to the upregulation of proliferation/anti-apoptosis-related genes (58). Not only in blood tumors, but also in solid tumors, were there abnormal m6A levels in the drug-resistant cancer cell. For example, in HCC, low m6A global level cause by downregulated METTL3 was found in HepG2 cells resisting sorafenib therapy. This situation induced the increased autophagosomes of HepG2 cells to fight sorafenib therapy (70). Conversely, a high m6A global level in HepG2 cells and breast cancer cells with adriamycin resistance was detected by liquid chromatography coupled to tandem MS (LC-MS/MS) compared with parental cells. A high m6A level induced by upregulated METTL3 was responsible for the upregulation of ERRγ with metabolic reprogramming in chemoresistant cancer cells (59). In NSCLC, m6A but not the gene expression level in cisplatin-resistant A549 cells was significantly increased compared with A549 cells (72).

However, there are few studies that showed that the expression of m6A regulator was abnormal in the drug-resistant cancer cells, but the overall m6A level had no perturbation. In ovarian cancer, the global m6A level was not significantly changed in parental and cancer cells with olaparib and poly(ADP-ribose) polymerase inhibitor (PARPi) resistance. No change of global m6A levels in ovarian cancer resistant cells might be due to downregulated FTO, ALKBH5, METTL3, and METTL14. Furthermore, a high m6A level in 3′UTR region of the FZD10 mRNA due to the decrease of FTO and ALKBH5 was found to activate the Wnt signaling pathway, leading to PARPi resistance (57). These evidence indicated that the global m6A level is very complicated under different types of tumor cells and different therapy resistance. This complexity is due to the abnormal expression of different m6A regulators under resistant conditions. Therefore, it is necessary to acquaint entirely the molecular mechanism of abnormal m6A level and m6A regulators under the drug resistance pressure.



Aberrant m6A Regulators in Cancer Drug Resistance

The global m6A level was regulated at different layers by “writers,” “erasers,” and “readers,” which showed irregular expression and played important roles in drug resistance of multiple cancers (Table 1).



Aberrant m6A “Writers” in Cancer Drug Resistance

Dysregulated m6A “writers” were found in multiple cancers after drug treatment (57, 59, 61, 66, 70). It has been reported that METTL3 and METTL14 were downregulated in ovarian carcinoma cells (57). METTL3, as a critical methylase, was reported to play an essential oncogene in 2017 (75). It was not until recent years that increasing fact about the oncogene effect of METTL3 and its dysregulation in cancer drug resistance was displayed (76). In osteosarcoma (OS), METTL3 was found to have a critical role in OS cells through promoting cell proliferation, migration, and invasion ability (77). When OS cells showed doxorubicin resistance, an increasing METTL3 expression was detected (61). Similarly, highly expressed METTL3 in drug-resistant cell lines was also found in nasopharyngeal carcinoma (NPC) (61). A recent study showed that overexpression of METTL3 in NPC tissues promoted EMT process via m6A-modified Snail (78). Studies showed that high METTL3 expression in recurrent NPC tissue was associated with a bad prognosis of NPC patients (78, 79). After cisplatin induction, METTL3 was upregulated in drug-resistant NPC cell lines, where it could promote the viability of cell culture with a series of doses of cisplatin via regulating TRIM11 transcript (66). In HCC, METTL3 was found to promote HCC progression via YTHDF2-dependent silencing of SOCS2 on the post-transcriptional level (51). Interestingly, the role of METTL3 in HCC drug resistance was also complicated. Chen et al. reported that high METTL3 expression was detected in HepG2 cells with adriamycin resistance (59). Deleting METTL3 leads to the increase of dox sensitivity in adriamycin resistant HepG2 cells by regulating pre-mRNA of ERRγ. However, low METTL3 expression was found in human sorafenib-resistant HCC (70). Different from adriamycin, sorafenib is a multi-target drug that inhibited cancer cell proliferation and angiogenesis. This interesting result showed that METTL3 could be a tumor suppressor when its knockout could enhance sorafenib resistance, promote angiogenesis-associated genes expression, and activate pathway-associated autophagy in HCC cells under hypoxia condition (70). It is worth noting that METTL3 not only was involved in tumor progression but also plays an important role in tumor resistance, especially solid tumors.



Aberrant m6A “Erasers” in Cancer Drug Resistance

As m6A demethylase, FTO and ALKBH5 were reported to play critical roles in multiple cancers and are involved in cancer drug resistance (58). FTO has been firstly reported m6A demethylase, which subsequently proved its oncogene role in AML (31, 50). Through reducing m6A abundance of ASB2 and RARA for destabilizing its transcripts, high FTO expression could enhance cell transformation and leukemogenesis, while it could inhibit all-trans-retinoic acid (ATRA)-induced AML cell differentiation (50). Moreover, high FTO expression was found in AMLs with multiple mutations including t(11q23)/MLL rearrangements, t (15, 17)/PML-RARA, FLT3-ITD, and/or NPM1. TKIs were considered for leukemia clinic treatment with these mutations (80, 81). However, rapidly acquiring resistance to TKIs was the main reason for the failure of leukemia treatment. Yan et al. found that FTO expression was increased in leukemia nilotinib-resistant cells. Upregulated FTO assisted leukemia cells to display more TKI resistant ability, and higher rates of cell growth in vivo via enhance mRNA stability of MERTK and BCL-2 (58). Moreover, FTO overexpression in cervical squamous cell carcinoma (CSCC) was proved to be related to chemo-radiotherapy resistance in vitro and in vivo by decreasing demethylation of β-catenin for promoting its expression (63). In addition, another m6A demethylase, ALKBH5, was upregulated in OS cell lines with doxorubicin resistance and doxorubicin resistance oral squamous cell carcinoma (OSCC) lines (60, 61). However, downregulated ALKBH5 expression was reported in a patient-derived xenograft (PDX) model treated with gemcitabine in pancreatic ductal adenocarcinoma (PDAC) (62). When ALKBH5 was overexpressed, PDAC cells were sensitive to chemotherapy due to a decrease of methylation in WIF-1 (62). Moreover, in ovarian cancer, downregulated FTO and ALKBH5 in PARPi resistance cancer cells also could be decreased PARPi sensitivity (57).



Aberrant m6A “Readers” in Cancer Drug Resistance

The process that m6A modification mediated RNA metabolism always needs the participation of m6A “readers” to decide RNA fates. In cancer, aberrant reader proteins, such as YTHDF1, could lead to the disorders of RNA metabolism that contributed to tumor progression (82). The role of YTHDF1 was reported in various cancer types, and it plays a critical role in cancer (72, 83, 84). Cancer stem cells (CSCs) are cell populations with stem-like characteristics, which are considered to be the main cause of tumor chemoresistance and recurrence (85). A recent study reported that YTHDF1 promoted TRIM29 translation in cisplatin-resistant ovarian cancer cells. Decreasing YTHDF1 inhibited the CSC-like characteristics subsequently rescued by overexpressed TRIM29 (71). However, there is no difference of YTHDF1 in the cisplatin-resistant cells compared with the parental control cells, which need more clinical samples to be proved. Another study displayed that YTHDF1 was upregulated in NSCLC tissues compared with paracancerous tissues. Deletion YTHDF1 in vitro impeded cancer cell proliferation and inhibited cancer progression in vivo (72). Moreover, recent studies reported that YTHDF1 was involved not only in the glycolysis of cancer cells by promoting mRNA stability of PDK4 but also in cancer drug resistance (72, 86). A study showed that YTHDF1 expression was downregulated in cisplatin-resistant A549 cells. Silencing YTHDF1 rendered cancer cells resistant to cisplatin treatment, which showed a bad clinical outcome (72). In addition, decreased YTHDF2 expression and increased IGF2BP2 expression were found in resistant ovarian cancer cells, which might be contributing to FZD10 upregulation for promoting cancer drug resistance (57).



Dysregulation of m6A-Modified RNA in Cancer Drug Resistance

Increasing studies showed that dysregulation of m6A-deposited RNA significantly contributed to cancer progression (13). Recently, abundant m6A modification was found in 3′UTR, 5′UTR, and/or CDS in drug tolerance of cancer cells, such as ovarian cancer cell (57). m6A methyl embedded in different areas of RNA could influence RNA splicing, RNA stability, and translation in cancer drug resistance (Figure 3) (52, 58, 68).




Figure 3 | The regulatory mechanism of m6A regulator in drug resistant cancer. m6A modification in drug resistant cancer cell was involved in changing RNA stability, and RNA translation.





Changing RNA Stability for Cancer Drug Resistance

Transcript stability is a very important character for RNA to execute its function. Changes in RNA stability are the inevitable result of tumor progression (87). Increasing data showed that m6A participated in RNA stability for regulating cancer drug resistance mechanism. In drug-resistant NPC cells, METTL3 promoted TRIM11 transcript stability via the m6A-IGF2BP2-dependent pathway. m6A-marked TRIM11 could promote multidrug resistance and suppressed apoptosis by activating the β-catenin axis (66). Moreover, METLL3 enhanced RNA stability of CBX8, which could promote stemness and inhibit chemosensitivity by activating LGR5 transcription in colon cancer (CC) cells (69). Not only mRNA but also METTL3 could change the stability of pre-mRNA. A study reported that METTL3 could delay the half-life of pre-mRNA of ERRγ to enhance chemoresistance by upregulating ABCB1 and metabolic reprogramming in HCC (59). Demethylation of RNA regulated by ALKBH5 was found in cisplatin-resistant OSCC lines (60). A study showed that DDX3 could enhance CSC population by demethylation of FOXM1 and NANOG nascent transcript regulated by AKBH5 in chemoresistant cells (60). Other demethylase FTO could enhance RNA stability of MERTK and BCL-2 to control intrinsic and acquired resistance of CSCC via TKI therapy (58).



Promoting RNA Translation for Cancer Drug Resistance

Dysregulation RNA translation was found in multiple diseases, including cancer (88, 89). Tumor cells trigger cellular stress under drug stress, such as genotoxic, oxidative, metabolic, and protein toxic stress. These stress responses lead to the plasticity of translational control, thereby changing tumor behavior that tend to drug resistance (90). m6A modification as a regulator could promote RNA translation via YTHDF1 interacting with initiation factor eIF3 under a selective regulation mechanism (38). Recent work reported that the deficiency of YTHDF1 inhibited translational efficiency of Keap1 and activated the antioxidant reactive oxygen species (ROS) clearance system (Nrf2-AKR1C1) under DDP therapeutic burden, which leads to a bad prognosis of NSCLC patients (72). Furthermore, METTL3 could be binding with YTHDF3, YTHDF1, and eIF3b to increase YAP1 translation for inducing DDP resistance and metastasis in NSCLC (52).



Catalyze m6A Modification in Mutation Site for Cancer Drug Resistance

After drug therapy, cancer cells always accumulate DNA damage and increase the probability of gene mutations, which leads to a small number of tumor cells evolving drug resistance (91). Increasing or decreasing m6A level in RNA transcripts always leads to cancer progression. Recently, a study reported that m6A site mutation in transcripts may change m6A deposition and play an important role in cancer (92). TP53 mutation is a high-frequency mutation in 12 types of cancer and indicated close relation with clinical outcome (93). An interesting result showed that an m6A-modified mutation site found in the transited codon 273 of p53 pre-mRNA could increase the expression of R273H mutant protein and lead to multiple drug resistance of CRC (68). This showed that m6A site mutations in transcript greatly contributed to cancer drug resistance and could be a method to indicate patient prognosis in cancer therapy.



Non-Coding RNAs Interacted With m6A Regulators in Cancer Drug Resistance

Non-coding RNAs are a class of RNAs that are not translated into protein and regulate the epigenetic change of genes. MiRNAs, long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs) are three common non-coding RNAs that were reported to play important roles in cancer progression (94, 95). For example, highly expressed miR-21 was found to target PTEN for promoting HCC growth (96). LncTCF7 promoted self-renewal of HCC stem cells via triggering Wnt signaling (97). As the sponge of miR-9, circMTO1 promoted p21 expression for hindering HCC progression (98). Moreover, dysregulation of non-coding RNA in multiple cancers may be the primary cause of drug resistance (99–101). Linc00152, which promoted CRC progression, conferred resistance of oxaliplatin (L-OHP) that induced cancer cell apoptosis via the AKT pathway (102). In ovarian cancer cells, downregulated miR-29a/b/c enhanced the ability of cells to escape cell apoptosis induced by cisplatin via targeting collagen type I alpha 1 (COL1A1) (103). Furthermore, upregulated lncRNA UCA1 contributed to multiple drug resistance of GC via sponging miR-27b (104). Collectively, these findings displayed important roles of non-coding RNAs in one or more drug resistance of cancer. Interestingly, m6A modification commonly existed in not only mRNA but also non-coding RNA (9). More and more findings suggested a novel and complicated pattern of m6A regulator with non-coding RNA in cancer drug resistance.



m6A Regulator–MicroRNA Model in Cancer Drug Resistance

MiRNAs are a group of highly abundant small RNAs (21–25 nucleotides) involved in post-transcriptional control via targeting 3′UTR of mRNA (105). It has been reported that miRNAs play a crucial role in cancer drug resistance (106). In NSCLC resistant to EGFR TKIs, exogenous miR-146b-5p in EGFR TKI-resistant cells could promote the cell apoptosis induced by EGFR TKIs via regulating the IRAK1/NF-κB pathway (107). In addition, miR-675-3p, which was from GC-secreted extracellular vesicles (GC-EVs), could enhance cisplatin resistance in vivo via targeting CXXC4 (108). These works displayed the potential role of miRNAs in cancer drug resistance.

Recently, m6A modification was found in long primary miRNAs (pri-miRNAs) to affect miRNA processing. It is well known that pri-miRNAs are firstly transcribed in the nucleus. Subsequently, pri-miRNAs are transported into cytoplasm to be processed into precursor miRNAs (pre-miRNAs) via the double-stranded RNA-binding protein (RBP) DGCR8, which is the critical component of miRNA microprocessor complex binding with RNase III endonuclease DROSHA (109). METTL3 marked pri-miRNA for recognition and processing by DGCR8. Deleting METTL3 leads to the reduction of global miRNA and accumulation of unprocessed pri-miRNA. Gain of METTL3 reversed this change of global miRNA in a non-cell-type-specific manner, which suggested that m6A methylation plays a key post-transcriptional modification to promote miRNA mature (110). Moreover, m6A “reader” protein, heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2/B1), and hnRNPC could recognize m6A site in pri-miRNA and subsequently interact with DGCR8 to promote miRNA mature (48, 111). Interestingly, this new mechanism was found in the progression of multiple cancers (112–114). In BLC cells, METTL3 recruited DGCR8 to promote miR-221/222 maturation via decreasing PTEN expression for tumor growth (57). Another m6A complex component, METTL14, inhibited HCC metastasis via recognizing and binding DGCR8 to promote pri-miR-126 processing (115). Furthermore, m6A regulator–miRNA model was found to play an important role in cancer drug resistance (Figure 4A). In breast cancer cells, hnRNPA2/B1–miRNA model was reported to be involved in endocrine resistance. Upregulated hnRNPA2/B1 in endocrine-resistant breast cancer cells changed miRNA transcriptome including 148 upregulated miRNAs and 88 downregulated miRNAs. Moreover, overexpressed hnRNPA2/B1 decreased the sensitivity of cancer cells to 4-hydroxytamoxifen and fulvestrant (64). In addition, m6A regulators are involved in cancer drug resistance by changing miRNA expression by an indirect mechanism. MYC as a transcription factor is an oncogene by accelerating cell proliferation (116). A study reported that miRNA-155 (miR-155) and the miRNA-23a~27a~24-2 cluster (miR-23a cluster) were induced by MYC to promote tumorigenesis in glioma cells. Interestingly, FTO increased MYC stability and translation efficiency via wiping m6A modification, and its downregulation reduced the primary and mature transcripts of the transcripts of miR-155-5p, miR-24-3p, and miR-27a-3p (117). Furthermore, FTO inhibitor and MA2 increased the antitumor effect of temozolomide on decreasing the viability of glioma cells (117).




Figure 4 | The m6A–non-coding RNA model in drug-resistant cancer. (A) m6A–miRNA model: m6A modification directly affects the pre-miRNA splicing, resulting in abnormal miRNA level changes in cancer drug resistance. (B) m6A–lncRNA model: ARHGAP5-AS1 recruits METTL3 to promote the stability of ARHGAP5 for inhibiting drug-induced apoptosis. (C) In sorafenib-resistant liver cancer cell, m6A modification promoted circRNA-SORE stabilization. Then, circRNA-SORE could directly bind YBX1 protein or sponge miR-660-3p and miR-103a-2-5p for arresting drug-activated apoptosis.





m6A Regulator–Long Non-Coding RNA Model in Cancer Drug Resistance

Compared with miRNA, lncRNAs are a class of non-coding RNA with its length more than 200 nucleotides defecting coding protein function (118). LncRNA generally contributed to gene regulation via binding with miRNA, interacting with RBPs, or chromatin remodeling (119). In gemcitabine-resistant cells, GSTM3TV2 promoted the drug resistance by sponging let-7 for upregulating L-type amino acid transporter 2 (LAT2) and oxidized low-density lipoprotein receptor 1 (OLR1) in pancreatic cancer cells (120). Upregulated H19 in tamoxifen-resistant breast cancer cell line promoted autophagy by inhibiting the binding of DNMT3B to Beclin-1 (121). These studies showed that lncRNA could be a controller to regulate cancer drug resistance.

It has been observed to conserve m6A modification in lncRNA (122). Subsequently, increasing findings showed that m6A modification as “switches” regulated lncRNA–protein interaction contributed to the lncRNA–miRNA interaction or influenced lncRNA stability (52, 123, 124). Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was a conserved lncRNA that was upregulated in multiple types of cancers (125). In NSCLC, MALAT1 promoted cancer cell migration in vitro and tumor formation and growth in vivo, and a high expression level of MALAT1 is associated with poor prognosis (126, 127). Recently, high m6A modification in transcripts of MALAT1 was observed (8). METTL3/YTHDF3 complex increased the stability of MALAT1, which sponged miR-1914-3p to promote the invasion and metastasis of NSCLC and enhanced sensitivity to DDP via regulating YAP1 (52). On the other hand, lncRNA was also involved in cancers when it was coupled with m6A regulators. Upregulated ALKBH5 in glioblastoma stem-like cells (GSC) demethylated FOXM1 to promote its expression. Interestingly, as a lncRNA antisense to FOXM1, FOXM1-AS accelerated the interaction between ALKBH5 with FOXM1 for promoting GSC proliferation and tumorigenesis (128). This interaction of lncRNA assistance to m6A regulators was also found in cancer drug resistance (Figure 4B). In chemoresistant GC cells, overexpressed ARHGAP5 antisense RNA 1 (ARHGAP5-AS1) promoted the cancer cell resistance to chemotherapeutic drugs including DDP, ADM, and 5-FU; decreased drug-activated apoptosis; and reduced intracellular drug concentration. ARHGAP5-AS1 could stabilize ARHGAP5 via recruiting METTL3 for m6A modification (65).



m6A-Modified Circular RNA in Cancer Drug Resistance

CircRNAs are a class of non-coding RNA that has a special continuous loop by back splicing. The reported biological function of circRNA seems to bind miRNA or RBPs, regulate transcription, interfere with splicing, or translate peptide fragments and played important roles in cancer drug resistance (129, 130). In GC, circCUL2 could affect cisplatin sensitivity by inhibiting the autophagy activation mediated by miR-142-3p/ROCK2 (131). In glioblastoma cells that acquired temozolomide resistance, circASAP1 was markedly upregulated. Its overexpression promoted cell proliferation and temozolomide resistance by sponging miR-502-5p in glioblastoma (132). These studies showed that dysregulated circRNAs play a significant role in cancer drug resistance.

CircRNAs are widely modified by m6A and exhibited cell-type-specific methylation, which suggested the potentially important role of m6A modification in modulating circRNA biogenesis, transport, degradation, and translation (133, 134). It is well known that circRNAs are the product of back splicing, which is an alternative to linear splicing. Recently, m6A modification at specific sites was found to significantly modulate these two splicing ways. Furthermore, these specific m6A sites affected by METTL3–YTHDC1 were proved to command circRNA biogenesis, which offers a novel reason for circRNA biogenesis (135). CircRNA location is the key to determining the regulatory mechanisms of circRNA, especially ceRNA model in cytoplasm. However, few data illustrated the mechanisms of circRNA localization or nuclear export. It has been found that Drosophila DExH/D-box helicase Hel25E and human UAP49/56 act as key factors in the nuclear export of circRNAs depending on its length (136). Interestingly, m6A reader YTHDC1 was reported to accelerate cytoplasmic export of circNSUN2 in an m6A-dependent manner (137). The degradation of circRNA is another important part of understanding its function and expression, but the understanding of related mechanisms is still very limited. It has been reported that YTHDF2 interacting with HRSP12 acted as a guide of RNase P/MRP endoribonucleases for identifying and degrading m6A-modified circRNAs (138). In translation initiation, different from mRNA (cap-dependent pathway), circRNA lacking dissociative 5′ end was translated by cap-independent pathways, such as IRES-dependent pathway and m6A-dependent pathway (139–141). Yang et al. found that m6A-modified circRNAs have sufficient translation ability regulated by YTHDF3 and the translation initiation factors eIF4G2 and eIF3A (141). Recently, increasing findings prove the important role of the m6A-circRNA model in cancer progression. In CRC, m6A reader YTHDC1 expedited cytoplasmic export of circNSUN2 to promote cancer liver metastasis via stabilizing HMGA2, which acted as a driver of cancer metastasis via enhancing EMT process (137, 142, 143). In cervical cancer cells, an interesting study found that circE7 derived from human papilloma virus 16 (HPV16) translated into E7 protein to promote cancer cell proliferation in an m6A-dependent manner, which provided a basis for the diagnosis of high-risk HPV infection (144).

A recent study showed a significant role of m6A-circRNA model in HCC resistance with sorafenib, which is the first-line chemotherapeutic therapy for advanced HCC (Figure 4C). After sorafenib therapy, HCC cell with drug resistance showed high expression of circRNA-SORE in which depletion could enhance the cell-killing ability of sorafenib by stabilizing YBX1 (145). Another study showed that circRNA-SORE inhibited the efficacy of sorafenib-induced apoptosis in HCC cells. Interestingly, m6A modification resulted in the increased RNA stability of circRNA-SORE, which could sponge miR-103a-2-5p and miR-660-3p to activate the Wnt/β-catenin pathway (146).




Implications for Cancer Drug Therapy


Global m6A Level and m6A Regulators as a Diagnostic Approach

Tumor drug resistance is often the result of a combination of multiple mechanisms (147). Urgently, we need more effective assessment methods to judge whether patients have better treatment effects to improve patient prognosis. Researchers have found that methods such as gene sequencing for analysis of mutant genes, tumor-derived organoids for evaluating drug efficacy, or network-based machine learning can be used to predict tumor resistance (148, 149). Tiriac et al. reported that next-generation sequencing (NSG) technology combined with patient-derived organoid (PDO) drug classification can predict the response of pancreatic cancer patients and provide a basis for the selection of treatment options (150).

Abnormal and abundant global m6A levels frequently appeared in multiple cancer drug resistance. The global m6A level was decreased in leukemia cell line that obtained nilotinib and PKC412 resistance and HepG2 resisting sorafenib therapy, inversely upregulated in breast cancer cell with adriamycin resistance (58, 59). Therefore, the detection of m6A levels has the potential to be used as a method to predict whether tumor cells are/will be resistant. At present, the main technical methods used to detect the overall level of m6A are LC-MS/MS, colorimetry, and dot blotting (151). Based on liquid mass spectrometry, LC-MS/MS uses tandem MS to obtain molecular ion peaks and fragment ion peaks. LC-MS/MS can simultaneously perform qualitative and quantitative analyses of bases. With the use of a method similar to ELISA to suppress competitive immunity, the colorimetry uses m6A standards to quantify the m6A level of samples. Dot blotting uses m6A antibody to detect m6A level after binding RNA to a nylon membrane. Compared with the cumbersome operation of LC-MS/MS, colorimetry or dot blotting using a kit is simpler, faster, and more sensitive. These methods could have a potential application for detecting cancer drug resistance. Increasing data suggested that abnormally expressed m6A regulators can also be used as a detection strategy for drug response of multiple cancer. In NPC, m6A-modified TRIM11 stabilized by METTL3 could inhibit cancer cell apoptosis to promote multidrug resistance and enhance cisplatin resistance in vivo (66). Similar in GC, high METTL3 group tumors showed more sensitivity to mTOR inhibitor (everolimus) compared with the low METTL3 group (152). In ovarian cancer, downregulated FTO and ALKBH5 induced FZD10 upregulation, which led to reducing PARPi sensitivity (57). Moreover, in CSCC, FTO reduced m6A level of β-catenin to promote its expression for enhancing the chemo-radiotherapy resistance both in vitro and in vivo (63). Oppositely, FTO upregulation in leukemia showed more TKI tolerance via enhancing MERTK and BCL-2 stability (58).



Targeting m6A Regulator–Non-Coding RNA Model

Increasing data displayed that m6A regulators play an important role in drug resistance of cancer, which suggested that m6A regulators may be a potential target to restore the drug sensitivity of tumor cells. In cisplatin-resistant seminoma cells, METTL3 promoted cellular viability by enhancing TFAP2C stability, which was identified by m6A reader, IGF2BP1. Encouragingly, more rapid tumor growth due to overexpressed METTL3 was inhibited by IGF2BP1 inhibition under cisplatin treatment in vivo (67). In NSCLC, METTL3 inhibition observably arrested tumor growth and enhanced sensitivity to cisplatin in vivo by reducing YAP1 expression (52). In addition, a significant antitumor drug effect was also found in drug-treated cancer cells combined with FTO inhibitors. In glioma, MA2, which could be an FTO inhibitor, notably inhibited cell proliferation compared with a single treatment group (117). Regarding the targeting of m6A-modified molecules, a variety of drugs have entered clinical research. For example, a competitive 2OG inhibitor can target and inhibit the activation of FTO. But it also inhibits other molecules, such as m1A demethylase ALKBH3, causing adverse side effects (153, 154). Many kinds of literature have confirmed that m6A modification participates in the regulation mechanism of tumor resistance. In detail, under the pressure of drugs, tumor cells cleverly change the modification level of m6A in RNA, thereby affecting the fate of RNA, especially non-coding RNA. Therefore, compared with looking for highly specific inhibitors of m6A regulatory molecules, directly targeting its downstream RNA molecules is also an ideal tumor drug resistance treatment policy. Non-coding RNA that interacts with m6A regulators has been reported to regulate the sensitivity of drug-resistant cells. A large number of studies have found that many non-coding RNAs can be used as targets or partners for m6A regulators in drug-resistant tumor cells. METTL3 coupled with lncRNA ARHGAP5-AS1 stabilized ARHGAP5, which promoted chemoresistance in GC (65). In addition, in vivo shRNA delivery of m6A-modified circRNA-SORE could enhance sorafenib efficacy in animal models (146). These studies suggested that m6A regulator–non-coding RNA model plays important roles in cancer drug resistance. In general, the combined strategy of using m6A targeted drugs with chemotherapy or its related non-coding RNA may provide new ideas for avoiding drug resistance in clinical practice.



Potential Applications of m6A Regulation in Immunotherapy

Tumor immunotherapy is currently one of the mainstream methods of cancer treatment. However, the effects of immunotherapy in some tumors, such as lung cancer, are not satisfactory. The main reason is that the tumor behaved innately or acquired resistance to immunotherapy. Therefore, it is urgent to find a breakthrough in resistance to immunotherapy. Recently, most works implied m6A regulators have huge potential in PD-1 therapy. m6A regulators were reported to regulate PD-L1 expression, which implied its potential implication in immunotherapy. In intrahepatic cholangiocarcinoma (ICC), Qiu et al. found that tumor-intrinsic ALKBH5 stopped T-cell expansion and cytotoxicity by maintaining PD-L1 expression in tumor cells. Moreover, the results of clinical sample analysis from patients receiving anti-PD1 immunotherapy showed that strong nuclear expression patterns of ALKBH5 are more sensitive to anti-PD1 immunotherapy (155). Knockdown YTHDF1/2 in NSCLC cells could upregulate PD-L1 expression and multiple immune-related genes. High YTHDF1/2 expression showed a good prognostic outcome of NSCLC patients (156). Most notably, Han et al. found that the YTHDF1 could be a potential therapeutic target in immunotherapy because the absence of YTHDF1 can enhance the therapeutic effect of PD-L1 in Ythdf1−/− mice (157). Interestingly, non-coding RNA with m6A modification represented promising therapeutic targets in improving immunotherapeutic efficacy. m6A-modified circIGF2BP3 inhibited the activity of T cells in vitro and restrain antitumor immunity in vivo by upregulating PKP3 to elevate PD-L1 abundance. Furthermore, the inhibition of circIGF2BP3/PKP3 enhanced the effects of anti-PD-1 therapy in a Lewis lung carcinoma mouse model (158). These works suggested that m6A regulators or m6A-modified non-coding RNA could be a therapeutic target for immunotherapy in combination with PD-L1 inhibitors.




Challenges and Future Perspectives

m6A modification is the most common modification in higher organisms. Many studies have confirmed that m6A modification plays important biological functions in mammals, such as regulating RNA stability, positioning, transportation, splicing, and translation at the transcriptional level. We have introduced some work that found that tumor cells exhibit abnormal m6A levels after drug resistance, and further control RNA stability, RNA translation, or regulation of non-coding RNA to avoid drug-induced apoptosis and escape successfully. These papers about cancer drug resistance displayed a part of the important role of m6A modification. Recent studies indicated that m6A modification was regulated by other factors. NADP, an enzyme-regulated metabolite, could directly bind FTO for improving its catalytic activity and adipogenesis (159). It indicated that some key regulators could be a potential strategy for regulating m6A modification, and we need more work to explore the mechanism that triggered abnormal global m6A level or differential expression of m6A regulators in the future.

At present, more and more m6A regulators are involved in clinical research for oncotherapy. However, their disadvantages cannot be ignored, such as poor specificity and side effects. Therefore, it is urgent to find another way to change the dilemma of m6A modification in the application of tumor resistance. Although m6A–non-coding RNA has positive prospects in clinical applications, the current situation shows that there are still shortcomings in the study of m6A–non-coding RNA mode. Firstly, m6A has fewer potential targets and partners in different drug resistance mechanisms of different tumors. Therefore, the regulatory mechanism of m6A modification in the common drug resistance of a variety of tumor cells still needs to be further explored more comprehensively. Secondly, there are fewer methods to detect the methylation level at the m6A site on the non-coding RNA sequence. Therefore, the method detecting more high resolution of m6A in non-coding RNA sequence needs to be exploited and widely apply in cancer drug treatment. Finally, the drug development of non-coding RNA related to m6A drug should be considered in the future.



Conclusions

In the review, we summarized the research progress of m6A modification in cancer drug resistance. We show that the overall m6A level and m6A regulatory molecules in tumor cells are changed after different drug-resistant multiple tumors. For example, in adriamycin-resistant liver cancer cells, the expression of METL3 was significantly upregulated, resulting in a significant increase in overall m6A levels. However, in sorafenib-resistant liver cells, the expression of METL3 was significantly downregulated, resulting in a significant decrease in overall m6A levels. These contradictory results showed the complexity of m6A modification in drug-resistant cancer cells. In addition, we also summarized the complex regulatory mechanism of m6A modification in tumor resistance. Abnormal m6A regulators in tumor cells that have acquired drug resistance can maintain tumor cells against drug therapy by changing RNA stability, RNA translation, and catalytic mutation site m6A modification. Here, we focus on the important role of m6A modification that interacted with non-coding RNA in cancer drug resistance. Sorafenib is the first-line chemotherapeutic agent for the treatment of liver cancer. It is worth noting that circRNA-SORE stabilized by m6A modification can inhibit drug-activated apoptosis through a variety of ways, which elucidates that m6A regulator–non-coding RNA model plays an important role in cancer drug resistance. Therefore, targeting m6A-modified non-coding RNA has potential as a combined strategy to overcome therapeutic resistance. But the current situation is that the molecular understanding of m6A modification is still in its infancy. Therefore, more research is still needed to realize the application of m6A modification combined with non-coding RNA in cancer drug therapy.
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The current interventions for hepatocellular carcinoma (HCC) are not satisfactory, and more precise targets and promising strategies need to be explored. Recent research has demonstrated the non-negligible roles of RNA epigenetic modifications such as N6-methyladenosine (m6A) and 5-methylcytosine (m5C) in various cancers, including HCC. However, the specific targeting mechanisms are not well elucidated. In this review, we focus on the occurrence and detailed physiopathological roles of multiple RNA modifications on diverse RNAs closely related to the HCC process. In particular, we highlight fresh insights into the impact mechanisms of these posttranscriptional modifications on the whole progression of HCC. Furthermore, we analyzed the possibilities and significance of these modifications and regulators as potential therapeutic targets in HCC treatment, which provides the foundation for exploring targeted intervention strategies. This review will propel the identification of promising therapeutic targets and novel strategies that can be translated into clinical applications for HCC treatment.
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INTRODUCTION

According to the global cancer statistics report released by the International Agency for Research on Cancer (IARC), an estimated 18.1 million new cancer cases (17.0 million excluding non-melanoma skin cancer) and 9.6 million cancer deaths (9.5 million excluding non-melanoma skin cancer) occurred in 2018 worldwide (Bray et al., 2018). Among patients in 36 cancer types in 185 countries, liver cancer has become the sixth most commonly diagnosed cancer, with 840,000 new cases, and the cancer with the fourth highest mortality rate, with 782,000 deaths annually (de Martel et al., 2020).

Hepatocellular carcinoma (HCC) is mainly caused by chronic inflammatory liver diseases, such as viral liver disease and non-alcoholic and alcoholic fatty liver, and accounts for approximately 90% of primary liver cancers (PLCs) (Craig et al., 2020). Due to the asymptomatic nature of HCC in the early stage, most patients are diagnosed at an advanced stage, which results in limited therapeutic options and poor prognosis (Llovet et al., 2018). In the early stage of HCC, surgical resection, ablation therapy, and liver transplantation can be selected depending on the situation, but only 5–15% of patients are eligible (Hsu et al., 2021). Clinical studies have shown that transarterial chemoembolization (TACE) treatment can increase the 2-year survival rate of intermediate HCC patients by 23%; however, such choices are ineffective for advanced HCC patients (Raoul et al., 2019). In late-stage cases, one or multiple kinase inhibitors have to be used for chemotherapy, but only 1/3 of patients can benefit from this approach, and evident drug resistance is prone to develop within 6 months of initiating the regimen (Romero, 2020). Moreover, long-term use chemotherapeutic drugs, such as sorafenib and doxorubicin, will not only produce drug resistance but also become toxic and ineffective (Nwosu et al., 2020). In other words, neither surgery, ablation therapy nor chemotherapy can effectively improve the outcome of this devastating disease (Wang et al., 2021). There is an urgent need to further explore the pathogenesis of HCC and find effective treatments.

Liver cancer is a complex malignant disease affected by multiple factors. Studies have confirmed that epigenetic modification can cause liver cancer by changing the expression of genes (Nagaraju et al., 2021). Etiological studies point out that a variety of environmental stresses lead to alterations in liver DNA methylation, acetylation, chromatin modification, and changes in non-coding RNAs, such as long non-coding RNAs (lncRNAs) and microRNAs (miRNAs), which will eventually cause changes in the liver epigenome and transcriptome, suggesting that epigenetic aberrations promote the initiation and promotion of HCC (Yang et al., 2019; Sinn et al., 2020). The accumulation of these epigenomic and epigenetic modifications and changes will cause dysfunction of antitumor genes and oncogenes, which are specifically manifested as carcinogenesis, development and metastasis of HCC (Huang et al., 2021). In other words, epigenetic modification provides a molecular supplement that can bridge the gap between genomic and environmental stresses, making the pathogenesis of HCC more complete. With the development of scientific research and technology, the exploration of the influence of RNA epigenetic modifications on the carcinogenesis and progression of HCC is ongoing, and some mechanisms have been elucidated. The overall outline is shown in Figure 1.
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FIGURE 1. Overview of research on RNA epigenetic modifications of hepatocellular carcinoma. During the carcinogenesis and development of hepatocellular carcinoma, a variety of factors, such as smoking, alcohol, environmental pollution, viral infection, poor eating habits, drug abuse and narcotics may cause abnormal changes in epigenetic modifications in several kinds of RNAs based on genetic susceptibility, including N6-methyladenosine (m6A), 5-methylcytosine (m5C), N1-methyladenosine (m1A), N7-methylguanosine (m7G), and pseudouridine (ψ). These RNA epigenetic modifications will affect the metabolic and functional processes of RNA, such as RNA structure, splicing, stability, maturation, transport, translation, and degradation, by modifying the base or pyrimidine at a specific site of coding RNA and non-coding RNAs. These abnormalities in RNAs will affect the occurrence and progression of hepatocellular carcinoma through specific signal transduction or interactions. CircRNA, Circular RNA; HBV, Hepatitis B virus; HCC, Hepatocellular carcinoma; HCV, Hepatitis C virus; lncRNA, Long non-coding RNA; m1A, N1-methyladenosine; m5C, 5-methylcytosine; m6A, N6-methyladenosine; m7G, N7-methylguanosine; mRNA, Messenger RNA; miRNA, microRNA; pgRNA, pregenomic-RNA; rRNA, Ribosomal RNA; snRNA, Small nuclear RNA; tRNA, Transfer RNA.


Recently, exploring the function of RNA modification in a variety of biological processes has become an emerging research hotspot (Zhao L. Y. et al., 2020). To date, more than 160 kinds of chemistry-related modification processes have been discovered, which are involved in the entire process of RNA function and metabolism (Helm and Motorin, 2017). Among them, the most common modifications currently include pseudouridine (ψ), N7-methylguanosine (m7G), 5-hydroxymethylcytosine (hm5C), N1-methyladenosine (m1A), 5-methylcytosine (m5C), and N6-methyladenosine (m6A) (Barbieri and Kouzarides, 2020). More recently, several authoritative studies have pointed out that multiple RNA (e.g., mRNA and ncRNA) epigenetic modifications and corresponding modifiers are involved in HCC cell proliferation, exacerbation and metastasis via epigenetic regulation of oncogenes and tumor suppressor genes, which urges us to explore and clarify the functions of RNA epigenetic modifications as soon as possible. Furthermore, targeting the modification process to develop novel drugs and technologies promotes knowledge regarding RNA-modifying processes and is an important therapeutic strategy for the development of specific therapies for HCC (Delaunay and Frye, 2019; Juhling et al., 2021).

Herein, the epigenetic situations and alterations of mRNA and ncRNAs, including mRNA, miRNAs, lncRNAs, and circular RNAs (circRNAs), in HCC are reviewed to summarize the epigenetic consequences of RNA modification in the pathogenesis of HCC, as the research focus and emerging direction in Table 1. In addition, we explored the role and possible mechanism of RNA epigenetic modification regulators to demonstrate their prospects as diagnostic markers and therapeutic targets for the treatment of HCC. Moreover, we also discussed the potential targeted intervention strategies for HCC based on the current research status of RNA epigenetic modification as well as questions to be addressed.


TABLE 1. A summary of known RNA epigenetic modifications and potential targets in HCC.
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RNA N6-METHYLADENOSINE EPIGENETIC MODIFICATION IN HEPATOCELLULAR CARCINOMA

The m6A modification of RNA presents a methylating process in the adenosine N6 site, which is the most common and abundant RNA methylation modification and was found in > 25% of mRNAs in eukaryotes (Zhang H. et al., 2020). A number of studies have found that m6A methylation modification regulates multiple metabolic processes of RNA, including RNA structure, splicing, stability, maturation, transport, translation, and degradation (Xiao et al., 2019; Zhang et al., 2021). Meanwhile, authoritative studies have proposed that m6A methylation modification not only exists in the metabolic process of mRNA but can also affect the biological functions of non-coding RNA, and the impact of this modification cannot be ignored (Niu et al., 2013; Roundtree et al., 2017). Briefly, the process of RNA m6A methylation is mainly catalyzed by a complex methyltransferase complex, methyltransferase-like 14 (METTL14) and methyltransferase-like 3 (METTL3). During this catalytic process, several other protein subunits are required to participate, mainly consisting of motif protein 15/15B (RBM15/15B) that binds to RNA, Vir-like m6A methyltransferase with association (VIRMA), zinc finger CCCH-type covering 13 (ZC3H13), and Wilms tumor 1-associating protein (WTAP) (Liu et al., 2014; Abakir et al., 2020). When RNAs undergo m6A methylation, they may also experience reversible demethylation, which is mainly regulated by two enzymes, fat mass and the obesity-related protein (FTO) and human AlkB homolog 5 (ALKBH5), i.e., the so-called “eraser.” In addition, m6A-modifying processes that cause structural alterations of RNA can be identified by a selective RNA binding protein, namely, m6A reading elements (Meyer and Jaffrey, 2017). At present, the major known reading elements include the protein family consisting of the YT521-B homology (YTH) domain [e.g., the Homo sapiens nuclear YTH domain containing 1 (YTHDC1) and the cytoplasmic YTH domains YTHDF1, YTHDF2, YTHDF3, and YTHDC2] (Zaccara and Jaffrey, 2020). With the deepening of research, some previously unknown RNA binding proteins, such as nuclear factor κB (NF-κB)-related protein (NKAP) and heterogeneous nuclear protein (HNRNP) families (HNRNPA2B1, HNRNPG, and HNRNPC), have also been identified via particular m6A identification to be able to assist the m6A process to affect the RNAs’ fate as well as their functions exhibited by cells (Zaccara et al., 2019). Increasing evidence shows that the total m6A level and its regulators in HCC tissue have abnormal changes and are closely related to poor clinical prognosis (Lu et al., 2021; Xu et al., 2021). Furthermore, m6A-modified regulators exert a carcinogenic or antitumor effect in HCC by affecting the expression of certain specific genes (Li et al., 2021). Therefore, clarifying the role and specific mechanism of RNA m6A modification in HCC, finding promising therapeutic targets and developing new targeted intervention strategies will greatly promote the treatment of HCC in the future.

At present, there have been many studies on the role and possible mechanism of RNA m6A modification and the corresponding regulatory factors in HCC, as shown in Figure 2A. In the early stages of this disease, a study showed that a high-fat diet can induce elevated m6A modification in cancer tissues and is partially enriched in lipid metabolism-related genes and processes, including cell lipid metabolism, fatty acid metabolism, and triglyceride metabolic reactions, which are among the most critical risk factors for hepatocarcinogenesis (Luo et al., 2019). A study showed that flavivirus infection can affect the m6A methylation modification of liver tissue, thereby changing the m6A level in special transcripts and, in turn, promoting viral infections (Gokhale et al., 2020). Further research found that METTL3/14-mediated m6A modification in the 5′-epsilon stem-loop of pregenomic RNA (pgRNA) is necessary for effective reverse transcription of pgRNA, thus mediating the life cycle of hepatitis B virus (HBV), while m6A modifications in the 3′-epsilon stem-loop lead to the destabilization of HBV transcripts and have an antiviral effect (Imam et al., 2018). The results of this study indicate that m6A modification at different sites of HBV RNA has completely different effects, which will provide an important targeted intervention strategy for antiviral therapy of HCC. Hepatitis C virus (HCV) infection is an important risk factor for HCC. A study showed that there are signals of m6A methylation modification present in the RNA genome of HCV, and these signals can be regulated by the YTHDF reading protein. YTHDF proteins reduce the production of HCV particles through the cellular m6A machinery and are located at the site of virus assembly and intracellular lipid droplets, thereby reducing HCV infection and the occurrence of HCC (Gokhale et al., 2016). Adding m6A-abrogating mutations within HCV RNA or depleting the cellular m6A machinery can increase HCV particle production, infection and even the risk of HCC, suggesting that m6A negatively regulates HCV. The above study suggests that the regulation of m6A modification can be used as a potential intervention strategy for HCC induced by HCV infection. Angiogenesis is one of the essential factors in the progression and metastasis of HCC. A study found that m6A modification can affect the progression of HCC by controlling angiogenesis. In this study, researchers found that silencing METTL3 inhibits the expression of yes-associated protein 1 (YAP1) and reduce the formation of angiogenic mimicry (Qiao et al., 2021). Moreover, silencing the reading protein YTHDF2 reduces the degradation of two m6A-modified mRNAs, including interleukin 11 (IL11) and serpin family E member 2 (SERPINE2), which, in turn, escalates the abnormalization of vessels and inflammation and eventually promotes HCC growth, vasculature remodeling and metastasis (Hou et al., 2019). These studies indicate that different regulator-mediated m6A modifications affect HCC progression and metastasis in the early stages of HCC, suggesting that these regulator proteins may be considered potential research and therapeutic targets, and influencing m6A modification by regulating these targets is a promising targeted intervention strategy for HCC treatment.
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FIGURE 2. Diverse RNA epigenetic modifications and their functions in the carcinogenesis and progression of hepatocellular carcinoma. RNA epigenetic modifications, including N6-methyladenosine (m6A), 5 methylcytosine (m5C), N1-methyladenosine (m1A), N7-methylguanosine (m7G), and pseudouridine (ψ), have been reported to play major roles in the invasion, metastasis and malignant transformation of HCC cells and the progression of HCC. (A) The mechanism diagram mainly illustrates the roles of the dysfunction of RNA m6A modification regulators and the corresponding m6A modifications regulates the key influencing factors and the whole course of HCC development; (B) the detailed roles of RNA m5C modification regulators dysfunction and the corresponding m5C modifications regulates the carcinogenesis and progression of HCC; (C) deregulation of m1A modifiers and the related RNA m1A modifications in the carcinogenesis and progression of HCC; (D) deregulation of m7G modifiers and the related RNA m7G modifications in the development features of liver cancer cell and carcinogenesis and progression of HCC; and (E) role of pseudouridine (ψ)-mediated pseudouridylation of 18S rRNA in the HCC with poor survival. ALKBH1/3/5, AlkB homolog 1/3/5; ALYREF, Aly/REF export factor; C-MYC, MYC proto-oncogene; CTNNB1, catenin (cadherin-associated protein), beta 1; CUL4A, Cullin 4A; DDB1, DNA damage binding protein 1; DGCR8, DiGeorge critical region 8; DKC1, Dyskerin pseudouridine synthase 1; DNMT2, DNA methyltransferase; elF3, E74-like factor 3; EMT, Epithelial-to-mesenchymal transition; ETS1, ETS proto-oncogene 1; FTO, fat mass and obesity-related protein; G3BP1, Ras GTPase-activating protein-binding protein 1; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; IGF2BP1/2/3, insulin like growth factor 2 mRNA binding protein 1/2/3; IL11, interleukin 11; lncRNA, long non-coding RNA; LYPD1, LY6/PLAUR Domain Containing 1; m1A, N1-methyladenosine; m5C, 5-methylcytosine; m6A, N6-methyladenosine; m7G, N7-methylguanosine; METTL3/14, methyltransferase-like 3/14; NSUN2/4/5/6, NOP2/Sun domain family, member 2/4/5/6; pgRNA, pregenomic RNA; ψ, pseudouridine; PKM2, Pyruvate kinase type M2; PTEN, Phosphatase and tensin homolog; RBM15/15B, RNA binding motif protein 15/15B; SERPINE2, serpin family E member 2; SMG1, suppressor with the morphological effect on genitalia 1; snoRNA24, Small nucleolar RNA 24; SOCS2, suppressor of cytokine signaling 2; TET, Ten-eleven translocation methyl-cytosine dioxygenase; TRMT, Transfer RNA methyltransferase; TRUB1, TruB PSU class members 1; VIRMA, Vir-like m6A methyltransferase with association; WBSCR22, Williams-Beuren syndrome chromosome region 22; WDR4, WD repeat domain 4; WTAP, Wilms tumor 1-associating protein; YAP1, Yes1 associated transcriptional regulator; YBX1, Y-box binding protein 1; YTHDC, YTH domain-containing reader protein; YTHDF, YT521-B homology domain family; ZC3H13, zinc finger CCCH-type covering 13.


During HCC progression, METTL3 promotes the expression of Snail, a key transcription factor that regulates epithelial-mesenchymal transition (EMT), through YTHDF1-dependent m6A modification, thereby facilitating the migration, invasion and deterioration of cancer cells (Lin X. et al., 2019). Furthermore, the ubiquitin-like modifier SUMO1, which mediates the ubiquitination of METTL3, further promotes these processes and is highly positively correlated with the high metastatic potential of HCC (Xu et al., 2020). In addition, METTL3 was found to accelerate the suppressor of cytokine signaling 2 (SOCS2) mRNA decay via YTHDF2-dependent m6A modification and reduce the level of SOCS2 in malignant tissue, thereby abrogating the inhibitory effect of SOCS2 on liver cancer cell proliferation, migration and stem cell characteristics (Chen et al., 2018). In addition, a study also found that METTL3, which is significantly upregulated in hepatoblastoma (HB), can enhance the stability of catenin (cadherin-associated protein) beta 1 (CTNNB1) mRNA in a m6A modification-dependent manner and, subsequently, activate Wnt/β-catenin signaling to expedite HB progression (Liu L. et al., 2019). In addition to focusing on the function of the METTL3/14 complex, other methyltransferases have also been reported to play a pivotal role during HCC progression. Among them, WTAP leads to the posttranscriptional suppression of ETS proto-oncogene 1 (ETS1) in a m6A-dependent manner by using Hu-Antigen R (HuR) as an RNA stabilizer, thus regulating the HCC cell cycle distribution of G2/M phase in a p21/p27-dependent manner to speed up HCC progression (Chen et al., 2019). In addition, one study also found that VIRMA, also known as KIAA1492, is highly expressed in HCC and inhibits the level of ID2 mRNA through m6A modification, promoting the metastasis and invasion of HCC (Cheng et al., 2019). In addition to regulating the mRNA m6A modification, METTL3 has been reported to interact with the DiGeorge critical region 8 (DGCR8) by a m6A modification pattern to boost the maturation of miRNA-873-5p and inhibit the expression of the suppressor with the morphological effect on genitalia 1 (SMG1), thus enhancing the tumorigenicity and malignant phenotype of liver cancer cells (Zhao M. et al., 2020). Additionally, METTL3-mediated m6A modification can increase the stability of the lncR00958 transcript and, thus, upregulate lnc00958 expression. Subsequently, lncR00958 elevated the level of hepatoma-derived growth factor (HDGF) by recruiting miR-3619-5p and ultimately promoted HCC lipogenesis and progression (Zuo et al., 2020). In addition, researchers have sought to identify abnormally changed circRNAs closely related to KIAA1492 in HCC tissues and further study their functions. The results show that KIAA1492-mediated hsa-circ_0084922 alteration can enhance the stability of Zeb1 mRNA in a m6A-YTHDF3-dependent manner, thereby facilitating the migration, EMT and invasion of HCC cells and accelerating HCC progression (Wang et al., 2020). A large number of research results show that the “writers” and “readers” of m6A modification play essential roles in the occurrence and development of HCC, which provides a pivotal cornerstone for exploring novel targets for HCC treatment. Moreover, targeting writer and reader targets to regulate m6A modification provides a potential targeted strategy for future HCC treatment.

Since FTO was identified as a m6A demethylase, it has been reported to be involved in the regulation of a variety of cancers, including HCC. A study showed that FTO triggered the demethylation of pyruvate kinase type M2 (PKM2) to accelerate its translated production and promote HCC oncogenesis by providing it with energy. In addition to its oncogenic function, FTO also suppresses HCC progression (Li et al., 2019). In DEN-induced HCC using mice with hepatic FTO deficiency, abundant m6A modifications were observed, which promotes the translation of Cullin 4a (Cul4a) mRNA to increase its protein level. The elevated scaffold protein Cul4a binds DNA damage binding protein 1 (DDB1) and the ring of cullins (ROC) to assemble an E3 ubiquitin ligase complex, which positively correlates with hepatocyte proliferation, HCC development and progression (Mittenbuhler et al., 2020). In addition, ALKBH5 was reported to inhibit the proliferation and invasion of HCC cells by decreasing insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1)-mediated LY6/PLAUR domain containing 1 (LYPD1) RNA stability (Chen et al., 2020). The above studies suggest that demethylase-mediated m6A modification seems to play a “positive energy” role in the progression of HCC. Therefore, these enzymes, including FTO and ALKBH5, should be further studied to evaluate their potential as therapeutic targets and targeted intervention strategies based on these enzymes in HCC treatment.

The carcinogenic and tumor suppressor effects of m6A readers are mainly related to their impact on transcript processing. Ding et al. (2020) found that YTHDF1-dependent m6A modification can enhance the expression of LG-protein alpha-subunit (GNAS) to promote STAT3 activation by preventing the interaction of lncRNA TPTEP1 and STAT3 (signal transducer and activator of transcription 3), thus accelerating inflammation-related HCC progression in LPS-stimulated HCC cells (Nault et al., 2012). YTHDF2 has been proven to mediate the liver cancer stem cell phenotype and tumor metastasis by promoting the expression of OCT4 (Zhang C. et al., 2020). Moreover, inhibiting the expression of YTHDF2 can increase the m6A level of IL11 and SERPINE2 mRNA, thus aggravating inflammation and vascular abnormalities and ultimately promoting the development of HCC (Hou et al., 2019). Moreover, IGF2BP1/2/3 has been proven to be a m6A modification binding protein that exerts oncogenic effects in liver cancer cells by enhancing the stability of MYC, FSCN1, and TK1 mRNA (Huang et al., 2018). In summary, multiple m6A regulators and the corresponding m6A modifications play a variety of roles in the carcinogenesis and progression of HCC, specifically manifested in regulating HCC cell phenotype, vascular abnormalities, migration, invasion, and EMT processes. Although there are conflicting results in some studies, this does not affect the m6A “writers,” “erasers,” and “readers” as potential therapeutic targets for the treatment of HCC, nor does it affect the development of targeted intervention strategies based on m6A modifications. Although there have been great developments in the study of m6A modification in liver cancer, there is still a long way to go before truly elucidating the role and mechanism of m6A modification in HCC, as well as the confirmation and clinical application of targeted therapy strategies. Therefore, further investigation and efforts are needed to promote the smooth progress of this work.



RNA 5-METHYLCYTOSINE EPIGENETIC MODIFICATION IN HEPATOCELLULAR CARCINOMA

M5C is another posttranscriptional RNA modification mode that has been confirmed by multiple studies to have an important regulatory role in RNA metabolism (Breiling and Lyko, 2015; Li et al., 2019). Initial studies have shown that m5C mainly exists in ribosomal RNA and transfer RNA, but recently, it was found that m5C is significantly expressed in mRNA as well, which is catalyzed by members of the NOP2/Sun RNA methyltransferase family (Van Haute et al., 2019; Shi H. et al., 2020). Combined with a series of authoritative studies, the RNA m5C modification is mainly catalyzed by the NOL1/NOP2/SUN domain (NSUN) domain protein family, including NSUN1, 2, 3, 4, 5, 6, and 7, and DNA methyltransferase member 2 [DNMT2 or TRNA Aspartic Acid Methyltransferase 1(TRDMT1)] (Khoddami et al., 2019). Studies have found that NSUN2 methylates the majority of tRNAs at the variable loop location, while DNMT2 methylates the anti-codon loop of three tRNAs at the wobble position of leucine, and NSUN6 targets a few acceptor stems of tRNAs. NSUN4 mainly targets the small subunit of rRNA in mitochondria, while NSUN3 is responsible for the tRNAs of mitochondria, which are essential for 5-formylcytosine formation. In addition, NSUN1 (NOP2) and NSUN5 are very conserved residues in the nucleolus and methylation of 28S rRNA, which are located near the center of peptidase and the interface between large and small subunits, respectively (Huang et al., 2019). During this process, Y-box binding protein 1 (YBX1) and Aly/REF export factor (ALYREF) were considered m5C readers, which play a critical role in RNA metabolic processes, such as RNA processing, stability, export, and RNA translation (Khoddami et al., 2019). In regard to demethylation, studies have confirmed that m5C in mRNA can be oxidized by the ten–eleven translocation protein (TET) enzyme family to produce 5-hydroxymethylcytosine (hm5C) or form f5C by the α-ketoglutarate-dependent dioxygenase ALKBH1 in tRNAs of the mitochondria (Chen et al., 2021). The m5C modification in the mammalian transcriptome is highly conserved, tissue-specific, and dynamic. However, many studies have found that aberrant m5C modification may lead to a variety of abnormal conditions such as stress disorder, mitochondrial dysfunction, embryogenesis and neurodevelopmental abnormalities, and even tumor cell proliferation, migration, and tumorigenesis, etc. (Navarro et al., 2021; Walworth et al., 2021). Research in recent decades has found that multiple m5C methyltransferases are associated with some cancer phenotypes. Meanwhile, RNA m5C modification abnormalities have been reported to exert various functions in HCC tumorigenesis and progression (Du et al., 2020). A study used MeRIP-seq to analyze m5C methylation in HCC tissues and adjacent tissues, and the results showed a richer and higher m5C modification peak in the mRNA of cancer tissue than in adjacent tissues, which once again confirmed the role of m5C in HCC (Zhang Q. et al., 2020). Although the importance of m5C is highlighted, the study lacks in-depth mechanism exploration of the mechanism, so we have not found a potential target for HCC intervention. Therefore, clarifying the role and detailed mechanism of RNA m5C modification in HCC, screening and identifying potential therapeutic targets, and formulating promising targeted intervention strategies will further promote the treatment of HCC in the future.

To date, research on m5C in HCC has made some progress, as shown in Figure 2B. Many studies have shown that the high expression of almost all m5C regulators is significantly related to the shorter overall survival period of HCC patients except for NSUN7, suggesting that the dysfunction of m5C regulators has a strong impact on HCC progression (He et al., 2021). Since then, a study used clinical information from the TCGA database to assess m5C regulator alterations and the survival rate in patients and found that the p-value of the NSUN5 and ALYREF genes in HCC is less than 0.05, as well as the significant difference in the NSUN6 gene, which provides an important basis for exploring m5C regulators as potential therapeutic targets for HCC (Song et al., 2021). Moreover, gene set enrichment analysis (GSEA) showed that the high expression of NSUN4 and ALYREF mainly affects the m5C methylation/demethylation process, cell cycle regulation and mitosis, respectively, which is closely related to the prognosis of HCC (He et al., 2020a). In addition, the study found that the level of eukaryotic initiation factor 4A3 (eIF4A3) was significantly related to the expression of ALYREF, and the upregulation of eIF4A3 was prominently correlated with the poor prognosis of HCC patients. Furthermore, they found that eIF4A3 expression was significantly correlated with ALYREF expression and that upregulated eIF4A3 was significantly relevant to poor HCC patient outcomes. Protein–protein interaction network analysis identified 8 hub genes (PCNA, SNRPD1, MCM2, MCM3, RFC4, BIRC5, NOP56, and MCM6) based on the positive association between ALYREF and eIF4A3, and the high expression levels of these hub genes were positively associated with patient clinical outcomes (Xue et al., 2021). These findings indicated that the increased levels of NSUN4 and ALYREF may function as promising clinical biomarkers for both HCC diagnosis and prognosis, and in-depth research concentrating on NSUN4- and ALYREF-mediated m5C modification may provide novel therapeutic targets and targeted intervention strategies for HCC treatment. Functional studies have found that knocking out the RNA m5C transferase NSUN2 can significantly suppress the growth, angiogenesis, metastasis and invasion of HCC cells, and this result is closely related to the NUS2-mediated m5C methylation of H19 lncRNA (Sun et al., 2020). In detail, NUS2-mediated m5C modification can enhance the stability of H19 lncRNA, which will motivate the specific binding with the oncoprotein Ras GTPase-activating protein-binding protein 1 (G3BP1) and cause the overexpression of MYC, thus promoting the malignancy of liver cells and leading to the carcinogenesis of HCC. These results revealed that targeting the NSUN2-mediated m5C methylation of H19 lncRNA might be a new therapeutic strategy for HCC treatment.

In addition, some studies have also found thousands of m5C methylation peaks in circRNAs of HCC tissue, and the number and distribution of these methylation peaks are significant between HCC and adjacent tissues (He et al., 2020b). Whole chromosome level analysis showed a significantly different distribution of m5C-methylated circRNA in multiple chromosomes between cancer and adjacent tissues, especially the X chromosome, suggesting that m5C changes extensively in HCC tissues and may affect HCC phenotypes through multiple avenues (Torsin et al., 2021). Although research is still on the surface, the results remind us that circRNA m5C modification has researchable value in the carcinogenesis and development of HCC. In-depth studies of the mechanisms can be carried out to determine whether it can be regarded as a potential therapeutic target for HCC.

In a variety of physiological processes and diseases, studies have shown that m5C methylation not only regulates mRNA, lncRNA and circRNA to affect disease progression but also affects the functions of tRNA and rRNA. It seems that the current research on m5C in liver cancer is only the tip of the iceberg. If research continues, more m5C functions in liver cancer will be discovered. We look forward to in-depth exploration of the mechanisms to identify and illustrate new potential therapeutic targets based on m5C research, which will be a research breakthrough on targeted intervention strategies for liver cancer.



RNA N1-METHYLADENOSINE EPIGENETIC MODIFICATION IN HEPATOCELLULAR CARCINOMA

As early as the 1960s, researchers confirmed for the first time that m1A is a crucial RNA posttranscriptional modification in isolated rat liver RNA (Zhang and Jia, 2018). Although the m1A modification has been discovered for more than six decades, the role and mechanism of this RNA modification has not progressed until recently (Wiener and Schwartz, 2021). To date, a number of studies have confirmed that m1A is mainly produced by transferring a methyl group to the N1 position of adenosine, which can be regulated by various m1A methylation regulators, primarily including “writers” (TRMT6, TRMT61A, TRMT61B, and TRMT10C), “erasers” (ALKBH1 and ALKBH3), and “readers” (YTHDF1-3 and YTHDC1) (Liu et al., 2016; Safra et al., 2017).

The “writers” consist of a methyltransferase complex, which deposits the m1A label. TRMT61B is mainly located in the mitochondria and forms homogeneous oligomers, while TRMT61A can form α2β2 heterotetramers with TRMT6, which regulates the m1A methylation of cytoplasmic tRNA (Li X. et al., 2017). m1A demethylases eliminate the methyl group in m1A like “erasers” to make the function of m1A reversible. The function of “readers” is mainly to help decode m1A methylation to mediate the posttranscriptional downstream effects (Wei et al., 2018). Generally, “writers” and “erasers” determine the occurrence and distribution of m1A, whereas “readers” help promote m1A functions. m1A dysfunction affects a variety of biological processes, such as cell proliferation, self-renewal programs, and apoptosis (Wang, 2019). These processes not only maintain normal biological functions but also have key roles in carcinogenesis and cancer progression. A study showed that the high expression of the m1A transmethylase hTRM6P/hTRM61P is related to the urinary m1A level and bladder carcinogenesis (Shi et al., 2015). Moreover, abnormally expressed m1A-related regulatory genes are closely associated with the mTOR and ErbB pathways in gastrointestinal cancers (Zhao et al., 2019).

Currently, although research on m1A in HCC has progressed, it is not deep enough, as shown in Figure 2C. Some researchers used The Cancer Genome Atlas-Liver Hepatocellular Carcinoma (TCGALIHC) database to explore the relationship between 10 m1A regulators (TRMT6, TRMT61A, TRMT61B, TRMT10C, YTHDF1-3, YTHDC1, ALKBH1, ALKBH3) and the relevant clinicopathological characteristics, sequencing results, their relationship and the impact of genetic changes on survival; the results showed that high levels of TRMT6, TRMT61A, TRMT10C, and YTHDF1 are closely associated with the poor prognosis of HCC patients, with both AUC1y and AUC3y greater than 0.66 (Shi Q. et al., 2020). Subsequently, an authoritative independent validation dataset showed that these 4 genes have good risk prediction capabilities for HCC (p = 0.011, AUC > 0.67), while a high TRMT6 level was related to poor prognosis (p = 0.014) (Safra et al., 2017). These results indicate that the levels of these four m1A modifier genes in liver tissue have significant relevance to the clinical diagnosis and treatment of HCC patients and may become potential targets in HCC research and prevention. Subsequently, GSEA was used to study the potential biological functions of four m1A modifier genes in the pathogenesis of HCC, and the results showed that the increased expression of TRMT6 is related to multiple biological functions in the nucleus (Wang et al., 2019). Upregulated TRMT61A is involved in protein metabolism, while high TRMT10C expression is associated with the MYC pathway and cell division, and a high level of YTHDF1 is relevant to cell mitosis (Hartl, 2016). The aforementioned findings not only provide new clues and potential targets for the risk prediction, diagnosis and prognosis of HCC but also show the critical roles of m1A-related writers and readers in mediating biological processes in HCC. If in-depth in vivo/vitro studies can be conducted on this basis to clarify the mechanism of these regulators (TRMT6, TRMT61A, TRMT10C, and YTHDF1), they will provide promising targeted intervention strategies for HCC therapy. Meanwhile, a recent study showed that the expression levels of m1A erasers, including ALKBH1 and ALKBH3, in HCC were obviously higher than those in adjacent tissue (Hartl, 2016; Shi Q. et al., 2020). Specifically, the overexpression of ALKBH1 is negatively correlated with the overall survival rate of HCC, indicating that ALKBH1 may be regarded as a pivotal poor prognosis marker for HCC, but further research is needed (Ma et al., 2019). When assessing the correlation between m1A modifier genes and HCC tumor stage, it was found that high levels of TRMT6, TRMT61A, TRMT10C, ALKBH3, and YTHDF2 are significantly positively correlated with higher tumor stage (G1-G3), which also showed the good evaluation and predictive value of ALKBH3 in the typing and staging of HCC (Wang et al., 2018). The results of the aforementioned studies are highly consistent, indicating that m1A RNA epigenetic modification performs crucial functions in regulating the progression of human HCC.

m1A RNA epigenetic modification reveals the emerging role and potential research value of epigenetic regulation of gene expression in the occurrence and development of liver cancer. However, since the study of m1A in liver cancer is currently in its infancy compared with m5C and m6A, corresponding molecular mechanism research is extremely lacking. Therefore, in-depth molecular mechanism research can be carried out on the basis of clinical research to clarify the functions of m1A methylation in HCC, which will greatly promote the discovery of new targets for the treatment of liver cancer and the development of targeted intervention strategies.



RNA N7-METHYLGUANOSINE EPIGENETIC MODIFICATIONS IN HEPATOCELLULAR CARCINOMA

An initial study found that m7G mainly exists in the internal sites of rRNA and tRNA (Lin S. et al., 2019). However, previous detection methods, such as thin layer chromatography, capillary electrophoresis, and mass spectrometry, cannot distinguish between m7G on 5′-mRNA and internal m7G; it is impossible to determine whether m7G modification is present in mRNA (Enroth et al., 2019). With the deepening of research, m7G modification has been shown to have a wide range of effects on tRNA, rRNA, and mRNA and plays a pivotal role in many biological processes, such as transcription elongation, premRNA splicing, nuclear export, and mRNA translation (Zhang et al., 2019; Campeanu et al., 2021). In the process of RNA m7G modification, METTL1-WDR4, i.e., an m7G methyltransferase complex, mediates the m7G modification of cytoplasmic tRNAs and mRNA, which regulates premRNA splicing, RNA export, stability and translation in mammals, while the heterodimer Trm8-Trm82 plays the same role in yeast (Matsumoto et al., 2008; Dai et al., 2021). Meanwhile, Williams-Beuren syndrome chromosome region 22 (WBSCR22) mediates the 18S rRNA m7G modification at position 1639, thus regulating the processing and maturation of rRNA and biosynthesis of the 40S ribosomal subunit in the nucleus (Haag et al., 2015; Zorbas et al., 2015). Studies have found that the internal m7G methylation of these RNAs not only plays certain roles in multiple biological processes, such as RNA processing and maturation, but is also closely related to several human diseases (Haag et al., 2015; Zorbas et al., 2015; Katsara and Schneider, 2021; Ma et al., 2021). For instance, METTL1-WDR4 complex mutations may lead to a unique form of microcephalic primitive dwarfism (Shaheen et al., 2015; Lin et al., 2018). A recent study reported that METTL1 can promote miRNA let-7e processing in an m7G modification-dependent manner, which is involved in the regulation of cancer progression (Shaheen et al., 2015; Lin et al., 2018; Pandolfini et al., 2019; Liu et al., 2020). Meanwhile, a study found that the main components of the m7G methyltransferase complex, namely, METTL1 and WRD4, were significantly upregulated in intrahepatic cholangiocarcinoma tissues compared with adjacent tissues and had a strong correlation with poor prognosis (Orellana et al., 2021). In-depth examination indicated that m7G methyltransferase-mediated tRNA modification can selectively regulate oncogenic transcript translation via m7G-tRNA-decoded codon-frequency-dependent mechanisms, including the epidermal growth factor receptor (EGFR) pathway and cell cycle-related genes (Dai et al., 2021). These results suggest that m7G modification plays a decisive role in many diseases, including cancers, and requires great attention and in-depth research.

Although research on HCC is not as abundant as that on other tumors, it finally allows us to see the exact role of m7G, as shown in Figure 2D. Researchers used the genome-wide atlas to explore promising therapeutic targets of HCC and found that the levels of WBSCR22 and the other five genes (EXOSC4, RNMT, SENP6, RASAL2, and NENF) were much higher in HCC tissues than in adjacent tissues (Li C. et al., 2017). Moreover, silencing WBSCR22 in several human liver cancer cell lines can obviously suppress cell growth and invasive properties (Stefanska et al., 2014). The aforementioned research indicated that as an important RNA m7G modification regulator, WBSCR22 plays a significant role in the growth and invasion of HCC cells and can be considered a potential therapeutic target for HCC in-depth research. Regrettably, the relevant research has not continued in depth, but it also offers novel clues and theoretical supports for research on the role of m7G methylation in the occurrence and development of liver cancer. Subsequently, a study began to investigate the clinical significance and potential value of the m7G methyltransferase WDR4 in liver cancer. A study found that the high expression of WRD4 in HCC tissues can significantly increase the level of m7G methylation and is related to the poor prognosis of HCC patients (Xia et al., 2021). Mechanistically, c-MYC can activate the transcription of WDR4, and then, activated WDR4 enhances the stability of cyclin B1 (CCNB1) mRNA and promotes its translation through specific tRNA m7G methylation. Subsequently, CCNB1 increases the ubiquitination of p53 to increase the phosphorylation of PI3K and Akt and reduces the expression of p53 protein, which ultimately facilitates the proliferation of HCC cells by inducing G2/M cell cycle transition, inhibiting apoptosis, and enhancing metastasis and sorafenib resistance via EMT (Liu J. S. et al., 2019). The above results indicated that the RNA m7G methyltransferase WDR4 acts as a tumor promoter during the carcinogenesis and progression of HCC and may be regarded as a promising therapeutic target for HCC treatment. In a clinical study covering 892 patients with liver cancer, abnormally high METTL1 expression was significantly positively correlated with serum AFP level, tumor volume, tumor vascular infiltration, and poor prognosis. In addition, multivariate analysis showed that METTL1 is an independent factor affecting overall survival (Dai et al., 2021). Mechanistically speaking, overexpression of METTL1 promotes the proliferation and migration of liver cancer cells, while knockout of METTL1 leads to the opposite phenotype, possibly because METTL1-mediated RNA m7G methylation inhibits phosphatase and tensin homolog (PTEN) signal transduction. Relevant experiments have confirmed that the ectopic expression of PTEN or the inhibition of Akt activity can significantly reduce the malignant phenotype mediated by METTL1 (Tian et al., 2019). In summary, the methylation modification of RNA m7G mediated by the methyltransferase METTL1 plays an indispensable role in the growth, invasion and malignant phenotypic transformation of liver cancer cells. METTL1 is a promising diagnostic and prognostic biomarker in HCC, and targeting METTL1-mediated RNA m7G methylation will provide hope for HCC intervention.

Generally, people have recognized the important role of RNA m7G modification in a series of biological processes and disease progression, while its role and detailed mechanism in the occurrence and development of HCC have not yet been elucidated. Although the methyltransferases METTL1, WRD4 and WBSCR22 are closely related to the diagnosis and poor prognosis of HCC, more research is needed to realize the promotion of m7G methyltransferase as a potential therapeutic target and the positioning of RNA m7G methylation to develop a promising targeted intervention strategy.



OTHER RNA EPIGENETIC MODIFICATION PROCESSES IN HEPATOCELLULAR CARCINOMA

In addition to the aforementioned RNA methylation modifications, the C5-glycoside isomer pseudouridine (ψ) of uridine is the first posttranscriptional modification discovered and one of the most abundant modifications in RNA (Cui et al., 2021). Pseudouridine was originally found on yeast tRNAs and rRNA, and recent research has pointed out that ψ modification was also found in other types of RNA, including miRNAs, lncRNAs, small nuclear RNAs (snRNAs), and small Cajal body-specific RNAs (scaRNAs) (Gilbert et al., 2016; Yamaki et al., 2020). At present, a total of 13 types of pseudouridine synthases (PUSs) have been discovered, including dyskerin PUS1 (DKC1), PUS1, PUS3, PUS7, PUS10, PUS1-like (PUSL1), PUS7L, RNA PSU domain-covering 1 (RPUSD1), RPUSD2-4, TruB PSU class members 1 (TRUB1), and TRUB2 (Rintala-Dempsey and Kothe, 2017). Studies have shown that pseudouridine can be achieved by two different mechanisms: RNA-independent and RNA-dependent pseudouridine. RNA-independent pseudouridine is catalyzed by an enzyme, namely, PUSs, which perform substrate recognition and catalysis without RNA template strands, while the RNA-dependent mechanism is mainly achieved via RNA-protein complexes, also called Box H/ACA small ribonucleoproteins (snoRNPs) (Kim et al., 2021). Studies have pointed out that pseudouridylation plays a specific role in different aspects of gene expression and regulation, which is closely related to the RNA type being modified (Kierzek et al., 2014; Zhao and He, 2015). Specifically, pseudouridines were found at the tRNA binding site, ribosomal subunit interface, peptidyl transferase center, decoding site and mRNA channel, which contributed to the correct assembly and function of ribosomes and protein synthesis in rRNA (Penzo and Montanaro, 2018). In tRNAs, pseudouridylation mainly acts on conserved position 55 of the anticodon stem and loop, D stem and ψ loop to stabilize the tertiary structure of tRNAs, thereby promoting codon-anticodon base pairing (Guzzi et al., 2018). In mRNA, ψ mainly facilitates non-sense-to-sense codon conversion and assists base pairing at the decoding center of the ribosome, which leads to protein diversity (Carlile et al., 2019). In addition to participating in diverse biological processes, ψ also affects the progression of diseases. One of the common pseudouria deficiency diseases is X-linked congenital keratosis (X-DC), which is closely related to the mutation and inactivation of DKC1 (Thumati et al., 2013). In addition, the role of PUS10 is indelible during TNF-related apoptosis, inducing ligand (TRAIL)-induced prostate cancer cell apoptosis, and changes in its locus in the genome are significantly involved in the risk of lung cancer (Stockert et al., 2019, 2021).

In a study of HCC (Figure 2E), it was found that DKC1 was significantly upregulated in human cancer tissue and was significantly positively correlated with the cancer cell proliferation potential, advanced clinical stage and prognosis of HCC patients (Liu et al., 2012). Despite the lack of in-depth studies, it has provided a new direction and background reference for elucidating the role and mechanism of hepatocarcinogenesis and progression. Recent studies have reported that abnormally expressed snoRNA-mediated pseudouridylation at the U609 and U863 sites of the rRNA 18S subunit leads to abnormal tRNA selection efficiency, ribosome elongation rate and translation efficiency, thus affecting HCC cell survival; however, the role of DKC1 in the whole process cannot be ignored (McMahon et al., 2019; Nombela et al., 2021). From a clinical perspective, ψ or its regulators, such as DKC1 and PUSs, may become potential biomarkers and therapeutic targets in cancer treatment. However, the role of mutations and expression changes of DKC1 in HCC has been clarified, and the effects of other synthetases related to pseudoouridine are rarely reported. With the deepening of cancer gene transcriptome research and the development of computational analysis, the role of pseudouridine-related enzymes in the initiation, development, metastasis and resistance of HCC will be investigated clearly, which will provide an essential reference for the strategy of targeting pseudouridine in the treatment of HCC.

Furthermore, we expect that technological development can help us identify the more important roles of RNA epigenetic modification in the carcinogenesis and progression of HCC to provide novel therapeutic targets and targeted intervention strategies for the research, prevention and treatment of HCC.



PERSPECTIVES OF TARGETED INTERVENTION STRATEGIES

RNA epigenetic modification has become a key means of posttranscriptional regulation in the process of gene expression. Based on the critical role of RNA-modified regulatory proteins in the carcinogenesis, maintenance, invasion and metastasis of HCC, especially as valuable clinical diagnosis and poor prognosis markers, they are promising therapeutic targets because their activity can be interfered with by multiple mechanisms, such as gene editing and small molecules (Juhling et al., 2021). Although reliable intervention strategies and targeted drugs based on RNA epigenetic modification for HCC have not yet been established, there have been some successful cases in other tumors, such as myeloid leukemia and glioblastoma, which provide hope and a reference for HCC-related research (Bayo et al., 2019).

A study found that the m6A demethylase FTO was inhibited by the oncometabolite R-2-hydroxyglutarate (R-2HG), leading to increased methylation of acute myeloid leukemia (AML) and glioma cells and reduced mRNA expression of c-MYC and CEBPA, thereby blocking cell proliferation and the cell cycle and inducing apoptosis, which play a therapeutic role in AML and glioma (Qing et al., 2021). Since then, other studies have attempted to develop small molecule inhibitors against the RNA demethylases AKLBH5 and FTO, giving promising results at the preclinical stage. For example, the FDA-approved ethyl ester form of meclofenamic acid (MA), a non-steroidal anti-inflammatory drug named MA2, was found to be an FTO inhibitor that increased the m6A modification level of mRNA in glioblastoma cells, thus inhibiting tumor progression and extending the lifespan of GSC-transplanted mice (Xiao et al., 2020). Meanwhile, some research groups have designed 2-oxoglutarate and iron-dependent oxygenase (2OGX) inhibitors to target m6A erasure agents, such as IOX3 inhibitors, based on the structure of the FTO and ALKBH5 domains (Aik et al., 2014). However, these promising inhibitors need to carefully consider their limitations before clinical use. The latest research has developed a highly efficient and selective first-in-class catalytic inhibitor, STM2457, for METTL3 and the identification and characterization of its cocrystal structure combined with the m6A methyltransferase complex METTL3/14 (Yankova et al., 2021). This inhibitor not only significantly inhibits the growth, differentiation and apoptosis of AML caused by METTL3 but also selectively decreases the m6A level of leukemia-related mRNA; the decrease in its expression is consistent with translation defects.

The in vivo inhibition of METTL3 results in impaired engraftment and prolongs survival in multiple mouse models of AML, especially the key stem cell subpopulations of AML. In general, this study reveals that inhibiting METTL3 pharmacologically can be used as a potential therapeutic strategy for AML and provides a novel concept for HCC treatment by targeting m6A-modified enzymes. When targeting other RNA epigenetic modification processes and corresponding regulatory proteins, a study found that using azacytidine to completely inhibit DNMT2-mediated tRNA m5C methylation can significantly reduce cancer cell proliferation, which supports the idea that reducing tRNA m5C methylation may be an effective cancer therapeutic strategy (Cheng et al., 2018). Although these results have brought new light to cancer treatment, these analogs may have devastating consequences because they can affect unique targets in different cells, organelles and genes (DNA, tRNA, rRNA, mRNA, ncRNA). Consistent with the view that inhibiting the methylase of tRNA may lead to chemotherapy resistance, silencing other tRNA methyltransferases, such as m7G methylase METTL1, will undergo methylation modification on several tRNA variable loops, which can enhance the sensitivity of cancer cells to 5-FU (Okamoto et al., 2014).

In terms of drug design or small molecule screening for targeted inhibition of PUSs’ activities, although studies have synthesized or screened compounds that can inhibit DKC1 as potential targeted anticancer therapies, they have found little effect in clinical trials (Schwartz et al., 2014). Pyrazofurin is a small molecule inhibitor of orotodine 5′-monophosphate decarboxylase (ODCase), which inhibits the activity of DKC1 (Ren et al., 2019). To test the effectiveness of pyrazofurin as an anticancer drug, a number of clinical trials have been conducted in ovarian cancer, sarcoma, colorectal cancer, AML, breast cancer, lung cancer, melanoma, and other cancers. In all cases, pyrazofurin showed no efficient anticancer activity. However, since the expression level of DKC1 is not considered, it is unknown whether pyrazofurin can treat cancer patients with DKC1 overexpression (Kan et al., 2021). Floresta et al. (2018) hypothesized and discovered that nucleoside analogs such as isoxazolidinyl derivative 5′-monophosphate have higher ligand efficiency in the enzyme active site than the natural substrate. It can be used as an inhibitor of pseudouracil 5′-monophosphate glycosidase to compete with natural substrates to prevent the cleavage of glycoside C-C bonds (Floresta et al., 2018). Although they ignore the tumor growth inhibitory potential and the therapeutic benefits of using these inhibitors, these studies laid the foundation for the continued search for ψ synthase inhibitors for cancer treatment.

The above research results show that targeted RNA epigenetic modification, corresponding regulatory protein screening, and targeted intervention strategy exploration are promising research directions. However, inhibitors, drugs and targeted intervention strategies based on these RNA epigenetic modifications and regulators have not made ideal progress in HCC treatment. From the perspective of pharmacology, it is necessary to explore effective, highly selective inhibitors or analogs with ideal biological activity to determine the therapeutic benefits and potential risks of targeted interventions with these regulators if these modifications and corresponding modulators are to be validated as promising pharmacological targets. Therefore, it is necessary to design and optimize targeted intervention strategies for targeting RNA epigenetic modification and its regulatory proteins for the treatment of HCC to realize the therapeutic potential of regulating RNA epigenetic modification in HCC and other diseases.



CONCLUSION

The main reason for the high mortality/poor prognosis of HCC is the malignant growth, invasion, metastasis and refractoriness of the tumor (Ioannou, 2021). Despite the ongoing development of medical technology and the increasing abundance of treatment methods, HCC is still one of the urgent problems to be solved in the era of precision medicine due to the unexplained molecular mechanism of its carcinogenesis and development, lack of ideal therapeutic targets and targeted intervention strategies (Jiri et al., 2020). In continuous basic and clinical explorations, different RNA epigenetic modifications mediated by multiple regulators dynamically and reversibly regulate HCC cell proliferation and metabolism, providing new directions and ideas for the screening of potential therapeutic targets and the study of precise targeted intervention strategies for future HCC treatment.
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Long non-coding RNAs (lncRNAs) play important roles in human cancers including gastric cancer (GC). Dysregulation of lncRNAs is involved in a variety of pathological activities associated with gastric cancer progression and chemo-resistance. However, the role and molecular mechanisms of FEZF1-AS1 in chemoresistance of GC remain unknown. In this study, we aimed to determine the role of FEZF1-AS1 in chemoresistance of GC. The level of FEZF1-AS1 in GC tissues and GC cell lines was assessed by qRT-PCR. Our results showed that the expression of FEZF1-AS1 was higher in gastric cancer tissues than in adjacent normal tissues. Multivariate analysis identified that high level of FEZF1-AS1 is an independent predictor for poor overall survival. Increased FEZF1-AS1 expression promoted gastric cancer cell proliferation in vitro. Additionally, FEZF1-AS1 was upregulated in chemo-resistant GC tissues. The regulatory effect of FEZF1-AS1 on multi-drug resistance (MDR) in GC cells and the underlying mechanism was investigated. It was found that increased FEZF1-AS1 expression promoted chemo-resistance of GC cells. Molecular interactions were determined by RNA immunoprecipitation (RIP) and the results showed that FEZF1-AS1 regulated chemo-resistance of GC cells through modulating autophagy by directly targeting ATG5. The proliferation and autophagy of GC cells promoted by overexpression of LncFEZF1-AS1 was suppressed when ATG5 was knocked down. Moreover, knockdown of FEZF1-AS1 inhibited tumor growth and increased 5-FU sensitivity in GC cells in vivo. Taken together, this study revealed that the FEZF1-AS1/ATG5 axis regulates MDR of GC cells via modulating autophagy.
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INTRODUCTION

Gastric cancer (GC) is the fourth most frequent cancer which cause the third cancer-related mortality worldwide (Sung et al., 2021). Currently, surgical intervention and chemotherapy or radiotherapy are the main treatment modalities for gastric cancer (Asaka et al., 2001; McLean and El-Omar, 2014). Among the chemotherapeutic drugs that are applied in GC treatment, 5-fluorouracil (5-FU) and cisplatin-based chemotherapy are the commonly used ones (Sakuramoto et al., 2007; Lee et al., 2021). Although the advances of chemotherapy during the past decades have greatly improved the survival of patients, GC remains a major global public health problem because of the development of multi-drug resistance (MDR) (Orditura et al., 2014; Wu et al., 2016). MDR is a key barrier of GC treatment, resulting in therapeutic failure and cancer-related death (Wu et al., 2016; Luo et al., 2017). However, the underlying molecular mechanisms leading to MDR have not been fully elucidated (Chen et al., 2020). Therefore, understanding the underlying molecular mechanisms of chemoresistance and finding potential targets to provide new strategies for therapeutic approaches is an urgent clinical necessity.

Long non-coding RNAs (lncRNAs) are non-protein coding RNAs, that are longer than 200 nucleotides and they usually account for more than 80% of the transcripts of the entire genome of cells (Zhang et al., 2015; Luo et al., 2019). Several recent studies reported that dysregulated lncRNAs are involved in MDR in some cancers including GC through regulating mRNA transcription, translation, protein stability and so on (Yuan et al., 2016; Zhang et al., 2017). For example, overexpression of lncRNA PVT1 in gastric cancer cells promotes the development of MDR (Zhang et al., 2015). LncRNA UCA1 increases MDR of GC by downregulating miR-27b (Cheng et al., 2021). LncRNA MRUL promotes ABCB1 expression in MDR gastric cancer cells and MRUL depletion can reduce ABCB1 mRNA levels and reverse the MDR phenotype of cells (Wang et al., 2014). LncRNA NEAT1 may act as a miR-98-5p sponge to upregulate EGCG-induced CTR1 and promote cisplatin sensitivity in non-small cell lung cancer (Jiang et al., 2016). Autophagy is one of the molecular mechanisms of chemoresistance in several cancers including GC (Li et al., 2019; Xu et al., 2020; Ashrafizadeh et al., 2021). Recently, some studies had found that lncRNAs mediated chemoresistance of cancer cells through modulating autophagy. For example, Yuan et al. (2016) reported that HIF-2a-MALAT1-miR-216b axis regulates multi-drug resistance of hepatocellular carcinoma cells via modulating autophagy. LncRNA EIF3J-DT induces chemoresistance of gastric cancer via autophagy activation (Luo et al., 2021). LncRNA GBCDRlnc1 induces chemoresistance of gallbladder cancer cells by activating autophagy (Cai et al., 2019). These studies suggest that activation of autophagy by lncRNAs play an important role in chemoresistance of cancer cells.

The lncRNA FEZ family zinc finger 1 antisense RNA 1 (FEZF1-AS1) is located on the opposite strand of gene FEZF1 and mapped to chromosome 7. FEZF1-AS1 encodes a 2,564 bp transcript (Wu et al., 2017). As described in previously studies (Bian et al., 2018), lncRNA FEZF1-AS1 was upregulated in primary colorectal carcinoma (CRC), non-small cell lung cancer (NSCLC) as well as GC tissues and cells, and the overexpression of ncRNA FEZF1-AS1 was correlated with poor prognosis. Dysregulation of lncRNA FEZF1-AS1 promoted the proliferation and migration of CRC (Bian et al., 2018), NSCLC (Huang et al., 2020), and GC cells (Hui et al., 2020). Furthermore, knock down of lncRNA FEZF1-AS1 significantly suppressed the proliferation and invasion of tumor cells (Chen et al., 2016; Bian et al., 2018). Moreover, recent studies showed that upregulation of lncRNA FEZF1-AS1 promoted GC cell proliferation and indicated a poor prognosis of gastric cancer (Wu et al., 2017). Although FEZF1-AS1 expression is known to be associated with poor prognosis in several types of cancers including GC (Wu et al., 2017; Zhou et al., 2019; Chen et al., 2021), its role in MDR of GC cells remains unknown.

In this study, we investigated the association between FEZF1-AS1 and ATG5 in GC cells, and the regulatory effect of FEZF1-AS1 on MDR and its possible underlying mechanism.



MATERIALS AND METHODS


Patients and Tissue Samples Collection

A total of 94 matched gastric cancer (GC) tissues and adjacent non-tumor tissues were acquired from the Affiliated Jiangyin Hospital of Southeast University Medical College (Wuxi, Jiangsu province, China) from May 2014 to July 2018. Patients (n = 40) received no treatment of radiotherapy or chemotherapy prior to surgery. The tumors were defined as chemo-resistant (n = 27) or chemo-sensitive (n = 27) to chemotherapy with 5-FU according to the response evaluation criteria of solid tumors before surgery. GC tissues and the adjacent normal tissues were obtained from these patients after surgery and were immediately frozen in liquid nitrogen and stored at −80°C for further analysis. The patients involved in this study were 56 males and 38 females with age ranging from 45 to 82 years old. Informed consent was obtained from each participant and the study was approved by the ethics committees of Affiliated Jiangyin Hospital of Southeast University Medical College (No. JYCP13W11).



Cell Culture and Treatment

Gastric cancer (GC) cell lines including MKN-49P, MGC-803, BGC-823, SGC-7901, and NCI-N87 cells, and the normal human gastric epithelial cell line (GES-1) were obtained from the American Type Culture Collection (United States). Cells were cultured in RPMI-1640 medium (Sigma, United States) supplemented with 10% (v/v) fetal bovine serum (Gibco, United States), penicillin sodium (100 U/ml) and streptomycin (100 μg/ml) in a humidified atmosphere containing 5% CO2 at 37°C. To construct the drug-resistant GC cell subline, SGC7901 cells were cultured and exposed to a gradually increasing concentration of 5-FU or cisplatin (CDDP) (Sigma-Aldrich, St. Louis, MO, United States) from 5 to 30 μM. Cell viability was measured by Cell Counting Kit-8 (CCK-8, Abcam).



Cell Transfection and Lentivirus Infection

The FEZF1-AS1 and ATG5 CDS sequence were amplified and cloned into the multiple cloning site (MCS) of the pcDNA3.1 vector or PRK5 vector (Invitrogen, Shanghai, China). Small interfering RNA (siRNA) targeting FEZF1-AS1 (5′-GGGTTTCTGCAGGAACTTTGA-3′, 5′-GCACAAGATCATT CACACGCA-3′), ATG5 (5′-GACAAGAAGACATTAGTGA GA-3′, 5′-GGAAACACCTCTGCAGTGGC-3′) and a negative control siRNA were projected and synthesized by Ribobio Co. (Guangzhou, China). Lipofectamine 3000 (Invitrogen, United States) was used to transfect siRNA or plasmids into cells according to the manufacturer’s instructions. Cells were incubated for 48 h, and then harvested for further analyses.

For stably knockdown of FEZF1-AS1 by lentivirus infection, the validated shRNA sequence of FEZF1-AS1 or negative control was synthesized and cloned into the pSIH-H1 shRNA cloning and expression lentivector. The lentiviral particles for infection were produced in 293FT (Thermo Fisher) and the cells were infected with lentivirus. The infected cell population was selected with puromycin, and knockdown efficiency of FEZF1-AS1 was determined by qRT-PCR.



Quantitative Real-Time Polymerase Chain Reaction Analysis

Total RNA was isolated from tissues or cell samples by Trizol reagent (Invitrogen, United States) according to the manufacturer’s instructions. Then the total RNA was reversely transcribed into cDNA using the HiScript II RT Reagent Kit (Vazyme, China) according to the manufacturer’s instructions. RT-qPCR was performed using SYBR Green PCR Master Mix on an Applied Biosystems (ABI) StepOne Plus Sequence Detection System (Applied Biosystems, United States) in 96-well plates. β-actin was used as a reference control. The sequence of primers (Invitrogen, United States) was listed in Table 1. The Ct value for each sample was calculated and the results were calculated and expressed as 2–ΔΔCt as described in a previous study (Schefe et al., 2006).


TABLE 1. Sequences of primers used in this study.
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Flow Cytometric Analysis

To analyze the cell cycle, the transfected cells were harvested and stained with propidium iodide staining kits (KeyGen BioTech, Nanjing, China) according to manufacturer’s instructions. Cells were analyzed by FACSCalibur instrument (BD Biosciences, United States). For apoptosis analysis, the cells were washed with cold PBS after trypsinization, then suspended in 1× binding buffer prior to incubation with 5 μl of APC Annexin V and 5 μl of propidium iodide (PI) solutions, according to the manufacturer’s protocol for the APC Annexin V Apoptosis Detection Kit (BD Biosciences, United States). The cells were gently vortexed and incubated for 15 min at room temperature in the dark. The cells were analyzed using a FACS Aria flow cytometer (BD Biosciences, United States).



Western Blotting

Total proteins were extracted from tumor tissues or cells using RIPA buffer (Beyotime, China) with protease inhibitors (Roche, Germany). Then the protein concentration was detected using a BCA Protein Assay Kit (Beyotime, China). Proteins (30 μg) were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membrane. Membranes were blocked with 5% non-fat milk in TBST for 1 h at room temperature and incubated overnight at 4°C with the first antibodies against drug resistance-associated proteins MDR1 (1:2000, PAB30805, Bioswamp), MRP1 (1:1000, PAB33537, Bioswamp), ATG5 (1:1000, 10181-2-AP, Proteintech), β-actin (1:1000, 66009-1-Ig, Proteintech), Ubiquitin (1:1000, 3936, CST), LC3B (1:1000, 3836, CST), BCL2 (1:1000, 12789-1-AP, Proteintech), BAX (1:1000, 50599-2-Ig, Proteintech) and Cleaved caspase3 (1:1000, 9661, CST). The next day, the membranes were washed with TBST for three times and incubated with HRP-conjugated anti-IgG secondary antibody at room temperature for 1 h. Protein bands were visualized by using an Enhanced Chemiluminescence (ECL) Detection System (Tanon, China) according to manufacturer’s instructions.



Cell Proliferation Assay

The proliferation ability of GC cells was measured using Cell Counting Kit-8 (CCK8) assay. Briefly, 1 × 104 GC cells were seeded into 96-well plates with or without treatment as indicated. For CCK8 analysis,10 μl CCK-8 solution (Dojindo Laboratories, Japan) was added to each well. Then, the cells were incubated at 37°C for 2–4 h. The light absorbance at 450 nm was measured using an enzyme-labeling instrument (Thermo, United States). The OD values of each group were calculated by using GraphPad Prism 6 software (San Diego, United States). All experiments were repeated in triplicate.



RNA Immunoprecipitation Assay

The Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore) was purchased and used to perform RNA Immunoprecipitation (RIP) analysis as previously described (Bian et al., 2018). Briefly, 1 × 107 GC cells were harvested and lysed with lysis buffer. Total cell extracts were co-immunoprecipitated with anti-ATG5 antibodies (Proteintech), and the retrieved RNA was subjected to qRT-PCR analysis using specific primers of FEZF1-AS1. Total RNA (input controls) and normal rabbit IgG controls were assayed simultaneously to confirm that the detected signals were from the RNA specifically binding to ATG5.



In vivo Ubiquitination Assay

Gastric cancer cells were transfected with HA-ATG5, Flag-Ub, or si-FEZF1-AS1 and treated with MG132 (proteasome inhibitor, 20 μmol/L) for 6 h. The ubiquitinylated ATG5 was measured by Western blot using an anti-Ub antibody following the immunoprecipitation of HA-ATG5 with an anti-HA antibody (51064-2-AP, Proteintech).



Immunofluorescence

Cells were cultured on 24-well chamber slides and co-transfected with FEZF1-AS1 overexpression plasmids and si-ATG5 for 48 h. At the time of harvest, cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min and then permeabilized with 0.01% Triton X-100 for 30 min. Then cells were stained with anti-LC3B antibody (Proteintech) overnight at 4°C. The next day, the slides were washed with PBS for three times and incubated with Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Thermo Fisher) for 1h at 37°C avoid light. In addition, all samples were treated with DAPI for nuclear staining. For confocal microscopy, Carl Zeiss LSM710 confocal microscope was used.



Tumor Xenografts in Nude Mice

For tumor xenografts analysis, 32 BALB/c nude male mice (6- to 8-week-old, purchased from the Gempharmatech Company, China) were subcutaneously injected with 107 sh-NC-SGC7901 or sh-FEZF1-AS1-SGC7901 cells. When the tumor volumes reached 100–150 mm3 after 7 days, nude mice were randomly subdivided into four groups with 8 mice in each group. Experimental groups were treated with 5-FU intraperitoneally (50 mg/kg) once every 2 days for 3 weeks, while control groups were treated with PBS. After 3 weeks, nude mice were sacrificed by cervical dislocation, and xenograft tumors were harvested and weighed. The tumor volumes of xenograft were measured by a caliper and calculated as V = 1/2 × (length × width 2). All animal experiments were approved by the ethics committees of Affiliated Jiangyin Hospital of Southeast University Medical College, and performed in accordance with the Institutional Committee for Animal Research and national guidelines for the care and use of laboratory animals.



Statistical Analysis

All results are presented as mean ± standard deviation (SD). One-way/two-way analysis of variance (ANOVA) or Student’s t-test were used to compare the difference among different groups. The Kaplan–Meier method and log-rank test were applied to determine the difference in survival rates between two groups. GraphPad Prism 6.0 was used to draw all the plots. All statistical analyses were carried out using SPSS 19.0 software (IBM Corp., Armonk, NY, United States). P-values < 0.05 were considered statistically significant.



RESULTS


LncFEZF1-AS1 Was Overexpressed in Gastric Cancer Tissues and Cell Lines, and Correlated With Poor Prognosis of Gastric Cancer Patients

In this study, GC tissues (n = 40) and pair-matched adjacent normal tissues (n = 40) were collected, and the total RNA of these specimens were extracted with TRizol reagents. The relative expression of lncFEZF1-AS1 was analyzed by qRT-PCR and the results were normalized to β-actin. As shown in Figure 1A, the expression of FEZF1-AS1 was considerably up-regulated in GC tissues compared with the normal control tissues (P < 0.001). Additionally, the relationship between the levels of FEZF1-AS1 and clinicopathological features was analyzed. The results showed that the expression levels of FEZF1-AS1 were significantly associated with poor clinicopathological features of GC. GC patients were subdivided into high- and low- FEZF1-AS1 expression groups and it was found that there was a statistically inversed association between FEZF1-AS1 expression and overall survival (OS; P < 0.05) (Figure 1B). Moreover, the expression levels of FEZF1-AS1 were analyzed in several GC cell lines, including MKN-49P, MGC-803, BGC-823, SGC-7901, and NCI-N87 cells. The normal human gastric epithelial cell line (GES-1) was used as a control. The qRT-PCR results showed that the expression of FEZF1-AS1 was upregulated in all these GC cell lines compared with GES-1 cells (Figure 1C). These results suggest that upregulation of FEZF1-AS1 might play an important role in the pathogenesis of GC.
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FIGURE 1. FEZF1-AS1 was upregulated in gastric cancer (GC) tissues and cell lines. (A) Relative expression of FEZF1-AS1 in 40 paired GC tissues and pair-matched adjacent normal tissues quantified by qRT-PCR. FEZF1-AS1 was upregulated (>2-fold) in 70% (28 of 40) of the GC tissues compared with that in the adjacent normal tissues. (B) Kaplan–Meier survival analysis of patient overall survival according to FEZF1-AS1 levels in GC tissues. Patients with high level of FEZF1-AS1 expression demonstrated reduced overall survival compared with patients with low expression. (C) FEZF1-AS1 expression in several types of gastric cancer cell lines and a normal human gastric epithelial cell line (GES-1) by qRT-PCR. Each experiment was performed in triplicate. Data are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.




Overexpression of LncFEZF1-AS1 Promoted the Proliferation of Gastric Cancer Cells

In order to elucidate the role of FEZF1-AS1 in GC cells, MGC-803 and SGC7901 cells with high expression of FEZF1-AS1 were selected for further studies. For overexpression of FEZF1-AS1, FEZF1-AS1 was cloned into pcDNA3.1 vector and transfected into MGC-803 and SGC 7901 cells. FEZF1-AS1-specific Si-FEZF1-AS1 RNAi was designed and transfected to knockdown the expression of FEZF1-AS1 in MGC-803 and SGC 7901 cells. Then the cell proliferation was analyzed by CCK8 assay and the results showed that overexpression of FEZF1-AS1 promoted the proliferation of MGC-803 and SGC 7901 cells while knockdown FEZF1-AS1 with si-FEZF1-AS1 markedly inhibited the proliferation of both MGC-803 and SGC 7901 cells (Figure 2A).
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FIGURE 2. FEZF1-AS1 promoted GC cell proliferation in vitro. (A) Effects of FEZF1-AS1 overexpression or knockdown on GC cell proliferation measured by CCK-8 assay. (B,C) FACS analysis on the effects of FEZF1-AS1 overexpression on cell cycle in SGC-7901 cells. (D,E) FACS analysis on the effects of FEZF1-AS1 knockdown on cell cycle in SGC-7901 cells. The results represented the mean ± SD of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.


Moreover, cell cycle was analyzed by flow cytometry after overexpression or knockdown FEZF1-AS1 in GC cells. The results revealed that FEZF1-AS1 overexpression increased the proportion of cells at S phases, indicating that cell cycle was accelerated in FEZF1-AS1 overexpressed SGC 7901 cells (Figures 2B,C). While knockdown the expression of FEZF1-AS1 in SGC 7901 cells decreased the proportion of cells at S phases, indicating that cell cycle of GC cells was inhibited when knockdown the expression of FEZF1-AS1 (Figures 2D,E). Additionally, the cell cycle checkpoint factors, p21 and cyclin D1 expression were regulated by FEZF1-AS1 (Supplementary Figure 1). These results suggest that FEZF1-AS1 promotes GC progression by accelerated cancer cell cycle.



FEZF1-AS1 Was Upregulated in Chemo-Resistant Gastric Cancer Tissues and Knockdown of FEZF1-AS1 Improved Chemo-Sensitivity in Gastric Cancer Cells

The above results demonstrated that LncFEZF1-AS1 was overexpressed in GC tissues and correlated with poor prognosis of GC patients; overexpression of LncFEZF1-AS1 promoted the proliferation of GC cells, suggesting that LncFEZF1-AS1 might play a role in the development of GC. We further investigated whether FEZF1-AS1 plays a role in chemoresistance of GC. Chemo-resistant GC tissues (n = 27) and chemosensitivity GC tissues (n = 27) were collected, and the total RNA of these specimens was extracted with TRizol reagents. The relative expression of lncFEZF1-AS1 was analyzed by qRT-PCR. The results showed that the level of FEZF1-AS1 was considerably upregulated in chemo-resistant GC tissues compared to the chemosensitive GC tissues (Figure 3A), suggesting that high level of FEZF1-AS1 conferred drug resistance of GC cells. To investigate the effect of LncFEZF1-AS1 in the chemoresistance of GC cells, 5-FU-resistant SGC-7901 (named SGC-7901/5-FU) and cisplatin-resistant SGC-7901 (named SGC-7901/CDDP) were constructed and the 5-FU or CDDP resistance was measured with CCK8 assay. Compared with the control cells, it was observed that the cell viability of SGC-7901/CDDP cells increased significantly after treatment with 10–100 mg/ml of CDDP for 24 h (Figure 3B). The qRT-PCR result showed that FEZF1-AS1 was upregulated in CDDP-resistant SGC-7901 cells (Figure 3C). Moreover, it was observed that most of the SGC-7901/5-FU cells survived after treatment with 5–25 mg/ml of 5-FU for 24 h (Figure 3D). FEZF1-AS1 was also upregulated in 5-FU-resistant SGC-7901 cells (Figure 3E). These data suggested that SGC-7901/CDDP and SGC-7901/5-FU cells were resistant to CDDP and 5-FU, and FEZF1-AS1 was upregulated in chemo-resistant GC cells and tissues.
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FIGURE 3. FEZF1-AS1 was upregulated in chemo-resistant GC tissues and knockdown of FEZF1-AS1 improved chemo-sensitivity of GC cells. (A) qRT-PCR on the level of FEZF1-AS1 in 27 pairs of specimens from GC patients with poor response to chemotherapy were 3.5-fold increase compared with patients with good response. (B) CCK8 assay on the viability of SGC-7901 and SGC-7901/CDDP cells treated with 10–80 μg/ml of CDDP for 24 h. (C) qRT-PCR on the level of FEZF1-AS1 in SGC-7901 and SGC-7901/CDDP cells. (D) CCK8 assay on the viability of SGC-7901 and SGC-7901/5-FU cells treated with 5–25 μg/ml of 5-FU for 24 h. (E) qRT-PCR on the level of FEZF1-AS1 in SGC-7901 and SGC-7901/5-FU cells. (F) Representative images and quantitation of flow cytometric analysis of apoptotic SGC-7901/CDDP cells with or without the treatment of FEZF1-AS1 siRNA after 24 h incubation with CDDP (40 mg/ml). (G) Western blot detected apoptotic proteins, BCL2, BAX, and Cleaved caspase3 in SGC-7901/CDDP cells with or without the treatment of FEZF1-AS1 siRNA after 24 h incubation with CDDP (40 μg/ml). (H) Representative images and quantitation of flow cytometric analysis of apoptotic SGC-7901/5-FU cells with or without the treatment of FEZF1-AS1 siRNA after 24 h incubation with 5-FU (20 μg/ml). (I) Western blot detected apoptotic proteins, BCL2, BAX, and Cleaved caspase3 in SGC-7901/5-FU cells with or without the treatment of FEZF1-AS1 siRNA after 24 h incubation with 5-FU (20 μg/ml). The protein expression of MDR1 and MRP1 in SGC-7901/CDDP (J) and SGC-7901/5-FU (L) cells detected by Western blot, FEZF1-AS1 siRNA decreased the protein levels of MDR1 and MRP1 in both cells. The knockdown efficiency of FEZF1-AS1 in SGC-7901/CDDP (K) and SGC-7901/5-FU (M) cells detected by qRT-PCR. Each experiment was performed in triplicate. Data are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


To further analyze the effect of FEZF1-AS1 on CDDP or 5-FU induced apoptosis in SGC-7901/CDDP cells or SGC-7901/5-FU cells, flow cytometric analysis was performed. After 40 g/ml CDDP treatment, apoptosis was significantly increased in the FEZF1-AS1 knockdown SGC-7901/CDDP cells (Figure 3F), and Western blotting also showed that the expression of apoptosis-related proteins (BCL2, BAX, and cleaved caspase3) was consistent with the apoptosis results in the FEZF1-AS1 knockdown SGC-7901/CDDP cells (Figure 3G). The apoptosis was also significantly promoted in the FEZF1-AS1 knockdown SGC-7901/5-FU cells when treated with 20 g/ml 5-FU (Figure 3H), the apoptosis biomarkers have similar expression to SGC-7901/CDDP cells (Figure 3I). The Western blot results showed that the protein levels of MDR1 and MRP1 were downregulated significantly after FEZF1-AS1 silencing in both SGC-7901/CDDP (Figures 3J,K) and 5-FU-resistant SGC-7901 cells (Figures 3L,M). These results demonstrated that FEZF1-AS1 was upregulated in chemo-resistant GC tissues and knockdown of FEZF1-AS1 improved chemo-sensitivity in GC cells.



FEZF1-AS1 Regulated Chemo-Resistance of Gastric Cancer Cells Through Modulating Autophagy

Previous studies reported that autophagy is one of the important mechanisms of increased chemo-resistance in tumor cells including GC cells (Li et al., 2019). Whether FEZF1-AS1 regulated chemo-resistance of GC cells through modulating autophagy was not known. Therefore, we investigated the role of FEZF1-AS1 in autophagy and chemosensitivity in GC cells. The Western blot results showed that the protein levels of ATG5 and LC3-II were decreased significantly when knockdown of FEZF1-AS1 in SGC-7901/CDDP cells (Figure 4A), indicating that silence of FEZF1-AS1 inhibited autophagy in SGC-7901/CDDP cells. Similar phenomenon was observed in SGC-7901/5-FU cells with knockdown of FEZF1-AS1 (Figure 4B). Furthermore, the protein stability of ATG5 in SGC-7901/CDDP and SGC-7901/5-FU cell was analyzed by Western blot after the cells were treated with Cycloheximide (50 μg/ml) at different time points. It was found that knock down of FEZF1-AS1 by FEZF1-AS1 siRNA markedly decreased the protein stability of ATG5 both in SGC-7901/CDDP cells (Figure 4C) and SGC-7901/5-FU cells (Figure 4D). Moreover, we investigated the possible mechanism of FEZF1-AS1 in modulating the protein stability of ATG5. RIP assay was performed, the results showed that the ATG5 protein and FEZF1-AS1 was existed in the same complex (Figure 4E), suggesting the possible direct interaction between ATG5 and FEZF1-AS1. In addition, ubiquitination degradation of ATG5 was analyzed by an in vivo ubiquitination assay, the results showed that knock down of FEZF1-AS1 by FEZF1-AS1 siRNA markedly increased ubiquitination degradation of ATG5 in SGC-7901/CDDP cells (Figure 4F). The effects of overexpression of FEZF1-AS1 in MGC-803 and SGC 7901 cells were also analyzed by Western blot. The results showed the protein levels of ATG5 and LC3-II were increased significantly when overexpression of FEZF1-AS1 in MGC-803 (Figure 4G) and SGC 7901 cells (Figure 4H). These results suggested that FEZF1-AS1 regulated chemo-resistance of GC cells through modulating autophagy.
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FIGURE 4. FEZF1-AS1 regulated chemo-resistance of GC cells through modulating autophagy. Western blot analysis of LC3 and ATG5 protein levels in SGC-7901/CDDP cells (A) and SGC-7901/5-FU cells (B) treatment with FEZF1-AS1 siRNA or NC. The protein stability of ATG5 in SGC-7901/CDDP cells (C) and SGC-7901/5-FU cells (D) analyzed by Western blot in cells treated with cycloheximide (50 μg/ml) at different time points. (E) RIP assays using an anti-ATG5 antibody showed that ATG5 interacts with FEZF1-AS1 in SGC-7901 cells. The qRT-PCR results of RIP assays are shown in the top. The results of agarose electrophoresis of the PCR products are shown in the bottom. (F) Knockdown the expression of FEZF1-AS1 increased the ubiquitous modification of ATG5. Western blot analysis of LC3 and ATG5 protein levels in MGC-803 (G) cells and SGC-7901 (H) cells transfected with FEZF1-AS1 overexpression plasmids or its vector plasmids. Each experiment was performed in triplicate.




The Proliferation and Autophagy of Gastric Cancer Cells Promoted by Overexpression of LncFEZF1-AS1 Were Suppressed by ATG5 Knockdown

In order to further investigate the role of ATG5 in FEZF1-AS1 in modulating proliferation of GC cells. SGC-7901 GC cells were transfected with FEZF1-AS1 overexpressing plasmids and vector control plasmids or co-transfected with si-ATG5 or si-NC. Then CCK8 assays were performed to analyze the proliferation of SGC-7901 GC cells. The results showed that there was no significant difference in cell proliferation in cells overexpressed LncFEZF1-AS1 plus si-ATG5 compared to cells with si-ATG5, indicating that cell proliferation promoted by FEZF1-AS1 was inhibited after knockdown of ATG5 in SGC-7901 GC cells (Figure 5A). Moreover, we investigated whether overexpression of ATG5 could rescue the proliferation of GC cells inhibited by FEZF1-AS1 knockdown in SGC-7901 GC cells. Four groups of SGC-7901 were set as follows: si-NC plus PRK5 vector, si-FEZF1-AS1 plus PRK5 vector, ATG5 plus si-NC and si-FEZF1-AS1 plus ATG5, then the proliferation of SGC-7901 was analyzed by CCK8 assay. The results showed that overexpression of ATG5 rescued the proliferation of GC cells inhibited by FEZF1-AS1 knockdown in SGC-7901 GC cells (Figure 5B). Furthermore, to further verify the effect of FEZF1-AS1 overexpression and ATG5 siRNA on autophagy of SGC-7901, LC3 puncta formation was observed via LC3B immunofluorescence staining. The results showed that FEZF1-AS1 overexpression increased the level of LC3 puncta markedly in SGC-7901 cells (Figure 5C), while ATG5 siRNA greatly inhibited puncta formation induced by overexpression of FEZF1-AS1. These results suggested that knockdown of ATG5 markedly inhibited the proliferation and autophagy of GC cells promoted by overexpression of LncFEZF1-AS1.
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FIGURE 5. ATG5 knockdown inhibited autophagy of GC cells promoted by overexpression of LncFEZF1-AS1. (A) CCK8 assay on the proliferation of SGC-7901 cells with or without the treatment of FEZF1-AS1, FEZF1-AS1 + ATG5 siRNA or their control. (B) The proliferation of SGC-7901 with or without the treatment of FEZF1-AS1 siRNA, FEZF1-AS1 siRNA + ATG5 or their control group analyzed by CCK8 assay. (C) Representative images of LC3 puncta formation in SGC-7901 observed via IF staining, green: LC3B, bule: DAPI, scar bar: 20 mM. The results represented the mean ± SD of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.




Knockdown of FEZF1-AS1 Inhibited Tumor Growth and Increased 5-FU Sensitivity in Gastric Cancer Cells in vivo

The above results suggested that high level of FEZF1-AS1 increased proliferation and multi-drug resistance of GC cells in vitro. Further studies were conducted to analyze whether FEZF1-AS1 plays the same effect in vivo. In order to investigate the possible functional role of FEZF1-AS1 in 5-FU resistance of GC cells in vivo, the stable sh-NC-SGC7901 and sh-FEZF1-AS1-SGC7901 cells were constructed through lentivirus infection and selected with puromycin. Then the cells were subcutaneously injected into nude mice to generate a xenograft tumor model, and the xenograft mice were treated with 5-FU or vehicle. The tumor volume of mice was measured and tumor growth curves were drawn. The results showed that the tumor growth was dramatically slower in the mice of the sh-FEZF1-AS1-SGC7901 group compared to the sh-NC-SGC7901 group, as evidenced by the reduction of tumor volume (Figures 6A,B). Additionally, knockdown of FEZF1-AS1 dramatically increased 5-FU sensitivity of GC cells in vivo as evidenced by the tumor growth was dramatically slower in the mice of the sh-FEZF1-AS1-SGC7901 group compared to the sh-NC-SGC7901 group after 5-FU treatment (Figures 6A,B). Western blot was performed to detect the protein levels of ATG5 and LC3-II in tumor tissues. It was found that the protein levels of ATG5 and LC3-II in tumor tissues from the sh-FEZF1-AS1-SGC7901 group was much lower than those from the sh-NC-SGC7901 group when treated with 5-FU (Figure 6C). These results indicate that knockdown of FEZF1-AS1 inhibited tumor growth and increased 5-FU sensitivity in GC cells in vivo.
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FIGURE 6. Knockdown of FEZF1-AS1 increased 5-FU sensitivity in tumors in vivo. (A) Representative images of xenograft tumors. (B) Tumor volume of mice. (C) Western blot analysis of LC3 and ATG5 protein levels in sh-NC-SGC7901 and sh-FEZF1-AS1-SGC7901 mice treated with 5-FU. Data were presented as the means ± SD from 4 tumor samples. **P < 0.01.




DISCUSSION

Gastric cancer is one of the most common malignant diseases worldwide and its complex molecular mechanisms lead to a large number of GC-related deaths every year (Machlowska et al., 2020; Sexton et al., 2020). Although recent developments in diagnostics and therapeutics in GC treatment have improved the clinical outcome, effective treatment is still limited in a number of GC patients (Sasako, 2020; Sexton et al., 2020). The differentiation, proliferation, metastasis and chemoresistance of GC cells leads to unsuccessful treatment of GC in clinic (Machlowska et al., 2020; Sexton et al., 2020; Tyczynska et al., 2021). Therefore, understanding the molecular mechanisms of GC, particularly the mechanisms of chemoresistance could provide effective treatment for GC.

Long non-coding RNAs (lncRNAs) are important regulatory molecules that regulate gene expression via various aspects, including chromatin modification, transcriptional and posttranscriptional processing and so on (Yu and Rong, 2018). Recently, studies have revealed that lncRNAs play critical roles in the carcinogenesis and cancer progression of a variety of cancers, including GC (Yu and Rong, 2018; Ghafouri-Fard and Taheri, 2020). For example, FEZF1-AS1, a top overexpressed lncRNA in colorectal cancer, has been found to be involved in the initiation and progression of various cancers including colorectal carcinoma (Chen et al., 2016; Bian et al., 2018), non-small cell lung cancer (Huang et al., 2020) and gastric cancer (Wu et al., 2017). However, the molecular mechanism of FEZF1-AS1 plays in GC, particularly in chemoresistance of GC cells has not yet been clarified.

In the present study, our results showed that FEZF1-AS1 was up-regulated in GC tissues and cells. Additionally, high level of FEZF1-AS1 was significant correlated with poor prognosis in GC. Notably, overexpression of FEZF1-AS1 promoted the proliferation of GC cells. The cell cycle was inhibited when the FEZF1-AS1 was silenced in GC cells. These findings were consistent with previous reports (Wu et al., 2017; Hui et al., 2020). However, no study had reported the role of FEZF1-AS1 in chemoresistance of GC cells. Several previous studies had reported lncRNAs are emerging as new and valuable molecules that are involved in tumorigenesis and chemotherapy resistance of various tumors including GC (Fang et al., 2016; Yuan et al., 2016; Zhang et al., 2017). In this study, we observed that FEZF1-AS1 was upregulated in chemo-resistant GC tissues. Therefore, we further investigated the involvement of FEZF1-AS1 in chemo-resistance of GC.

Our results showed that FEZF1-AS1 was upregulated both in chemo-resistant GC tissues and chemo-resistant GC cells in vitro. Knockdown of FEZF1-AS1 significantly increased chemo-sensitivity of GC cells as evidenced by CDDP or 5-FU induced apoptosis in SGC-7901/CDDP cells or SGC-7901/5-FU cells after FEZF1-AS1 Knockdown. Additionally, the Western blot results showed that the protein levels of MDR1 and MRP1 were downregulated significantly after FEZF1-AS1 silencing in both SGC-7901/CDDP cells and SGC-7901/5-FU cells. These results demonstrated that FEZF1-AS1 was upregulated in chemo-resistant GC tissues and knockdown of FEZF1-AS1 improved chemo-sensitivity in GC cells.

Then, we further investigated the possible mechanism underlying the regulative effect of FEZF1-AS1 on chemoresistance of GC cells. Several previous studies had reported that enhanced autophagy is one of the important mechanisms of increased chemo-resistance in several tumor cells including GC cells (Yuan et al., 2016; Pei et al., 2018; Yeon et al., 2021). Therefore, we hypothesized that FEZF1-AS1 can regulate chemoresistance in GC cells via modulating autophagy. Loss-of-function experiments revealed that FEZF1-AS1 knockdown decreased the protein levels of ATG5 and LC3, suggesting that the inhibition of FEZF1-AS1 knockdown on autophagy of GC cells. Furthermore, knock down of FEZF1-AS1 by FEZF1-AS1 siRNA markedly decreased the protein stability of ATG5 in both SGC-7901/CDDP cells and SGC-7901/5-FU cells, which is consistence with previous report (Wang et al., 2020). RIP assay indicated the possible direct interaction between ATG5 and FEZF1-AS1 and knock down of FEZF1-AS1 by FEZF1-AS1 siRNA markedly increased ubiquitination degradation of ATG5 in SGC-7901/CDDP cells. However, how FEZF1-AS1 regulate the ubiquitination of ATG5 still need further study. All of these results suggested that FEZF1-AS1 regulated chemo-resistance of GC cells perhaps through modulating autophagy. Meanwhile, our results showed that knockdown of ATG5 markedly inhibited the proliferation and autophagy of GC cells promoted by overexpression of LncFEZF1-AS1. Knockdown of FEZF1-AS1 inhibited tumor growth and increased 5-FU sensitivity in GC cells in vivo.

In summary, we found that LncFEZF1-AS1 was overexpressed in GC tissues and cell lines, and positively correlated with poor prognosis of GC patients. Overexpression of LncFEZF1-AS1 promoted the proliferation of GC cells. Furthermore, FEZF1-AS1 was upregulated in chemo-resistant GC tissues and knockdown of FEZF1-AS1 improved chemo-sensitivity in GC cells. FEZF1-AS1 regulated chemo-resistance of GC cells perhaps through modulating autophagy and knockdown of FEZF1-AS1 inhibited tumor growth and increased 5-FU sensitivity in GC cells in vivo. Our results provide a novel insight and possible therapeutic target for chemo-resistance of GC.
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RNA N6-methyladenosine (m6A) modification has important regulatory roles in determining cell fate. The reversible methylation process of adding and removing m6A marks is dynamically regulated by a fine-tuned coordination of many enzymes and binding proteins. Stem cells have self-renewal and pluripotent potential and show broad prospects in regenerative medicine and other fields. Stem cells have also been identified in cancer, which is linked to cancer metastasis, therapy resistance, and recurrence. Herein, we aimed to review the molecular mechanism that controls the reversible balance of m6A level in stem cells and the effect of m6A modification on the balance between pluripotency and differentiation. Additionally, we also elaborated the association between aberrant m6A modification and the maintenance of cancer stem cells in many cancers. Moreover, we discussed about the clinical implications of m6A modification in cancer stem cells for cancer diagnosis and therapy.
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INTRODUCTION

Although the definition of stem cells has been constantly revised, the key properties of stem cells are self-renewal and multidifferentiation potency. Stem cells have differentiation plasticity in a specific microenvironment to make up tissues and organs, thus, playing important roles in regenerative medicine and tissue engineering.

The coordinated gene expression for stem cell maintenance and differentiation are established by epigenetic changes (Berdasco and Esteller, 2011). Increasing studies have shown that m6A modification, the most abundant form of methylation modification in eukaryotic mRNA, can dynamically regulate the expression balance of pluripotency or lineage development factors, which determines the fate of stem cells (self-renewal or differentiation) (Zhao and He, 2015).

Here, we concentrated on the current advances of m6A modification in stem cell self-renewal and differentiation, especially the specific mechanism of regulation. We highlighted the potential of m6A machinery as novel strategies for stem cell expansion in tissue regeneration and stem cell clearance in cancer.



REGULATORY FACTORS FOR m6A MODIFICATION

The m6A modification is deposited by methyltransferase (writers), removed by demethylase (erasers), and recognized by binding proteins (readers). The “writers” include METTL3/5/14/16, KIAA1429, WTAP, VIRMA, HAKAI, RBM15/15B, ZC3H13, and PCIF1/CAPAM, while FTO and ALKBH5 perform as “erasers.” The known “readers” are YTHDF1/2/3, YTHDC1/2, IGF2BP1/2/3, HNRNPA2B1/C/G, eIF3, and FMR1/FMRP. These factors either act independently, or form complexes, or cooperate with other cofactors to participate in almost all steps of RNA metabolism, including structural switch, splicing, export, stability, decay, translation, and miRNA mature (Figure 1A).
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FIGURE 1. (A) Writers, erasers, and readers of the m6A modification. (B) Schematic diagram of m6A detection methods.




TECHNOLOGY IN m6A RESEARCH

Several quantitative or site-specific methods have been developed to detect the amount or location of m6A modification (Figure 1B). The methods for global quantitative measurement of m6A include dot blot by using m6A-specific antibodies or LC-MS/MS. The procedure for dot blot is relatively simple, but the sensitivity is low, and there is non-specific binding between existing antibodies and other modifications. In comparison, LC-MS/MS is more sensitive and accurate, though it requires expensive instrument.

Methods for detection of the m6A modification site include m6A−seq, MeRIP-seq, PA-m6A−CLIP, miCLIP, m6A-LAIC-SEQ, SCARLET, and SELECT. m6A−seq and MeRIP-seq is the earliest and most widely used technologies. Purified mRNA fragments are immunoprecipitated by m6A-specific antibodies and subjected to high-throughput sequencing, but these methods have a low resolution and cannot measure the stoichiometry. PA-m6A−CLIP and miCLIP can accurately determine the specific location of m6A modification site. The purified RNA are incorporated with photoactivity ribonucleoside analogs, and the data are analyzed after immunoprecipitation and UV-induced cross-linking.



m6A MODIFICATION IN FATE DECISION OF STEM CELLS


Embryonic Stem Cells

Embryonic stem cells (ESCs) are derived from the embryo cell mass or primordial germ cells. They can be induced to differentiate into all kinds of cells in the body and expanded, screened, frozen, and resuscitated in vitro without losing their original characteristics. Considerable efforts have been devoted to characterize the epigenetic networks that control the reprogramming of ESCs, which requires precise coordination of transcription factors, chromatin regulators, and RNA modifiers.

Thousands of transcripts, especially those controlling the core network during differentiation, are m6A modified in ESCs (Batista et al., 2014). m6A deposit may target pluripotency or lineage-commitment genes to regulate differentiation in different ESC state (Geula et al., 2015; Zhao and He, 2015). On one side, the absence of methyltransferase led to a dramatic differentiation defect in the naive ESCs. For instance, METTL3-depleted ESCs had enhanced self-renewal but hindered differentiation abilities (Batista et al., 2014; Geula et al., 2015; Figure 2D). In addition, METTL5 depletion led to the reduction of FBXW7 levels, thereby delaying the onset of ESC differentiation (Xing et al., 2020; Figure 2D). Moreover, Linc1281 targeted let-7/Lin28 to ensure ESC differentiation by internal m6A modification (Yang et al., 2018; Figure 2D). Arginine methylation of METTL14 greatly enhanced global m6A levels and promoted ESC endoderm differentiation (Liu et al., 2021b; Wang Z. et al., 2021; Figure 2E). On the other side, removing m6A triggers differentiation when ESCs are at the primed state. Loss of m6A methylation increased the stability of developmental genes by binding to HuR RNA to facilitate ESC differentiation (Wang et al., 2014; Figure 2A). The methyltransferase complex of ZC3H13–WTAP–Virilizer–Hakai could facilitate ESC self-renewal (Wen et al., 2018; Figure 2A). Additionally, ZFP217 modulated m6A deposition on Nanog, Sox2, Klf4, and c-Myc mRNAs by sequestering METTL3 (Aguilo et al., 2015; Figure 2B). Melatonin was shown to prevent m6A-dependent core pluripotency mRNA decay through the MT1-JAK2/STAT3-ZFP217 signal axis (Yang et al., 2020; Figure 2B). YTHDC1 was required for the maintenance of mouse ESCs (Liu et al., 2021; Figure 2C).
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FIGURE 2. The diagram depicts the roles of m6A methylation in self-renewal (A–C) and differentiation (D,E) of embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). It proposes how writers, erasers, readers, and other regulators are involved in the regulation of various genes and pathways.


In the field of regeneration, whether transplanting ESCs directly or implanting organoids differentiated from ESCs, the key lies in the precise regulation of ESC proliferation and differentiation. The targets of m6A involve numerous genes in the network of ESC reprogramming. Understanding the mechanism of m6A undoubtedly helps the development of regenerative medicine.



Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSCs) are ESC-like cells generated by somatic cell nuclear transfer. They have similar morphology, gene expression, differentiation ability, epigenetic modification status, and function to ESCs. In-depth understanding of the mechanisms controlling self-renewal and transitions to a differentiated state is essential for iPSC in the field of regenerative medicine (Wu et al., 2019b).

However, the effects of m6A modification on the generation of iPSCs are inconsistent. METTL3 maintained pluripotency of porcine iPSCs by sustaining JAK2 and inhibiting SOCS3 expression, and activating STAT3/Klf4/Sox2 signal axis in an m6A-YTHDF1/2-dependent manner (Wu et al., 2019b; Figure 2A). MATR3 favored the pluripotency of iPSCs by regulating the transcriptional and translational efficiency of Nanog, Lin28a, and Oct4 (Pollini et al., 2021; Figure 2C). YTHDF2 was highly expressed in iPSCs and downregulated during neural differentiation. Depletion of YTHDF2 led to loss of pluripotency of iPSCs and stabilization of neural-specific gene expression (Heck et al., 2020; Liu et al., 2020; Figure 2C). SMAD2/3 facilitated cotranscriptional recruitment of METTL3/METTL14/WTAP complex onto nascent transcripts, which allowed iPSCs to timely exit from pluripotency and induced neuroectoderm differentiation (Bertero et al., 2018; Figure 2E). Thus, m6A signaling can induce cellular responses, which provide a basis for the clinical application of iPSCs. iPSCs avoid the ethical barriers of ESCs, which are an important advantage for clinical application. With the in-depth study of the mechanism for m6A regulation, iPSCs will be more widely used in regenerative medicine.



Adult Stem Cells


Hematopoietic Stem/Progenitor Cells

m6A signal could regulate the generation of hematopoietic stem/progenitor cells (HSCs/HSPCs). In METTL3-deficient zebrafish embryos, the emergence of HSPCs was blocked (Zhang C. et al., 2017). Similar phenomena could also be observed in mouse embryonic development model. METTL3 facilitated m6A methylation on Notch1 to inhibit Notch activity, thereby promoting HSPC generation (Lv et al., 2018).

m6A signal could also regulate the development of HSCs/HSPCs. METTL3 knockdown in HSPCs promoted differentiation, while reducing proliferation (Vu et al., 2017). Conversely, another study showed that deletion of METTL3 led to an accumulation of HSCs in the bone marrow and a blockade of HSC differentiation (Lee et al., 2019). Furthermore, METTL14 knockdown substantially promoted terminal myeloid differentiation of HSPCs (Weng et al., 2018).

YTHDF2 had an important role in long-term HSC maintenance. Repression of YTHDF2 resulted in loss of lymphoid potential and HSCs expansion, as shown by the increased expression of multiple key transcription factors critical for self-renewal (Li et al., 2018; Mapperley et al., 2021). In addition, METTL3 maintained the symmetric commitment and identity of HSPCs by regulating MYC mRNA stability (Cheng et al., 2019).



Spermatogonial Stem Cells

Spermatogonial stem cells (SSCs) are primordial spermatogonial cells locating on the basement membrane of convoluted tubules, which can directionally differentiate into spermatocytes. METTL3 or METTL14 maintained SSC homeostasis through methylating transcripts of key regulators governing proliferation and differentiation (Lin et al., 2017). METTL3 deletion in germ cells prevented spermatogonial differentiation and meiosis (Xu et al., 2017). WTAP-mediated m6A modification sustained the SSC niche and governed normal spermatogenesis (Jia et al., 2020).



Neural Stem Cells

Neural stem cells (NSCs) exist in the nervous system and have the potential to differentiate into neurons, astrocytes, and oligodendrocytes, thus, producing a large number of brain tissue cells. m6A depletion by lacking METTL14 or METTL3 displayed markedly decreased proliferation in NSCs (Yoon et al., 2017; Wang et al., 2018; Chen et al., 2019). However, another study revealed that loss of METTL14 resulted in the nuclear accumulation of neural differentiation-related mRNAs, resulting in delayed neural progenitor differentiation (Edens et al., 2019).



Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) exist in a variety of tissues, such as the bone marrow, umbilical cord blood, placenta tissue, adipose tissue, etc. They have the potential to differentiate into mesenchymal or non-mesenchymal cells and have a unique cytokine profile. METTL3 was upregulated in bone marrow MSCs (BM-MSCs) undergoing osteogenic induction (Tian et al., 2019). It induced BM-MSC osteogenic differentiation by facilitating M1 macrophage differentiation and through the PTH/Pth1r–PI3K–AKT signaling axis (Wu Y. et al., 2018; Lei et al., 2021). ALKBH5 accelerated the degradation of PRMT6 mRNA and inhibited the osteogenic differentiation of MSCs (Li Z. et al., 2021). Another study showed that deletion of METTL3 in porcine BM-MSCs could promote the activation of the JAK1/STAT5/C/EBPβ pathway and adipogenesis in an m6A-YTHDF2-dependent manner (Yao et al., 2019). Furthermore, METTL3 regulated the cell cycle and mitosis by targeting PLK1, and its knockdown induced cell apoptosis and senescence in immature dental pulp MSCs (Luo et al., 2021).



Adipose-Derived Stem Cell

Increasing evidence show that m6A regulates adipose-derived stem cell (ADSC) fate decision. FTO controlled RUNX1T1 expression by regulating m6A levels around splice sites and thereby promoted adipogenesis (Zhao et al., 2014). Similarly, FTO depletion decreased the expression of CCNA2 and CDK2, impaired cell cycle progression, and activated JAK2-STAT3-C/EBPβ signaling, which inhibited the adipogenesis of preadipocytes (Wu R. et al., 2018; Wu et al., 2019a). In addition, ZFP217 knockdown increased METTL3 expression and the m6A level of CCND1, leading to the mitotic clonal expansion and adipogenesis inhibition (Liu et al., 2019).



Other Adult Stem Cells

Knockdown of METTL3 promoted muscle stem cell proliferation and muscle regeneration by activating Notch signaling pathway to regulate mRNA translation (Liang et al., 2021). METTL14-mediated cytoplasmic export of circGFRa1 promoted female germline stem cell self-renewal through the miR-449/GDNF signal (Li X. et al., 2021. METTL3 or YTHDF1 enhanced the translation of TEAD1 and sustained the stemness of intestinal stem cells (Jiang et al., 2021).



Cancer Stem Cells

Cancer stem cells (CSCs) are a small group of cells with the unique property of infinite proliferation, transient amplifying, and remaining in dormancy for a long time. They express a variety of drug-resistant molecules and are not sensitive to external physical and chemical factors, which is the root of tumor proliferation, migration, and drug resistance. Dynamic m6A modification has been demonstrated to be involved in CSC generation and maintenance (Figure 3).
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FIGURE 3. The involvement of m6A in various cancer stem cells (CSCs).



Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a clonal hematopoietic disorder where the differentiation capacity of HSCs/HPCs is blocked (Coombs et al., 2015). m6A mediates myeloid differentiation, which will provide new ideas for the pathogenesis, clinical diagnosis, and treatment of AML.

METTL3/14 was expressed more abundantly in AML cells than in healthy HSCs/HPCs, which contributed to the leukemia progression in vivo (Vu et al., 2017; Weng et al., 2018). Similarly, downregulation of METTL3 resulted in differentiation of leukemic cells and failure to establish leukemia in mice (Barbieri et al., 2017). Moreover, the SPI1-METTL14-MYB/MYC signaling axis was critical for the maintenance of AML and self-renewal of leukemia stem/initiation cells (LSCs/LICs) (Weng et al., 2018). ALKBH5 and FTO were also aberrantly overexpressed in AML and correlated with poor prognosis (Shen et al., 2020; Huff et al., 2021). They exerted tumor-promoting effects by posttranscriptional regulation of its critical targets such as TACC3 (Li et al., 2017; Shen et al., 2020). Inhibition of YTHDF2 specifically impaired LSCs propagation (Paris et al., 2019).

Targeting m6A-related molecules selectively compromised LSC proliferation and AML initiation without derailing normal hematopoiesis damage, which implied the wide application of m6A in the treatment of this hematological malignancy. Furthermore, targeting m6A-meidated control of AML cell differentiation is a promising strategy for AML therapy given the success of ATRA/arsenic trioxide (ATO)-based differentiation therapy.



Glioblastoma

The rapid growth and recurrence of glioblastoma (GBM) is closely related to the existence of glioblastoma stem cells (GSCs). m6A modification peaks were enriched at metabolic pathway-related transcripts in GSCs compared with neural progenitor cells (Li et al., 2019), which implied a crucial role of m6A methylation for GSCs.

The elevated expression of METTL3 was indispensable in the execution of oncogenic pathways and clinical aggressiveness (Li et al., 2019; Visvanathan et al., 2019). METTL3-silenced GSCs showed significant rescue in neurosphere formation and inhibited tumor growth in vivo (Visvanathan et al., 2018). Mechanically, METTL3 sustained its oncogenic role by enhancing the stability and expression of Sox2 (Visvanathan et al., 2018), altering A-to-I and C-to-U RNA-editing events (Visvanathan et al., 2019), and modulating mRNA decay of splicing factors and alternative splicing isoform switches (Li et al., 2019). However, some studies showed that knockdown of METTL3/14 dramatically increased GSC growth and self-renewal (Cui et al., 2017). The abnormally high expression of ALKBH5 has been detected in GSCs. ALKBH5 demethylates FOXM1 nascent transcripts, leading to GSC tumorigenesis (Zhang S. et al., 2017). In contrast to NSCs, GSCs displayed preferential expression of YTHDF2, laying the foundation for the YTHDF2–MYC–IGF2BP3 axis as a novel therapeutic target in GBM (Dixit et al., 2021). The FTO inhibitors could prevent neurosphere formation in GSCs without inhibiting the growth of healthy neural stem cells (Huff et al., 2021). m6A induced neuroshere formation and γ-irradiation resistance and promoted GBM growth, which makes it an important target for GBM diagnosis and treatment. Clarifying the expression and mechanism of m6A-related molecules in GCS formation is helpful in the finding and design of small-molecule inhibitors. Verifying the roles of these inhibitors in clinical application is an important research direction in the future.



Breast Cancer

Breast cancer stem cells (BCSCs) is specified by the expression of core pluripotency factors, including Oct4, Sox2, Klf4, and Nanog. ALKBH5 was stimulated in breast cancer cells when exposed to hypoxia, which induced the BCSC phenotype and increased the number of BCSCs by demethylating Nanog (Zhang et al., 2016a). Exposure of BCSCs to hypoxia induced ZNF217-dependent inhibition of m6A methylation on Nanog and Klf4 (Zhang et al., 2016b). LncRNA KB-1980E6.3 recruited IGF2BP2 to enhance c-MYC stability to maintain the stemness of BCSCs (Zhu et al., 2021). The AURKA–METTL14–IGF2BP2 complex promoted and stabilized DROSHA methylation to maintain BCSC stemness (Peng et al., 2021). Thus, m6A played an irreplaceable role in maintaining the phenotype and quantity of BCSCs. Targeting m6A-related molecules or mechanisms is an effective way to clear BCSCs and inhibit breast cancer.



Bladder Cancer

Global RNA m6A abundance and the expression of METTL3 was higher in CSCs than those in non-CSCs of bladder cancer cells. METTL3 regulated the m6A modification and expression of AFF4, which bound to the promoter regions and sustained the transcription of Sox2 and MYC, to promote self-renewal of bladder cancer CSCs (Gao et al., 2020). In contrast, METTL14 was lowly expressed in bladder tumor-initiating cells (TICs). METTL14 inhibited the proliferation, self-renewal, metastasis, and tumor-initiating capacity of TICs by participating in the RNA stability of Notch1 mRNA (Gu et al., 2019).



Digestive System Tumor

Recent studies have shown that m6A plays important roles in the regulation of digestive system CSCs. In colorectal cancer, YTHDF1 promoted the translation of m6A-modified FZD9 and Wnt6, leading to aberrant activation of Wnt/β-catenin signaling and ultimately increasing the number of CSCs (Bai et al., 2019). Low FTO expression elevated m6A levels, resulting in enhanced CSC tumorigenicity and chemoresistance (Relier et al., 2021). METTL3 upregulated Sec62 to promote the stemness and chemoresistance of CSCs by enhancing Wnt/β-catenin signaling (Liu et al., 2021a). In hepatocellular carcinoma, YTHDF2 promoted cancer metastasis and the emergence of CSCs by modulating the m6A methylation of Oct4 (Zhang et al., 2020). RALYL enhanced CSC stemness by sustaining TGF-β2 mRNA stability (Wang X. et al., 2021). In pancreatic cancer, IGF2BP2 and DANCR worked together to promote CSC properties (Hu et al., 2020). In cholangiocarcinoma, IL-6/STAT3 triggered inflammatory response to facilitate CSC stemness through regulating m6A writers (Ye et al., 2021). These results showed that m6A-related molecules might provide potential therapeutic targets in these tumors. However, further research is needed to explore the roles and mechanisms of m6A in CSCs of more digestive system tumors.



Other Tumors

Recruitment of YTHDF1 to m6A-modified TRIM29 was involved in promoting TRIM29 translation and enhancing the CSC characteristics in cisplatin-resistant ovarian cancer cells (Hao et al., 2021). Conversely, FTO could augment cAMP signaling and suppressed CSC features of ovarian cancer (Huang et al., 2020). m6A methylation in multidrug-resistant osteosarcoma cells was found to correlate with the emergence and maintenance of osteosarcoma CSCs (Wang et al., 2019). The deletion of METTL3 impaired cutaneous squamous cell carcinoma CSC properties, including colony-forming ability in vitro and tumorigenicity in vivo (Zhou et al., 2019). In oral squamous cell carcinoma, ALKBH5 regulated by DDX3 led to decreased m6A methylation in FOXM1 and Nanog, which contributes to increased CSC population (Shriwas et al., 2020).



PROSPECT OF CLINICAL APPLICATION AND FUTURE RESEARCH

Stem cells perform complex biological processes through the dynamic changes of pluripotency or pedigree factors. Their gene expression programs need not only sufficient stability to maintain self-renewal and pluripotency over multiple cell generations but also flexibility to change rapidly in response to differentiation cues (Batista et al., 2014). The reversible change in m6A marks turns over transcript expression in a timely fashion, which becomes an effective means to regulate stem cell fate (Batista et al., 2014). m6A maintain the balance between pluripotency and lineage priming factors, thus, ensuring orderly differentiation of stem cells (Batista et al., 2014; Geula et al., 2015; Zhao and He, 2015). m6A may intersect with other preexisting pathways by altering downstream gene expression to regulate the stem cell differentiation network (Geula et al., 2015; Zhao and He, 2015). m6A could also target non-coding RNAs to regulate stem cell fate through existing mechanisms. The detailed classification of stem cells is based on different species or tissue sources, states, external environment, differentiation stages, and so on. These factors may lead to different outcomes of m6A modification. Therefore, further studies are needed to explore the specific molecular mechanism in different types of stem cells (Liang et al., 2020).

As a switch regulator of stem cell self-renewal and differentiation, m6A has great potential in the clinical application of stem cells. (1) ESCs can be used as seed cells for cell therapy and organ replacement therapy. It is a difficult problem for stem cells to overcome aging and maintain long-term self-renewal. METTL3 ablation and m6A loss increase the stability of methylated pluripotent mRNA transcripts and contribute to the pluripotent phenotype of ESCs (Geula et al., 2015). It is possible for damaged tissues or organs to recover completely by regulating the artificial expansion in vitro and directional differentiation in vivo of stem cells through m6A modification. (2) The establishment of human embryonic stem cell line provides an important tool to explore the influencing factors and regulatory mechanisms in the process of body development. It is expected to reveal the molecular mechanism of embryonic development by comparing the differences of m6A status and gene expression between ESCs and differentiated cells in different time and space. (3) Stem cells are ideal carriers for the gene therapy of diseases and have broad application prospects in the fields of severe immune deficiency, genetic diseases, malignant tumors, AIDS, and so on. The progress of stem cell isolation and purification technology, the improvement of gene transfection efficiency, the continuous improvement of gene transfer vector, the expansion and directional differentiation of transgenic cells, the discovery of new target genes, the stable expression and regulation of target genes after transfection, and other fields have attracted the attention of scientists. m6A cannot only regulate the phenotype of transgenic stem cells but also regulates the expression of target genes through posttranscriptional modification. (4) The involvement of m6A in CSCs may be used for predicting cancer risk, achieving early diagnosis, tracking the prognosis of tumor fate, and ultimately, providing novel therapeutic approaches. Evidence has highlighted the potential of both the altered m6A levels and the score model with different methylase as promising biomarkers in various cancers, such as lung cancer, prostatic cancer, bladder cancer, AML, and so on (Ma and Ji, 2020). Currently, inhibitors of FTO and ALKBH5 are being used as candidates for anticancer drug development, especially to inhibit the growth of CSCs by manipulating their m6A modification levels. Although these inhibitors have not been tested in clinical trials, they will provide more possibilities for the treatment of cancer (Xu et al., 2020).

So far, the information on m6A in stem cell fate regulation is still lacking. A wider scope of research should be considered: (1) New m6A writers, erasers, readers, and associated effectors need to be identified. Discovery of more components could help understand the regulatory network of m6A. (2) Once these new members are identified, their cell location, biological structure, physical and chemical properties, physiological functions, and other characteristics need to be further studied. (3) Determining the additional factors that coordinate m6A deposition or removal, and understanding how these factors are regulated and how the specificity of the methylated sites is achieved. (4) Verification of existing m6A components or functions in more biological events. (5) More precise techniques are needed to assist in the study of the distribution and target selection of m6A. (6) Further exploring diagnostic index and therapeutic targets involved in m6A machinery complexes might be very promising for some stubborn diseases, such as cancers or neurological diseases. These extensive studies may unveil more exact mechanisms of m6A in multiple biological processes.



CONCLUSION

Current studies on posttranscriptional modifications have revealed another layer of complexity in the regulation of cellular processes. In this review, we have summarized current knowledge on m6A and described their roles in stem cell self-renewal and differentiation. We put forward the potential of m6A mechanism in the clinical application of stem cells in future studies. Despite the progress made in recent years, more studies are still needed to provide clear information for the functional roles of m6A modification and the underlying mechanisms in stem cell fate decision.
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METTL3/5/14/16, methyltransferase-like 3/5/14/16; WTAP, WT1-associated protein; RBM15/15B, RNA-binding motif protein 15/15B; ZC3H13, zinc finger CCCH-type-containing 13; FTO, alpha-ketoglutarate-dependent dioxygenase; ALKBH5, AlkB homolog 5, RNA demethylase; YTHDF1/2/3, YTH N6-methyladenosine RNA-binding protein 1/2/3; YTHDC1/2, YTH domain-containing 1/2; IGF2BP1/2/3, insulin-like growth factor 2 mRNA-binding protein 1/2/3; HNRNPA2B1/C/G, heterogeneous nuclear ribonucleoprotein A2B1/C/G; LC-MS/MS, liquid chromatography coupled to tandem mass spectrometry; MeRIP-seq, methylated RNA immunoprecipitation sequencing; PA-m6A-CLIP, photo-crosslinking-assisted m6A sequencing strategy; miCLIP, m6A individual-nucleotide-resolution crosslinking and immunoprecipitation; m6A-LAIC-SEQ, m6A-level and isoform-characterization sequencing; SCARLET, site-specific cleavage and radioactive-labeling followed by ligation-assisted extraction and thin-layer chromatography; SELECT, single-base elongation and ligation-based qPCR amplification method; ESC, embryonic stem cell; Nanog, Nanog homeobox; Klf4, Kruppel-like factor 4; MYC, MYC proto-oncogene, BHLH transcription factor; Lin28, Lin-28 homolog; Med1, mediator complex subunit 1; Jarid2, jumonji and AT-rich interaction domain-containing 2; Eed, embryonic ectoderm development; FBXW7, F-box and WD repeat domain-containing 7; ZFP217/ZNF217, zinc finger protein 217; Sox2, SRY-box transcription factor 2; JAK2, Janus kinase 2; STAT3, signal transducer and activator of transcription 3; iPSC, induced pluripotent stem cell; PAN2/3, poly(A) specific ribonuclease subunit PAN2/3; Tead2, TEA domain transcription factor 2; TGFβ1, transforming growth factor beta 1; SOCS3, suppressor of cytokine signaling 3; SMAD2/3, SMAD family member 2/3; HSC/HSPC, Hematopoietic stem/progenitor cell; HE, hemogenic endothelial; DA, dorsal aorta; EHT, endothelial-to-hematopoietic transition; SSC, spermatogonial stem cell; NSC, neural stem cell; FMRP, fragile X mental retardation protein; MSC, mesenchymal stem cell; PTH/Pth1r, parathyroid hormone/parathyroid hormone receptor-1; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; AKT, AKT serine/threonine kinase 1; PLK1, polo-like kinase 1; EBPβ, CCAAT enhancer-binding protein beta; ADSC, adipose-derived stem cell; RUNX1T1, RUNX1 partner transcriptional corepressor 1; CCNA2, cyclin A2; CDK2, cyclin-dependent kinase 2; CCND1, cyclin D1; CSC, cancer stem cell; AML, acute myeloid leukemia; CEBPZ, CCAAT enhancer-binding protein zeta; ATRA/ATO, all-trans-retinoic acid/arsenic trioxide; LSC/LIC, leukemia stem/initiation cell; TACC3, transforming acidic coiled-coil-containing protein 3; ASB2, ankyrin repeat and SOCS box containing 2; RARA, retinoic acid receptor alpha; GBM, glioblastoma; GSC, glioblastoma stem cell; HuR, human antigen R; ADAR, adenosine deaminase RNA specific; APOBEC3A, apolipoprotein B MRNA-editing enzyme catalytic subunit 3A; FOXM1, forkhead box M1; FOXM1-AS, a long non-coding RNA antisense to FOXM1; Oct4, octamer-binding transcription factor 4; BCSC, breast cancer stem cell; HIF, hypoxia inducible factor; DROSHA, Drosha ribonuclease III; STC1, stanniocalcin 1; AURKA, Aurora kinase A; AFF4, AF4/FMR2 family member 4; FZD9, frizzled class receptor 9; PCIF1/CAPAM, phosphorylated CTD-interacting factor 1; TRIM29, tripartite motif containing 29; PDE1C/4B, phosphodiesterase 1C/4B; cAMP, cyclic adenosine monophosphate; DDX3, DEAD-box helicase 3.
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N6-methyladenosine (m6A) methylation is of significant importance in the initiation and progression of tumors, but how specific genes take effect in different lung cancers still needs to be explored. The aim of this study is to analyze the correlation between the m6A RNA methylation regulators and the occurrence and development of lung cancer. The data of lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) were obtained through the TCGA database. We systematically analyzed the related pathological characteristics and prognostic factors by applying univariate and multivariate Cox regression, as well as LASSO Cox regression. Some of 23 m6A regulators are identified as having high expression in lung cancer. In addition, risk score has been shown to be an independent prognostic factor in lung cancer. Our research not only fully reveals that m6A regulators and clinical pathological characteristics are potentially useful with respect to survival and prognosis in different lung tumors but also can lay a theoretical root for the treatment for lung cancer—notably, to point out a new direction for the development of treatment.

Keywords: lung cancer, N6-methyladenosine, prognosis, regulators, risk scores


INTRODUCTION

M6A methylation, as a dynamic reversible process, is regulated by three enzymes: demethylase (erasers), function manager (readers), and methyltransferase complex (writers) (Yang et al., 2018; Zhou et al., 2020). Erasers include FTO and ALKBH5 (Li et al., 2017); readers include YTHDC1, YTHDC2, YTHDF1, YTHDF2, and HNRNPC (Zhang et al., 2019; He et al., 2020); and writers include MTETL3, METTL14, WTAP, KIAA1429, RBM15, and ZC3H13 (Tuncel and Kalkan, 2019; Asada et al., 2020). It is these m6A methylation regulators that are closely correlated with different human diseases, especially with cancer (Wang et al., 2018). A growing majority of evidence indicates that m6A has the capacity to exert a double effect in tumors. On the one hand, m6A regulates the expression of oncogenes and tumor suppressor genes, which act as promoting and suppressing cancer, respectively. On the other hand, the expression level of m6A and the expression and activity of m6A enzyme can be regulated to affect the function of m6A. Ultimately, they achieve the purpose of adjusting the differentiation of cancer stem cells and regulating T cell differentiation and immune homeostasis.

In the LUAD, the increased expression of METTL3 can enhance the translation of oncogene BRD4 by forming an mRNA ring with EIF3. With that, METTL3 accelerates the translation of oncogene by promoting ribosome recycling, thereby providing an easier way for the invasion and metastasis of lung cancer cells (Choe et al., 2018; Ni et al., 2021). The expression of FTO is elevated in the LUSC, and FTO inhibits cancer formation by inhibiting m6A methylation, which inhibits expression of the oncogene MZF1 eventually. Both m6A with high expression and MZF1 with deficient expression inhibit tumor development (Liu et al., 2018).

Generally speaking, patients with early treatment of lung cancer have a good prognosis, but most patients are diagnosed to be in the advanced stage of lung cancer, whose prognosis is poor (Wozniak, 2012; Zhu et al., 2019). Nowadays, TNM staging is still the dominant method to analyze the prognosis of lung cancer, although there is a certain degree of error and lack of individuality (Wozniak and Schwartz, 2018). Our preoccupation is searching for further accurate prognostic factors from the point of view of gene and molecule, for the sake of making accurate prognostic analysis and the individualized treatment selection.

In this article, we acquired the information of patients with lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC), respectively. Pan-cancer data was the total of LUAD and LUSC data. The expression of m6A methylation regulators was analyzed to shed light on if it was related to LUAD, LUSC, and pan-cancer. Especially significant, based on these data, we try to find out the clinical correlation between m6A methylation regulators and lung cancer (Li et al., 2021).



RESULTS


The Overview of m6A RNA Methylation Regulators in Lung Cancer

We drew a heatmap of LUAD, LUSC, and pan-cancer data after diff analysis firstly. Various gene expression levels were displayed as follows (Figure 1).
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FIGURE 1. The overview of m6A RNA methylation regulators in lung cancer. (A) The figures reflect the expression levels of 23 m6A RNA methylation regulators in normal tissues and lung cancer tissues. When the gene expression level is high, the color turns red in the picture. However, the color becomes green with the gene expression decreasing. (B) The tree diagram at the top of the figure represents the clustering results of different samples from different experimental groups, and the tree diagram on the left demonstrates the clustering results of different genes from different samples. The “vioplots” clearly show the difference between m6A RNA methylation regulators in lung cancer and normal lung tissue. Blue represents normal lung tissue, and red represents lung cancer. (C) The diagram visually shows the relationship between different m6A RNA methylation regulators through Pearson correlation analysis. Red represents a positive correlation, and blue represents a negative correlation. *P < 0.05, **P < 0.01 and ***P < 0.01.


Most of the m6A RNA methylation regulators showed a weak to moderate positive correlation. KIAA1429 and YTHDF3 were the most correlated in LUAD. In LUSC, METTL3 and RBMX had the most obvious positive correlation. The negative correlation between HNRNPC gene and FTO gene was the most recognizable. In pan-cancer, KIAA1429 and YTHDF3 were the most relevant. HNRNPC and FTO were the most obvious negative correlation.



Consensus Clustering of m6A RNA Methylation Regulators Identified Two Clusters of Lung Cancer

After using “ConsensusClusterPlus” package to group LUAD, LUSC, and pan-cancer, the CDF value was small and the lines were smooth when k = 2. Next, PCA was used to verify whether the classification was correct. It was proved that the classification of cluster 1 and cluster 2 meets the requirements (Figures 2A–C).
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FIGURE 2. Classification of cluster by m6A RNA methylation regulator. (A,B) As K changed from 2 to 9, clustering cumulative distribution function of different lung cancer groups has been shown discriminatively. The consistent clustering matrix is the most suitable when K = 2. (C) PCR analysis results of the principal components are shown in the RNA expression profile among the TCGA database. Red represents lung cancer cases in cluster 1. Blue represents normal lung tissue of cluster 2.




The Categories Determined by Consensus Clustering Are Closely Related to Clinical Results

In the cleaned LUAD data, the survival probability of cluster 2 was greater than that of cluster 1. In assessing the relationship between clustering and clinical pathological features, the number of cluster 1 was significantly less than that of cluster 2. The result revealed that cluster 1 and cluster 2 had significant differences in M stage, T stage, total stage, and survival status. In LUSCs after washing, the difference in overall survival between the two clusters was not apparent. In the heatmap, the length of cluster 1 was slightly longer than that of cluster 2. There were differences in total stage, gender, and age between the two clusters. Of the cleaned pan-cancer, cluster 1 had a higher survival probability than cluster 2 when the patients had the same survival time. In the heatmap, the length of cluster 1 was also slightly longer than that of cluster 2, and there were differences in N stage, T stage, total stage, and gender (Figure 3).
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FIGURE 3. Clinical pathological characteristics and overall survival rate of cluster 1 and cluster 2 in different lung cancers, as well as the risk signature with m6A RNA methylation regulators. (A) LUAD; (B) LUSC; (C) pan-cancer. (a) Survival plot. The graph plots the overall survival curves of cluster 1 and cluster 2 in different lung cancers. Red represents cluster 1, and blue represents cluster 2. (b) Heatmap. The heat map shows the expression of m6A RNA methylation regulator in two clusters and its clinical pathological characteristics. When P < 0.05, the result is meaningful. (c) Univariate Cox regression. The graph records the hazard ratio and 95% confidence interval calculated by univariate Cox regression. The univariate analysis is beneficial to select the meaningful genes.




Prognostic Values of Risk Signature and m6A RNA Methylation Regulators

We used univariate Cox regression to get that, with these dangerous genes named IGF2BP3, HNRNPA2B1, KIAA1429, IGF2BP1, IGF2BP2, and HNRNPC, patients hardly survived. In LUSC, CBLL1 is a risk gene. In pan-cancer, IGF2BP1 was a risk gene, while METTL3 was a protective gene (Figure 3).

The least absolute shrinkage and selection operator (LASSO) Cox regression algorithm was implemented to analyze 23 genes. According to the minimum standard, 5 genes were selected for LUAD, 3 for LUSC, and 3 for pan-cancer. Five genes in LUAD are IGF2BP1, IGF2BP2, HNRNPC, KIAA1429, and HNRNPA2B1. Three genes are CBLL1, HNRNPC, and METTL3 in LUSC. In pan-cancer, three genes are IGF2BP1, METTL3, and YTHDC2. Then, risk characteristics were established, respectively. The coefficients were used to calculate the risk scores of each group. Among LUAD, LUSC, and pan-cancer, the survival rate of patients in the high-risk group is both lower than that in the low-risk group (Figures 4A–C).
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FIGURE 4. The results of LASSO Cox regression algorithm and survival curves. (A,B) Show coefficient results derived from LASSO Cox regression algorithm. (C) There are distinct differences of overall survival curves in the high-risk group and low-risk group which are distributed by risk score.




Prognostic Risk Scores Are Related to the Characteristics of Lung Cancer Clinical Cases

We made a ROC curve to get the results that the risk score can be served as an independent prognostic factor. Next, a heatmap showed that there is a significant difference in survival status in LUAD. Similarly, the pan-cancer data have obvious differences in N stage, T stage, total stage, and survival status. However, there are no significant differences in any pathological features of LUSC (Figures 5A–C).
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FIGURE 5. Explain the relationship between risk score, m6A RNA methylation regulator expression level, clinical pathological characteristics, risk group, and overall survival rate. (A) LUAD; (B) LUSC; (C) pan-cancer. (a) Every ROC curve indicates the relationship between risk score and survival rate, reflecting the predictive efficiency of prognostic signatures. (b) Each heatmap shows the expression level of m6A RNA methylation regulator in lung cancer of two clusters. In addition, there are apparent differences in the distribution of clinical pathological characteristics between the two groups. When P < 0.001, the result is significant.


Finally, we performed univariate and multivariate Cox regression analysis. In univariate analysis, total stage, T stage, N stage, and risk scores are all related to overall survival in LUAD. Age, total stage, and risk scores are connected with overall survival in LUSC. Total staging, T staging, M staging, N staging, and risk scores have something to do with overall survival in pan-cancer. When all factors were incorporated into the multivariate analysis, the total stage and risk scores were still significantly correlated with the overall survival rate in LUAD. Age and risk scores are related to overall survival in LUSC. T staging and risk scores were in connection with overall survival in pan-cancer (Figure 6).
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FIGURE 6. The results of univariate and multivariate Cox regression analysis. Univariate and multivariate Cox regression analysis between overall survival rate and clinical pathological characteristics was performed for each type of lung cancer. They could identify the independent prognostic factors. When P < 0.05, the result is meaningful.





DISCUSSION

With the increasing incidence and mortality of lung cancer today, there are quite in-depth discoveries in DNA and protein modification, so the treatment of lung cancer is also updated at an alarming rate (Karlsson et al., 2019; Siegel et al., 2020). This study explored the clinical prognostic effect of m6A in LUAD, LUSC, and pan-cancer for the purpose of laying the foundation for treatment strategies based on RNA methylation.

In this study, we found that most of the 23 m6A RNA methylation regulators were abnormally expressed in LUAD, LUSC, and pan-cancer. Among them, KIAA1429 and YTHDF3 showed a significant positive correlation. YTHDF3 is a direct m6A reader, which can promote the translation of target mRNAs and improve their stability. The proliferation, migration, and invasion of cancer cells were enhanced with the upregulated expression of METTL3 (Cheng et al., 2019). When the expression level of METTL3 is upregulated, it enhances the proliferation, migration, and invasion of cancer cells in vitro and the growth of tumors in vivo. Meanwhile, YTHDF3 collaborates with YTHDF1 to promote protein synthesis and influence methylated mRNA decay mediated by YTHDF2. Together with YTHDF1 and YTHDF2, YTHDF3 plays a key role in accelerating metabolism of mRNAs modified by m6A in the cytoplasm (Wang X. et al., 2014; Li et al., 2017; Shi et al., 2017).

In the LUAD, LUSC, and pan-cancer, there are significant differences in the overall survival of the two different clusters. They also have significant correlation in different clinical pathological features, indicating that the level of m6A RNA methylation regulator is distinctly related to the poor prognosis of lung cancer.

In the LUAD, KIAA1429 is associated with the formation of m6A methyltransferase complex (MTC), which promotes the formation of m6A (Bokar et al., 1997; Ping et al., 2014; Wang Y. et al., 2014). HNRNPC is considered as the promoter of tumorigenesis, and overexpression of HNRNPC can be found in the main regulators of various cancer progression-related genes, which is closely connected to the poor clinical prognosis of cancer (Huang et al., 2016; Fischl et al., 2019). The risk gene for LUSC is CBLL1. In addition, pan-cancer’s risk gene is METTL3 and the protective gene is IGF2BP1. METTL3 can participate in the composition of MTC as well. Cytoplasmic METTL3 is served as a m6A reader to promote the translation of target mRNA (Liu et al., 2014; Cheng et al., 2019; Ru et al., 2020; Shi et al., 2020). This result is used as a basis for predicting the survival rate of lung cancer according to the genetic differences of patients in the future. Even the known gene variation could be used to fundamentally treat lung cancer from the genetic perspective, for example, some medicine will target m6A methylation (Deng et al., 2018).

We selected the appropriate gene according to the minimum standard and calculated their respective risk scores in the wake of dividing lung cancer into high-risk and low-risk categories by the LASSO algorithm. Then, the ROC curve and heatmap are used to verify that the risk scores can effectively predict the survival of lung cancer patients. Above all, risk scores provide an important basis for clinical evaluation of lung cancer prognosis and provide personalized treatment options.

In summary, this study systematically described the differences in the expression levels of m6A RNA methylation regulators between LUAD, LUSC, and pan-cancer data, revealing the prognostic role of their expressions in relation to the clinical pathological characteristics of lung cancer. M6A RNA methylation regulator obviously not only plays a vital role in the occurrence and development of lung cancer but also affects the clinical manifestations and prognostic development of lung cancer (Wang et al., 2021). Besides, risk scores can become a far-reaching factor in predicting the prognosis of lung cancer, providing essentially for clinical treatment guidance.



MATERIALS AND METHODS


Data Acquisition

A total of 1037 cases of lung cancer were obtained from the TCGA database,1 including 535 cases of LUAD and 502 cases of LUSC. In addition, there were 108 cases in the control group, containing 59 cases of LUAD and 49 cases of LUSC.



Selection of m6A RNA Methylation Regulators

Depending upon the literature (Shi et al., 2018; Li et al., 2019, 2020; Sun et al., 2019; Liu et al., 2020; Meng et al., 2020; Muthusamy, 2020; Zhou et al., 2020; Zhang et al., 2021; Zou et al., 2021), 23 tumor-related m6A RNA methylated modulators were selected. These 23 genes were extracted and systematically analyzed with the data of LUAD, LUSC, and pan-cancer in TCGA database. Through these procedures, we could search the relationship between the expression of 23 m6A-related genes and the clinical prognosis of lung cancer patients.



Bioinformatic Analysis

In order to examine the role of m6A RNA methylation regulator in lung cancer, we first used “limma” package to analyze 23 m6A RNA methylation regulator related genes in each lung cancer group. In the next step, expression levels of 23 m6A RNA methylation regulators had been distinctly demonstrated by “diff” analysis, “pheatmap” package, and “vioplot” package. Correlation figures were drawn to illustrate the relationship between different m6A RNA methylation regulators. Besides, we utilized the “ConsensusClusterPlus” package to delete the normal lung tissue data in each lung cancer group and divide the remaining lung cancer data into two groups. PCA could verify whether the classification was correct. The survival software package had the capability to study the survival of grouped lung cancers and draw a clinical heatmap of the correlation between different clusters and the relationship between survival and clinical data.

More than anything, for the purpose of finding the relationship between the gene and survival and its effect on the prognosis, the m6A RNA methylation Regulator genes were conducted by univariate Cox regression analysis and LASSO Cox regression algorithm (Bovelstad et al., 2007; Sauerbrei et al., 2007).

In the end, we could construct the survival-related linear risk assessment model—risk scores. Calculation formula: Risk score = [image: image]. Exp in the formula represents the expression level of the gene, and w represents the coefficient of the gene in the univariate or multivariate Cox regression analysis. ROC curve and heatmap were assessed if risk score could be a prognostic factor in lung cancer (Figure 7).


[image: image]

FIGURE 7. Flow chart for analyzing and processing lung cancer data in the TCGA data set.




Statistical Analyses

“Diff” package was used to analyze the expression levels of 23 m6ARNA methylation modulator related genes in LUAD, LUSC, and pan-cancer. Then, the “ConsensusClusterPlus” software package was used to treat LUSC, LUSC, and total lung cancer. Also, each group of lung cancer was divided into two clusters. With the help of univariate Cox regression analysis, the relationship between different clusters and clinical data was clarified. At the same time, the prognostic effect of related genes was analyzed in combination with multivariate regression analysis. Finally, LASSO Cox regression algorithm was performed to analyze related genes and divide each group of lung cancer into high-risk group and low-risk group to find independent prognostic factors. Overall survival referred to the time from the date of diagnosis to death for any reason. This study used Practical Extraction and Report Language (Perl) and R version 3.5.3 for statistical analysis. The results were statistically significant when P < 0.05.
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Neuroblastoma (NB) is the most common solid tumor apart from central nervous system malignancies in children aged 0–14 years, and the outcomes of high-risk patients are dismal. High mobility group box 3 (HMGB3) plays an oncogenic role in many cancers; however, its biological role in NB is still unclear. Using data mining, we found that HMGB3 expression was markedly elevated in NB patients with unfavorable prognoses. When HMGB3 expression in NB cell lines was inhibited, cell proliferation, migration, and invasion were suppressed, and HMGB3 knockdown inhibited NB tumor development in mice. RT−PCR was employed to detect mRNA expression of nine coexpressed genes in response to HMGB3 knockdown, and TPX2 was identified. Furthermore, overexpression of TPX2 reversed the cell proliferation effect of HMGB3 silencing. Multivariate Cox regression analysis indicated that HMGB3 and TPX2 might be independent prognostic factors for overall survival and event-free survival, which showed the highest significance (p < 0.001). According to the nomogram predictor constructed, the integration of gene expression and clinicopathological features exhibited better prognostic prediction power. Furthermore, the random forest algorithm and receiver operating characteristic curves also showed that HMGB3 and TPX2 played important roles in discriminating the vital status (alive/dead) of patients in the NB datasets. Our informatics analysis and biological experiments suggested that HMGB3 is correlated with the unfavorable clinical outcomes of NB, and plays an important role in promoting cell growth, proliferation, and invasion in NB, potentially representing a new therapeutic target for tumor progression.
Keywords: neuroblastoma, HMGB3, proliferation, cell cycle, TPX2
INTRODUCTION
Neuroblastoma (NB) is the third most common cancer in children under the age of 15 years, and originates from neural crest-derived sympathetic adrenal precursors, accounting for approximately 7% of pediatric malignancies; however, it is responsible for nearly 15% of childhood cancer mortality (Ward et al., 2014; Mullassery and Losty, 2016; Zafar et al., 2021). Over the past 30 years, multimodality treatment strategies have been developed all over the world; nonetheless, the outcomes of high-risk patients remain dismal (less than 50%), and one-half of high-risk NB patients are confronted with refractory disease, progression, and even death (Pinto et al., 2015; Bosse and Maris, 2016; Ahmed et al., 2017).
A study enrolling 240 cases reported a low mutation frequency in NB, less than 20% in total (Pugh et al., 2013). Such relatively uncommon somatic mutations in NB have made it challenging for existing treatment strategies to target frequently mutated oncogenic driver genes. On the other hand, the application of diverse oncogene-targeting drugs, such as CDK4/6 inhibitors (Rihani et al., 2015; Geoerger et al., 2017), AURKA inhibitors (DuBois et al., 2016), and ALK inhibitors (Whittle et al., 2017), has brought some hope to high-risk/refractory/relapsed patients. Nonetheless, it is still far from sufficient, and novel therapeutic targets are urgently needed.
High mobility group box 3 (HMGB3) belongs to the high mobility group protein subfamily, which also includes HMGB1, HMGB2, and HMGB4 (Reeves, 2015). HMG box family members play important roles in cancer by binding to DNA structure and multiple other patterns (Niu et al., 2020). In particular, HMGB1 plays paradoxical roles in promoting cancer cell proliferation and inhibiting malignant cell survival (Kang et al., 2013). HMGB1 exerts dual functions in and out of cancer cells via multiple signaling pathways, such as immunity, autophagy, and inflammation. Moreover, HMGB1 is an important paralog of HMGB3. Over the past decade, the carcinogenic effects of HMGB3 have been reported in a variety of tumors, including colorectal cancer (CRC) (Zhang et al., 2017), breast cancer (BC) (Gu et al., 2019), cervical cancer (Li Z. et al., 2020; Zhuang et al., 2020), and non-small cell lung cancer (NSCLC) (Li Y. et al., 2020). Additionally, HMGB3 depletion is suggested to reduce the cisplatin resistance of ovarian cancer cells (Mukherjee et al., 2019). However, the expression and function of HMGB3 in NB remain unknown.
MATERIALS AND METHODS
Bioinformatics Analysis
To analyze the mRNA expression of HMGB3 in NB, the GSE49710, GSE16476, and GSE120572 datasets were downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/), whereas survival information and TARGET-249 data were downloaded from the R2 database (https://r2.amc.nl).
Cell Culture
The NB cell lines SK-N-SH, SH-SY5Y, and SK-N-BE 2) were cultured in MEM supplemented with 10% fetal bovine serum (FBS) and 1:100 penicillin-streptomycin solution. SK-N-AS cells were cultured in DMEM containing 10% FBS. All cell lines were purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China), and were verified by short tandem repeat profiling. The 3D culture was conducted in shRNA and sh-NC cells. In brief, 1 × 10^5 cells/ml were cultured in MEM/DMEM supplemented with 10% FBS, and 20 µl of cell culture was added onto the lid (inside) of 60 × 15 mm cell culture dishes. Thereafter, the lid was flipped, and the cells were cultured for 5 days. Afterward, the lid was flipped again, and images were captured.
RNA Extraction and Real-Time Reverse Transcription PCR
After lentivirus transfection of sh-HMGB3 or sh-NC SK-N-SH and SK-N-AS cells for 48 h, total RNA was extracted from NB cells using the TRAN Easy Pure RNA kit. Then, cDNA was obtained using the cDNA Synthesis SuperMix kit, and the gene expression of HMGB3 and TPX2 in NB cells was examined by qRT−PCR performed using the SYBR Green mix kit. β-actin mRNA (ACTB) was used as the endogenous reference. All primers used in this study were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The primer sequences are listed in Table 1. The mRNA expression of all genes was calculated using the 2–ΔΔct method (Livak and Schmittgen, 2001).
TABLE 1 | Primer sequences used for qPCR.
[image: Table 1]Lentivirus Transfection
To achieve HMGB3 silencing, three candidate shRNAs and sh-NC were designed by GenePharma (Shanghai, China). Cells were transfected with recombinant lentiviral transduction particles with green fluorescent protein (GFP). Afterward, lentiviral fluid was added to the cells cultured in MEM and incubated for 6 h, and the medium was replaced with fresh MEM containing 10% FBS. The transfection efficiency was evaluated under a fluorescence microscope after 48 h. The sh-HMGB3 sequences are listed in Table 2.
TABLE 2 | Sequence of sh-HMGB3.
[image: Table 2]Immunoblot Analysis
NB cells were transfected with sh-HMGB3/sh-NC or TPX2-OE lentivirus for 72 h, and then total protein was extracted from cell lysates using RIPA solution, mixed with 5× protein loading buffer, incubated at 100°C for 10 min, and then separated by 10–12% SDS−PAGE. After electrophoresis, the proteins were transferred onto nitrocellulose membranes; then, the membranes were blocked with PBS containing 5% bovine serum albumin (BSA) for 1 h at room temperature. Thereafter, the membranes were incubated with indicated primary antibodies (HMGB3 and TPX2, 1:2000; Boster, United States) for 2 h at room temperature, washed with PBST (0.5% Tween-20) three times and stored at 4°C overnight. Subsequently, the membranes were further incubated with alkaline phosphatase-conjugated goat-anti-rabbit antibodies for 1 h at room temperature, washed three times, and detected using the BCIP/NBT alkaline phosphatase color development kit. The protein band densities were quantified using ImageJ 1.8.0 software (National Institutes of Health).
CCK8 Assay
To demonstrate cell growth, we conducted a cell counting-kit 8 (CCK-8) assay to detect viable cells. Briefly, sh-HMGB3 and sh-NC cells were resuspended in MEM/DMEM containing 10% FBS to a final concentration of 1 × 10^4 cells/ml. Later, 100 µl suspension was added into 96-well plate, and then 10 µl CCK-8 reagent was also added and incubated for 2 h in an incubator at 37°C and 5% CO2. Finally, the absorbance was measured at 450 nm for 8 consecutive days.
Colony Formation Assay
A total of 1000 sh-HMGB3/sh-NC cells/well were seeded into 6-well plates and incubated for 10 days in an incubator at 37°C and 5% CO2. Thereafter, the clones were fixed in paraformaldehyde for 30 min, stained with crystal violet solution (Beyotime, China) for 20 min, and washed with water three times. Finally, the clones were imaged and counted. Clone formation rate (%) = (number of clones/number of seeded cells) × 100%.
Wound Healing Assay
To examine cell migration, a wound healing assay was performed. In brief, SK-N-SH, and SK-N-AS cells were seeded in MEM/DMEM at a density of 2 × 10^5 cells/well into the 12-well plates, and HMGB3 expression was silenced as described before. After overnight culture, a 200-μl tip was used to make a scratch in the cell monolayer, and wound closure was observed for 8 h. For each well, two images in the same area were taken and analyzed by ImageJ software. Wound healing rate (%) = [(Area at 0 h)-(Area at 8 h)]/(Area at 0 h) × 100%.
Transwell Assay
Precooled serum-free DMEM/MEM was used to dilute the Matrigel matrix (Corning, United States) to a concentration of 400 μg/ml; thereafter, 100 µl of the diluted solution was coated onto the upper Transwell culture chamber and incubated overnight at 37°C and 5% CO2. Subsequently, the cells were resuspended in serum-free DMEM/MEM to a concentration of 2 × 10^5 cells/ml, and 100 μl cell suspension was added to the upper chamber coated with Matrigel, while 600 µl of MEM/DMEM supplemented with 20% FBS was added to the lower chamber. After 40 h, cells on the upper chamber surface were removed and fixed with 4% paraformaldehyde for 30 min. Later, the chamber was stained with 1% crystal violet for 20 min, and images were taken from five fields of view using an inverted microscope. The number of cells crossing the bottom chamber was quantified.
Tumor Xenograft Assay
Animal experiments were approved by the Laboratory Animal Ethics Committee of the First Hospital of Jilin University, and the animals were cared for in agreement with institutional ethics guidelines. Ten BALB/c nude female mice (6 weeks old) were anesthetized and subcutaneously injected with 2 × 10^6 sh-NC or sh-HMGB3 SK-N-SH cells into the right flank. When the tumor diameters of the mice reached 15 mm, all mice were sacrificed. The weight and volume of the tumor were weighed and calculated, and tumor volume = (width)2×length/2.
Immunocytochemistry
NB cells were seeded into 12-well plates and incubated in an incubator at 37°C and 5% CO2 overnight. Thereafter, the cells were fixed in 4% paraformaldehyde for 5 min, and 0.5% Triton-X-100 was added to increase the cellular membrane permeability. Next, the cells were blocked with 5% BSA for 30 min, incubated with Ki-67 antibody (1:1,000) at 37°Cfor 1 h, incubated with HRP-conjugated goat anti-rabbit IgG polymer for 30 min, and stained with DAB and hematoxylin. After washing, images were acquired under an inverted microscope, and the positive cell rate was calculated.
Correlation Analysis of HMGB3 and the Coexpressed Genes
We calculated the Pearson correlation coefficient (PCC) of HMGB3 and other genes in four NB datasets, GSE49710, GSE16476, GSE120572, and TARGET-249. Then, we selected the genes with PCC >0.7, which were considered coexpressed genes, for further experiments.
Methods for Estimating the Importance of HMGB3 and TPX2 in NB Prognosis
The random forest algorithm (Carolin Strobl et al., 2007) is an important and excellent feature selection approach among machine learning algorithms, that can rank the importance of diverse features. In this study, the random forest algorithm was utilized to estimate the importance of HMGB3, TPX2, and other clinicopathological characteristics for the vital status of NB patients. Meanwhile, mean decrease accuracy (MDA) and mean decrease Gini (MDG) were employed as parameters to estimate the importance. In addition, the receiver operating characteristic (ROC) curve was plotted to test the discriminating abilities of the two genes and other risk factors in vital status, and the area under the curve (AUC) values were used for comparison.
Statistical Analysis
Statistical analysis was conducted using Graphpad Prism 8.0 and R 3.6.2 software. Univariate and multivariate Cox regression analyses were performed using the R package “survival,” and Harrell’s concordance index (C-index) was acquired to assess the model performance. Measurement data are expressed as the mean ± standard deviation (SD). Differences between two groups were compared by Student’s t-test. The relative gene expression level was log2 transformed. Differences in gene expression between two groups were compared using the Mann−Whitney U test. The relationship of gene expression with clinicopathological features was analyzed using the nonparametric χ2 test. Survival analysis was conducted using the log-rank test and visualized by the Kaplan−Meier plot. ggforest plots were generated using the R package “survminer”. The nomogram plot was generated using the R package “rms”. To test the predictive performance of diverse features, the AUC values of the ROC curve were calculated and plotted using the R package “pROC”. Moreover, the random forest algorithm was conducted using the R package “randomForest”. All statistical tests were two-sided and a difference of p < 0.05 was considered statistically significant. All experiments were independently conducted in triplicate.
RESULTS
HMGB3 Exhibits Abnormally High Expression in NB Patients With Unfavorable Prognoses
HMGB family members (HMGB1, HMGB2, and HMGB3) were highly expressed in NB patients with unfavorable prognosis in GSE49710, and the difference in HMGB3 expression was the most significant (Figure 1A). High expression of HMGB3 was correlated with inferior overall survival (OS) and event-free survival (EFS) (Figure 1B). Furthermore, we analyzed the correlations between HMGB expression and clinicopathological features among 493 NB patients. HMGB2/3 levels were correlated with the following features: age≥18 months, MYCN amplification, high risk, advanced stage, progression, and death (p < 0.0001, Table 3). Moreover, the relationship between HMGB3 expression and clinicopathological features in three other NB datasets (GSE16476, TARGET-249, and GSE120572) was analyzed, and similar results were obtained (Supplementary Tables S1–S3). Based on the above results, we further examined HMGB3 expression levels in the four NB cell lines SK-N-SH, SK-N-AS, SH-SY5Y, and SK-N-BE 2) by western blotting (WB) (Figure 1C). The results suggested that expression of HMGB3 in all 4 cell lines was similarly high. SK-N-SH and SK-N-AS cell lines were chosen for further analysis.
[image: Figure 1]FIGURE 1 | HMGB3 is abnormal highly expressed in human neuroblastoma with unfavorable prognoses in GSE49710. (A) HMGB3 over-expressed in unfavorable prognostic groups of NB patients. (B) High expression of HMGB3 correlated to inferior overall survival. (C) Expression of HMGB3 in four NB cell lines. *p < 0.05, **p < 0.01, and ***p < 0.001.
TABLE 3 | The relationship between HMGBs expression and clinicopathological features in NB patients.
[image: Table 3]Silencing HMGB3 Inhibits Cell Proliferation, Migration, and Invasion in Vitro and in Vivo
To determine the biological function of HMGB3 in NB cells, lentivirus with sh-HMGB3 or empty vector sh-NC was transfected into SK-N-SH and SK-N-AS cells. As suggested by WB analysis, the HMGB3 protein level was markedly reduced in sh-HMGB3 cells compared to sh-NC cells (p < 0.01, Figure 2A). In addition, a CCK-8 assay was conducted to determine the biological effect of HMGB3 on cell proliferation. The results showed that knockdown of HMGB3 remarkably inhibited the growth of NB cells in vitro (SK-N-SH, p < 0.05; SK-N-AS, p < 0.05, Figure 2B).
[image: Figure 2]FIGURE 2 | Knockdown of HMGB3 inhibited cell proliferation and migration in NB cells in vitro. (A) Protein expression of HMGB3 after lentivirus transfection (sh-NC, sh-RNA1, sh-RNA2, and sh-RNA3). (B–E) CCK8, Colony formation, 3D cell culture, and wound healing assay for SK-N-SH and SK-N-AS cells with/without HMGB3 knockdown. *p < 0.05, **p < 0.01, and ***p < 0.001.
Similarly, colony formation ability was suppressed in the HMGB3-depleting groups compared to the control group (SK-N-SH, p < 0.01; SK-N-AS, p < 0.01, Figure 2C). According to the results of the 3D cell culture assay, cell growth was suppressed in the HMGB3-depleted groups compared to the control group (Figure 2D). Wound healing assays indicated that cell migration was inhibited in the HMGB3-silenced groups compared to the control group (SK-N-SH, p < 0.01; SK-N-AS, p < 0.05, Figure 2E).
Furthermore, the Transwell assay demonstrated that silencing HMGB3 decreased the invasion of NB cells (SK-N-SH, p < 0.001, SK-N-AS, p < 0.001, Figure 3A). In addition, according to the immunocytochemical analysis, Ki-67 nuclear expression was downregulated in the HMGB3-depleted NB cell lines SK-N-SH (n = 6, p < 0.01) and SK-N-AS (n = 6, p < 0.001) compared to the control groups (Figure 3B), indicating that NB proliferation was suppressed upon HMGB3 knockdown. Taken together, these data indicated that HMGB3 plays a critical role in neuroblastoma tumorigenesis.
[image: Figure 3]FIGURE 3 | Knockdown of HMGB3 inhibited cell invasion and growth in NB cells in vitro and in vivo. (A) Transwell assay for SK-N-SH and SK-N-AS cells with/without HMGB3 knockdown. (B) Immunocytochemistry analysis of KI-67 protein was performed in SK-N-SH and SK-N-AS cells. (C) Paired xenograft tumors and their relative injected subcutaneously with sh-NC or sh-HMGB3 SK-N-SH cells. (D) Tumor weight. Scale bars, 50 μm *p < 0.05, **p < 0.01, and ***p < 0.001.
To further evaluate the function of HMGB3 in vivo, we determined whether silencing HMGB3 could inhibit tumor xenograft growth in nude mice. We found that knockdown of HMGB3 did indeed inhibit tumor growth, leading to significantly reduced tumor volume and weight (Figures 3C,D, p < 0.01). Thus, our data suggested that silencing HMGB3 inhibits tumor growth in vivo.
HMGB3 Coexpression Genes are Primarily Enriched in Cell Cycle-Related Pathways
In the four NB datasets GSE49710, GSE16476, GSE120572, and TARGET-NBL, genes significantly coexpressed (Pearson correlation coefficient, PCC >0.7) with HMGB3 were selected, among which, nine genes were screened (Figure 4A). According to the functional enrichment analysis of Gene Ontology (GO; biological process, BP), these nine genes were primarily enriched in cell cycle-related pathways, such as regulation of cell cycle, cell cycle process, mitotic cell cycle process, and sister chromatid segregation (Figure 4B). As revealed by univariate Cox regression analysis, these nine genes were risk factors for OS and EFS in NB (Supplementary Figure S2; Supplementary Table S4). Notably, seven of the nine genes were markedly downregulated in SK-N-SH cells upon HMGB3 knockdown, with TPX2 being the most significant (p < 0.001, Figure 4C).
[image: Figure 4]FIGURE 4 | HMGB3 could inhibit cell survival via TPX2 in NB cells. (A) Nine genes significantly co-expressed with HMGB3 in four datasets of NB. (B) Functional enrichment analysis of nine genes. (C) The mRNA expression of nine genes was detected by qRT-PCR in SK-N-SH cells after HMGB3 knockdown. (D) Pearson correlation of HMGB3 and TPX2 in four NB datasets. (E) Protein expression of TPX2 and HMGB3 was detected by western blotting after HMGB3 knockdown. (F) TPX2 reduction was time-dependent with HMGB3 knockdown in SK-N-SH and SK-N-AS cells. *p < 0.05, **p < 0.01, and ***p < 0.001.
On the other hand, the PCCs of TPX2 and HMGB3 were 0.761, 0.726, 0.764, and 0.74 in the above four datasets, respectively (all p values <0.001, Figure 4D). Furthermore, the TPX2 protein expression was correspondingly markedly downregulated in NB cells (SK-N-SH, p < 0.01; SK-N-AS, p < 0.01) upon HMGB3 knockdown (Figure 4E). Specifically, TPX2 expression decreased in a time-dependent manner after HMGB3 knockdown in NB cell lines, which began to decrease at 48 h and was more significant at 72 h (Figure 4F).
TPX2 Overexpression Reverses the Inhibition of SK-N-SH Cell Proliferation Caused by HMGB3 Knockdown
To investigate the role of TPX2 protein in the HMGB3-mediated promotion of cell proliferation, TPX2 was overexpressed in HMGB3-silenced SK-N-SH cells (Figure 5A). The colony formation ability was reversed in the TPX2-overexpressing groups compared to the control group (p < 0.001, Figure 5B). At the same time, the results of the Transwell assay showed that the invasion ability of SK-N-SH cells recovered upon the overexpression of TPX2 (p < 0.001, Figure 5C). The number of Ki-67-positive cells also markedly increased in the TPX2 overexpression group compared to the control group (p < 0.05, Figure 5D).
[image: Figure 5]FIGURE 5 | TPX2 overexpression can reverse the inhibition of cell proliferation caused by HMGB3 knockdown in SK-N-SH cells. (A) Protein expression was detected in sh-HMGB3 SK-N-SH cells after TPX2 over-expression by western blotting. (B–D) Colon formation, Transwell assay, and immunocytochemistry assay for sh-HMGB3 SK-N-SH cells after TPX2 over-expression. Scale bars, 50 μm *p < 0.05, **p < 0.01, and ***p < 0.001.
Validation of Prognosis Prediction Performance of HMGB3 and TPX2 in Other Independent NB Datasets
To confirm the prognostic prediction performance of HMGB3 and TPX2, we analyzed the survival of patients with high/low HMGB3 and TPX2 expression in three datasets GSE49710 (n = 493), GSE16476 (n = 88), and TARGET-NBL (n = 247). All patients were classified into four groups based on the median expression level, including HMGB3 high and TPX2 high (HHTH), HMGB3 high, and TPX2 low (HHTL), HMGB3 low and TPX2 high (HLTH), and HMGB3 low and TPX2 low (HLTL). The results showed that patients in the HHTH group exhibited the worst OS, EFS, and PFS, while the HLTL group displayed the most favorable survival (Figure 6), demonstrating that the effects of HMGB3 and TPX2 on survival were superimposed.
[image: Figure 6]FIGURE 6 | High expression of HMGB3 and TPX2 correlated to inferior NB prognosis in multiple datasets. (A–C), Overall survival (OS) of NB patients in three independent datasets. (D, E) Progression-free survival (PFS) and Event-free survival (EFS) in NB patients.
Thereafter, factors including sex, age group (age <18 months vs. age≥ 18 months), MYCN status, high risk, INSS_h1 (INSS stage 1, 2, 4s vs. stage 3, 4), and HMGB3/TPX2 were incorporated for multivariate Cox regression analysis. As a result, HMGB3 and TPX2 might serve as independent prognostic factors for OS and EFS (Figure 7A, Supplementary Figure S1), and had the most significant p-values compared to other clinicopathological features. Additionally, a nomogram predictor was constructed based on the expression levels of the two genes and other prognostic features of NB (Figure 7B). The integration of gene expression and clinicopathological features exhibited better predictive power for prognosis.
[image: Figure 7]FIGURE 7 | HMGB3 and TPX2 are closely associated with the survival of patients with NB in GSE49710. (A) HMGB3 and TPX2 can be independent prognostic factors for overall survival. (B–D) Nomogram, random forest, and ROC curves of HMGB3, TPX2 and clinicopathological characteristics for NB patients.
To estimate the importance of HMGB3 and TPX2 in determining the vital status of NB patients, we employed the machine learning algorithm-random forest. Typically, MDA, and MDG are the parameters used to evaluate the importance (Wang et al., 2016). According to the ranking of importance by the random forest algorithm, TPX2 and HMGB3 occupied more important positions than the other features (Figure 7C). At the same time, we used ROC curve analysis to assess the prediction abilities of the two genes and other risk factors. The results showed that when predicting the vital status of patients, the AUC values ranging from highest to lowest were high risk, HMGB3 expression, INSS_h1, age, TPX2 expression, and MYCN status (Figure 7D). Both HMGB3 and TPX2 expression displayed good predictive performance, with AUC values of 0.797 and 0.761, respectively.
DISCUSSION
NB is a highly heterogeneous tumor, and the long-term survival for high-risk patients remains poor and is still below 50% despite aggressive multimodal treatment (Pugh et al., 2013; Wienke et al., 2021). Treatment for high-risk or refractory/relapsed NB has shifted to a combination of classical treatment (chemotherapy, surgical treatment, radiotherapy, and stem cell transplantation) with targeted drug therapy or immunotherapy (Matthay, 2018). However, identifying new targets remains challenging.
The HMGB family plays an important role in many cancers. In this article, we analyzed the expression of HMGB1, HMGB2, and HMGB3 in different prognostic groups of NB patients. Our results suggested that HMGB3 exhibited the most significant difference and was highly expressed in patients with unfavorable prognoses. Dysregulation of the WNT signaling pathways in carcinogenesis is observed in multiple solid and liquid tumors (Zhan et al., 2017). Studies have indicated that HMGB3 promotes cancer cell proliferation by activating the WNT/β-catenin pathway (Zhang et al., 2017; Xie et al., 2019; Li Y. et al., 2020; Zhuang et al., 2020). Gu et al. (2019) discovered that HMGB3 silencing inhibited BC growth by interacting with HIF-1α. In addition, HMGB3 is correlated with treatment resistance. Li Z et al. (2020b) demonstrated that HMGB3 enhanced radioresistance by binding to the promoter region of hTERT in cervical cancer and suggested that targeting the HMGB3/hTERT axis might help cervical cancer patients who suffer from radioresistance. In ovarian cancer, Mukherjee et al. (2019) suggested that HMGB3 depletion might sensitize chemoresistant cancer cells to cisplatin through the ATR/CHK1/p-CHK1 DNA damage signaling pathway.
Based on the data mining results, we found that HMGB3 expression was increased in NB patients with unfavorable prognosis, and its high expression predicted inferior survival. According to data analysis and evidence from the literature, we speculated that HMGB3 plays an oncogenic role in NB progression. We further confirmed our assumption using a loss-of-function test. Specifically, we silenced HMGB3 expression in NB cell lines and detected the survival of NB cells. The results revealed that cell proliferation, migration, and invasion were inhibited. In vivo, HMGB3 knockdown inhibited NB tumor development in mice. Simultaneously, Ki-67 expression decreased upon HMGB3 knockdown. These results suggested that HMGB3 is essential for cell survival and biological function in NB progression.
By coexpression analysis, nine genes coexpressed with HMGB3 were selected, and their high expression levels predicted inferior survival. Moreover, functional enrichment analysis (Consortium, 2016) demonstrated that these genes were primarily enriched in cell cycle-related pathways. The above results demonstrated that the cell cycle played an important role in the survival of NB cells and the prognosis of NB patients.
Subsequently, we detected the mRNA expression levels of these nine genes in sh-HMGB3 cells, among which, seven were markedly downregulated after HMGB depletion, including CCNB2, CDCA2, MND1, BUB1B, TPX2, CENPE, and GINS2. CCNB2 is highly expressed in lung adenocarcinoma (LUAD) (Wang et al., 2020) and hepatocellular carcinoma (HCC) (Li et al., 2019), and is correlated with poor prognosis. CDCA2 promotes cancer cell proliferation in melanoma (W.-H. JIN et al., 2020) and colorectal cancer (CRC) (Feng et al., 2019). MND1 regulates cell cycle progression by forming a feedback loop with KLF6 and E2F1 in LUAD both in vitro and in vivo (Zhang et al., 2021). Furthermore, the high expression of BUB1B is associated with adverse clinicopathological characteristics of HCC, which plays an oncogenic role by upregulating the mTORC1 signaling pathway (Qiu et al., 2020). CENPE is highly expressed in LUAD specimens and promotes cancer cell proliferation regulated by FOXM1 (Shan et al., 2019). CINS2 promotes epithelial-mesenchymal-transition (EMT) in pancreatic cancer by activating the ERK/MAPK signaling pathway (Huang et al., 2020). GINS2 silencing inhibits (Sun et al., 2021) cell proliferation, growth, and cell cycle arrest at the G2/M phase in vitro and in vivo by suppressing the STAT signaling pathway (Huang et al., 2020). Several studies have demonstrated that TPX2 is correlated with the response to DNA damage (Neumayer et al., 2014; Neumayer and Nguyen, 2014). Ognibene M. (Ognibene et al., 2019). found that increased expression of the TPX2 oncoprotein repaired DNA damage in NB, which predicted poor prognosis of NB patients.
Seven of the genes coexpressed and changed with HMGB3 exhibit carcinogenic effects in various tumors. Of the seven genes, TPX2 expression displayed the most significant decrease. At the protein level, TPX2 expression was also reduced after HMGB3 knockdown in a time-dependent manner. The correlations of TPX2 with the clinicopathological features of NB were consistent in our study. We then constructed a gain-of-function model, and the results showed that overexpression of TPX2 partially relieved the inhibitory effect of HMGB3 silencing.
HMG family proteins can regulate transcription and modify chromatin structure by binding DNA in a structure-dependent manner, so they are figuratively known as “architectural transcription factors”. HMGB1 possesses the A and B box domains, which can bind to noncanonical DNA structures and damaged DNA to affect DNA damage and repair and play intracellular roles (Lange and Vasquez, 2009). HMGB1 is an important paralog of HMGB3, hence, they have similar structures and functions. Taken together, we speculated that HMGB3 might act as a transcriptional regulatory switch to regulate the expression of a series of genes by binding to target DNA in the nucleus, and this conjecture was preliminarily confirmed with TPX2.
According to an ancient Chinese saying, “Destroy the leader and the gang will collapse”. Our results suggested that inhibiting HMGB3 inhibits several related oncogenes, and HMGB3 might represent an ideal therapeutic target for NB. Our future studies will explore the binding sites of targeted DNAs to further understand the role of HMGB3 in regulating multiple genes in NB in the future.
In conclusion, based on data mining and biological experiments, our studies identify that HMGB3 plays an oncogenic role by regulating TPX2 in NB. The effects of HMGB3 on NB not only provide new insight into the survival mechanism of cancer cells but also reveal a potential implication of HMGB3 in prognosis and a novel therapeutic strategy for NB.
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Background: Osteosarcoma (OS) is the most prevalent bone cancer among children and adolescents, with relatively high mortality rates. RNA N6-methyladenosine (m6A) is the most common human mRNA modification with diverse functions in a variety of biological processes. Previous studies indicated that methyltransferase-like 3 (METTL3), the first methyltransferase to be identified, acted as an oncogene or tumor suppressor in multiple human cancers. However, its functions and underlying mechanisms in OS progression remain unclear; therefore, we explored these processes.
Methods: We used real-time quantitative PCR (RT-qPCR) and Western blot assays to explore METTL3 expression in OS tumor tissues and five OS cell lines to assess its clinical significance. To further examine the functional role of METTL3 during OS progression, CCK-8 analyses, transwell assays, and xenograft model studies were conducted after silencing METTL3. Additionally, underlying mechanisms were also explored using RIP-seq and RIP-qPCR approaches.
Results: METTL3 was upregulated in OS tumor tissues and cell lines and was associated with a worse prognosis. Moreover, METTL3 silencing suppressed OS cell proliferation, migration, and invasion. Also, in vivo METTL3 oncogenic functions were confirmed in the xenograft model. Comprehensive mechanistic analyses identified long non-coding RNA (lncRNA) DANCR as a potential target of METTL3, as indicated by reduced DANCR levels after METTL3 silencing. Also, lncRNA DANCR knockdown repressed OS cell proliferation, migration, and invasion. Furthermore, both METTL3 and lncRNA DANCR silencing significantly suppressed OS growth and metastasis. Finally, we hypothesized that METTL3 regulated DANCR expression via m6A modification-mediated DANCR mRNA stability.
Conclusion: METTL3 contributes to OS progression by increasing DANCR mRNA stability via m6A modification, meaning that METTL3 may be a promising therapeutic target for OS treatment.
Keywords: osteosarcoma, m6A modification, METTL3, lncRNA DANCR, mRNA stability
INTRODUCTION
Osteosarcoma (OS) is the most common primary malignant bone tumor and is characterized by the formation of immature bone or osteoid by cancer cells. The disease usually develops in children and adolescents, thus ranking it as the fifth most frequent cancer among 15–19-year-olds (Durfee et al., 2016; De Azevedo et al., 2020). Although a combined therapy approach of surgical tumor removal and chemotherapy has increased survival rates, the 5-year survival rate of OS patients remains unsatisfactory (Isakoff et al., 2015). Based on previous reports, patients with localized OS have a 5-year survival rate of approximately 70%, whereas the rate of those with metastatic OS varies from 11% to 30% (Harrison et al., 2018). Moreover, approximately 80% of OS patients having undergone surgical treatment may relapse, thus leading to a poor prognosis (Briccoli et al., 2010). Therefore, underlying mechanisms must be identified to generate novel therapeutic strategies for OS treatment.
Over the past decade, epigenetic modifications, including histone modifications, chromatin remodeling, and DNA methylation, have been identified with key roles in tumorigenesis (Flavahan et al., 2017). Notably, N6-methyladenosine (m6A) modification is a biological process that adds or deletes a methyl (CH3) group to/from the nitrogen six position of the adenine nucleotide. This is one of the most prevalent RNA modifications and appears to exert many functions in multiple processes via RNA translation, pre-mRNA splicing, and RNA stability (Dominissini et al., 2012; Deng et al., 2018). Collectively, a couple of modulators, including methylases (writers) and demethylases (erasers), are responsible for m6A modification (Liu et al., 2014; Ping et al., 2014). Also, m6A-modified RNA may be recognized by m6A-binding proteins (readers) (Xiao et al., 2016; Shi et al., 2017). Moreover, previous studies reported the regulatory role of m6A modification in several malignant tumors (including OS) (Deng et al., 2018; Sun et al., 2019). For example, methyltransferase-like 3 (METTL3), the first methylase to be identified, was dysregulated in multiple malignant tumor types, including colorectal cancer (Peng et al., 2019), bladder cancer (Han et al., 2019), lung cancer (Lin et al., 2016), and melanoma (Dahal et al., 2019). Lin et al. reported that the oncogenic role of METTL3 in lung cancer, as confirmed by loss- and gain-of-function studies, was mediated by promoting the translation of oncogenes via interactions with translation initiation machinery (Lin et al., 2016). Also, METTL3 was reportedly upregulated in breast cancer cells and tissues, with gene silencing significantly inhibiting cell proliferation and promoting apoptosis by regulating Bcl-2, thereby indicating an oncogenic role for METTL3 in breast cancer progression (Wang et al., 2020). However, few studies have reported METTL3 functions during OS progression.
Long non-coding RNAs (lncRNAs) are transcripts that exceed 200 nucleotides, with no protein coding abilities, but with vital roles in diverse biological processes and disease etiology (including tumorigenesis) (Fang and Fullwood, 2016). Among these molecules, lncRNA DANCR is a newly identified oncogene implicated in diverse malignances, including gastric cancer (Pan et al., 2018), breast cancer (Tang et al., 2018), and hepatocellular carcinoma (Ma et al., 2016), and may function as a competing endogenous RNA or be involved in the epigenetic regulation/modulation of gene expression.
We investigated the potential functions and mechanisms of m6A modifications underlying OS progression. Our remit was to characterize the role of METTL3 and its associated mechanisms. Our preliminary data suggested that METTL3 contributed to OS progression by increasing DANCR mRNA stability via m6A modification.
MATERIALS AND METHODS
Tissue Samples
Forty pairs of human OS tissues and corresponding adjacent tissues were collected at The Third Affiliated Hospital of Southern Medical University from July 2013 to July 2015 and stored at −80°C until required. No patients had chemotherapy before surgery. Written informed consent was obtained from all patients. The study was approved by the ethics committee of our university.
Cell Culture and Transfection
Five OS cell lines, Saos-2, SJSA-1, MG63, HOS, and U-2 OS, and the human osteoblast cell line, human fetal osteoblastic (hFOB) 1.19 cells, were obtained from the American Type Culture Collection (ATCC). Cells were cultured in DMEM medium (Cat# SH30243.01, HyClone™, Cytiva, Marlborough, MA, USA), RPMI medium 1,640 (Cat# 11875093, Thermo Fisher Scientific, Waltham, MA, USA), and DMEM/F12 medium (Cat# D9785, Sigma). All media were supplemented with 10% fetal bovine serum (FBS) (Cat# 04-001-1ACS; BI) and 1% penicillin/streptomycin (Cat# C0222, Beyotime, Shanghai, China). OS cell lines were maintained at 37°C in 5% CO2, whereas hFOB 1.19 cells were cultured under 3°C.
The small interfering RNA (si-RNA) oligonucleotide targeting lncRNA DANCR and the matched negative control were generated by GenePharma (Shanghai, China). Lipofectamine 2000 (Cat# 11668019; Thermo Fisher Scientific) for transfections was used according to the manufacturer’s protocols.
CRISPR-Cas9 Knockout of METTL3
METTL3 deletion was performed using CRISPR/Cas9 technology. HOS and U-2 OS cells were transfected with METTL3 CRISPR/Cas9 and homology-directed repair (HDR) plasmids. After this, stable cells were collected.
Cell Counting Kit-8 Assay
OS cell line proliferation was determined by Cell Counting Kit-8 (CCK8) assay. Approximately 2 × 104 cells were added to wells in 96-well plates. After 24, 48, 72, and 96 h of growth, a CCK-8 working solution (Cat# ab228554, Abcam, Cambridge, MA, USA) was added to plates, followed by further incubation for 1–4 h. The OD at 450 nm was then recorded on a microplate reader.
RT-qPCR
Total RNA from cells and tissues was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocols and cDNA synthesis performed using the HiScript III first-strand cDNA synthesis kit (Cat# R312-01, Vazyme, Nanjing, China). Then, PowerUp™ SYBR® Green instrumentation (Cat# A25742; Thermo Fisher) was used to detect mRNA expression levels. GAPDH and U6 were used for expression normalization. Primers for RT-qPCR are listed (Table S1).
Western Blotting
Human OS tissue and cell lines were lysed in RIPA lysis buffer (Cat# P0013B, Beyotime) supplemented with a 1× protease inhibitor cocktail (Cat# P1005, Beyotime) for 30 min at 4°C, followed by a 15-min centrifugation step at 12,000 × g to generate supernatants. Then, a bicinchoninic acid protein assay kit (Cat# ab102536, Abcam) was used to determine protein concentrations. Next, 5× protein loading buffer (Cat# P0015; Beyotime) was added to lysates and denatured for 5 min at 100°C. Approximately 20 μg protein was separated using sodium dodecyl sulfate–polyacrylamide gel electrophoresis and electrophoretically transferred to polyvinylidene fluoride membranes. Membranes were then blocked in 5% fat-free milk for 45 min at room temperature, followed by an overnight incubation with primary antibodies at 4°C. Next, membranes were rinsed three times in 1× TBST buffer and further incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 60 min at room temperature. Protein signals were determined using enhanced chemiluminescence reagent (Cat# K-12045-D10, Advansta, San Jose, CA, USA). Antibodies were rabbit anti-Mettl3 (Cat# 15073-1-AP, Proteintech, Wuhan, China), rabbit anti-β-actin (1:3,000, Cat# 4,970, Cell Signaling, Danvers, MA, USA), and goat anti-rabbit IgG H&L (HRP) (1:1,500, Abcam, Cat# ab205718).
Migration and Invasion Assays
In the first day, both two OS cell lines were transfected, followed by trypsinization and resuspension in serum-free medium. Cells were then added to transwell chambers at a density of 3×104 cells. After a 24-h culture, chambers were carefully removed from wells and a cotton-tipped bud was used to wipe cells in the upper chamber. Then, after 20 min of fixation in 4% paraformaldehyde, 0.1% crystal violet was added to the upper chamber to stain cells for approximately 20 min. Finally, cells were rinsed in 1× phosphate-buffered saline (PBS) to remove excess crystal violet. Migrated cell numbers were calculated using an inverted microscope. For invasion assays, protocols were similar to migration assays except chamber inserts were coated with Matrigel.
RNA Immunoprecipitation qPCR
The RIP assay was performed using a previously described method (Gagliardi and Matarazzo, 2016). Briefly, OS cells were lysed and approximately 1%–2% of the lysate used as the input. Then, supernatants were incubated with 5 μg of the indicated antibody for crossed-linking with A/G magnetic beads (Cat# 17-10085/86, Millipore) overnight at 4°C, including normal rabbit IgG (Cat# AC005, ABclonal, Woburn, MA, USA), anti-METTL3 (Cat# A301-567A, Bethyl Laboratories, Montgomery, TX, USA), anti-METTL14 (Cat# ab98166, Abcam), anti-YTHDF1 (Cat# 86,463, Cell Signaling), anti-YTHDF2 (Cat# 24744-1-AP, Proteintech), anti-YTHDF3 (Cat# ab103328, Abcam), anti-WATP (Cat# 56,501, Cell Signaling), anti-FTO (Cat# 14,386, Cell Signaling), and anti-ALKBH5 (Cat# ABE547, Millipore, Bedford, MA, USA). The next day, excess antibodies were washed five times in RIPA buffer. TRIzol reagent was used to collect input and RNA samples, which were subjected to RT-qPCR analysis. Relative enrichment was determined by calculating the cycle threshold values of RIP samples relative to input samples.
Animal Studies
For in vivo studies, BALB/c-nu/nu mice (male, body weight = 18–22 g, and 6 weeks old) were purchased from the Shanghai Research Center of the Southern Model Organisms. All experimental protocols were performed under the guidelines of the Animal Care and Use Committee of The Third Affiliated Hospital of Southern Medical University. Xenograft tumors were established by subcutaneous injection with stable cell lines (3,000,000 per point).
Statistical analysis
Data were processed in GraphPad Prism (version eight; GraphPad Inc, La Jolla, San Diego, CA, USA) and represented as the mean ± standard error of the mean (SEM). The log-rank test was used to calculate patient survival associated with low or high METTL3 levels. The statistical significance of METTL3 levels in OS tissues or para-tissues was determined using paired Student t tests. Correlations between METTL3 and DANCR were calculated using Spearman correlation tests. Student t tests or one-way analysis of variance followed by Tukey’s analyses were used to assess significant differences between different groups. Finally, p < 0.05 was considered statistically significant.
RESULTS
METTL3 is Upregulated in OS Tumor Tissues and Cell Lines
To document METTL3 function during OS progression, 40 pairs of OS tumor tissues and adjacent normal tissues were used to examine METTL3 expression using RT-qPCR. As shown (Figure 1A), when compared with paired normal tissue, METTL3 was significantly increased in OS tumor samples. Moreover, to identify the clinical significance of METTL3 in OS progression, patients were divided into two groups with reference to mean METTL3 values and comprised a higher group (METTL3 levels >mean values) and a lower group (METTL3 levels <mean values). Accordingly, patients with high METTL3 expression levels exhibited a relatively lower survival rate (Figure 1B). Furthermore, to examine METTL3 profiles in OS cells, five OS cell lines (Saos-2, SJSA-1, MG63, HOS, and U-2 OS) and the human osteoblast cell line, hFOB 1.19, were used. As confirmed by RT-qPCR and Western blotting, METTL3 expression was elevated in all OS cell lines when compared with hFOB 1.19 cells (Figures 1C,D). Taken together, METTL3 may act as an oncogene during OS progression.
[image: Figure 1]FIGURE 1 | The expression profile of METTL3 in osteosarcoma (OS) tumor tissues and cell lines. (A) RT-qPCR analysis of METTL3 mRNA levels in OS tumor tissues and matched normal tissues (n = 40). (B) Kaplan–Meier curve analyses indicated that patients with higher METTL3 levels had a relatively poor prognosis. (C) RT-qPCR and (D) Western blotting showing increased METTL3 levels in Saos-2, SJSA-1, MG63, HOS, and U-2 OS cells when compared with human fetal osteoblastic cells. *p < 0.05.
METTL3 Promotes OS Cell Proliferation, Migration, and Invasions
To identify other potential METTL3 functions during OS progression, we deleted METTL3 using CRISPR/Cas9 technology; knockout efficiency was confirmed by western blotting (Figure 2A). Then, CCK-8 assays were used to assess cell proliferation. As shown (Figures 2B,C), METTL3 silencing effectively suppressed OS cell proliferation. Moreover, it is accepted that metastasis contributes to the majority of cancer-related deaths. Thus, we used transwell assays to assess the migratory and invasive properties of OS cells after METTL3 knockout. Accordingly, METTL3 silencing reduced OS cell numbers passing through membranes, either with or without Matrigel, suggesting that METTL3 promoted OS cell migration and invasion (Figures 2D–G). To further investigate METTL3 pathological functions in in vivo OS progression, BALB/c-nu/nu mice were subcutaneously injected with stable cell lines at indicated times. As shown (Figure 2H), METTL3 knockout cells decreased tumor volumes when compared with tumors in the matched control group. Thus, METTL3 appeared to function as an oncogene by promoting OS cell proliferation, migration, and invasion.
[image: Figure 2]FIGURE 2 | METTL3 silencing suppresses osteosarcoma (OS) cell proliferation, migration, and invasion. (A) Western blotting showing METTL3 knockout efficiency in two OS cell lines. Growth curves of HOS (B) and U-2 OS (C) cells after METTL3 silencing using CCK-8 assays at indicated times. Transwell assays were used to examine the migration abilities of HOS and U-2 OS cells. (D) Quantitation of migrating cells passing through membrane without Matrigel. (E) Representative images of OS cell migration. Transwell assays were used to examine the invasion activities of HOS and U-2 OS cells. (F) Quantitation of migrating cells passing through membranes plus Matrigel. (G) Representative images of OS cell invasion. (H,I) Tumor volumes curves at indicated time points. *p < 0.05.
METTL3-Dependent m6A Modifications Regulate lncRNA DANCR
To examine mechanisms underlying METTL3-mediated OS progression, five patients with good prognoses, as confirmed by no outcome events with a long follow-up duration, and five patients with the shortest follow-up times were selected. As shown in Figure 3A, patients reporting better prognoses displayed lower METTL3 mRNA levels. Identical to mRNA levels, higher METTL3 protein levels were identified in patients with worse prognoses (Figure 3B). According to previous studies, lncRNA DANCR functioned as an oncogene in several cancers. We then hypothesized whether oncogenic METTL3 activities during OS progression were mediated by DANCR. Interestingly, patients reporting better prognoses exhibited lower DANCR mRNA levels (Figure 3C). Moreover, RIP-qPCR assays showed that DANCR exhibited relatively higher levels of m6A modification when compared with controls (Figure 3D). Thus, DANCR could be a potential target of METTL3 during OS progression.
[image: Figure 3]FIGURE 3 | Identification of potential METTL3 targets during OS progression. (A) Patient METTL3 mRNA and (B) protein levels associated with better and worse prognoses. DANCR expression (C) in patients with better and worse prognoses. (D) RIP-qPCR showing a relatively higher enrichment of DANCR. *p < 0.05.
LncRNA DANCR Promotes OS Cell Proliferation, Migration, and Invasion
To gain clear molecular insights into the functional role of DANCR during OS progression, a comprehensive assessment of DANCR, including clinical significance and loss-of-function assays, was performed. First, Spearman correlation tests indicated that DANCR expression was positively correlated with METTL3 expression in OS tissues (Figure 4A). Moreover, elevated DANCR expression was detected in OS tissues when compared with paired normal tissues (Figure 4B). Also, consistent with a previous report, our Kaplan–Meier analyses showed improved survival rates in patients with lower DANCR levels than those with higher levels (Figure 4C).
[image: Figure 4]FIGURE 4 | The METTL3/lncRNA DANCR axis promotes OS cell tumorigenesis and progression. (A) Correlations between METTL3 and DANCR expression in OS tissue (n = 40). (B) RT-qPCR showing increased DANCR levels in OS tumor tissues when compared with matched normal tissues. (C) Kaplan–Meier survival analyses of patients with OS. Patients with higher DANCR levels showed a relatively poor prognosis. (D) RT-qPCR showing elevated DANCR expression in Saos-2, SJSA-1, MG63, HOS, and U-2 OS cells compared with human fetal osteoblastic cells. CCK-8 assays were used to determine viability in HOS (E) and U-2 OS (F) cells transfected with si-DANCR or the corresponding control. Transwell assays were used to assess the migration activities of HOS and U-2 OS cells. (G) Quantitative analyses of migrating cells passing through membranes without Matrigel. (H) Representative images of OS cell migration. Transwell assays were used to examine the invasion activities of HOS and U-2 OS cells. (I) Quantitative analyses of migrating cells passing through membranes plus Matrigel. (J) Representative images of OS cell invasion. (K,L) Relative METTL3 expression with or without si-DANCR infected. *p < 0.05.
Based on these clinical data, we investigated DANCR’s role in OS cells. Firstly, DANCR expression was examined in all OS cells and hFOB 1.19 cells. Our RT-qPCR analyses demonstrated significantly increased DANCR levels in OS cells when compared with hFOB 1.19 cells (Figure 4D). We next performed CCK-8 assays to determine cell proliferation after DANCR silencing. As shown in Figures 4E,F, DANCR knockdown significantly reduced HOS and U-2 OS cell proliferation. Also, transwell assays showed that DANCR silencing suppressed HOS and U-2 OS cell migratory and invasive capacities, suggesting an oncogenic role for the METTL3/lncRNA DANCR axis (Figures 4G–J). To further uncover regulatory mechanisms, lncRNA DANCR knockdown was performed to assess METTL3 expression; METTL3 levels were consistent before and after DANCR silencing (Figure 4K–L). Thus, the oncogenic role of METTL3 may have been mediated by DANCR.
The Oncogenic Role of METTL3 is Mediated by lncRNA DANCR Activation
To further investigate regulatory mechanisms underlying the oncogenic role of METTL3 during OS progression, DANCR expression after METTL3 silencing was explored. METTL3 silencing suppressed DANCR expression in two OS cell lines (Figure 5A). Moreover, to further confirm that the oncogenic role of METTL3 was mediated by DANCR activation, CRISPR/Cas9-METTL3-silenced cells were transfected with si-DANCR or a corresponding control, followed by CCK-8 assay. Consistent with previous findings, silencing METTL3 or DANCR reduced cell viability. Moreover, after silencing both METTL3 and DANCR, we identified more reduced cell proliferation, suggesting that DANCR may be a potential downstream target of METTL3 (Figures 5B,C). Concordantly, after silencing both METTL3 and DANCR, OS cells passing through membranes, with or without Matrigel, were reduced when compared to individually silencing METTL3 or DANCR (Figures 5D–G).
[image: Figure 5]FIGURE 5 | Long noncoding RNA (lncRNA) DANCR is involved in METTL3-mediated tumorigenesis. (A) RT-qPCR analysis of DANCR expression after METTL3 silencing. Cell viability of DANCR-silenced, METTL3-silenced, and DANCR and METTL3-silenced HOS cells (B) and U-2 OS cells (C) at indicated time points. Migration activities of DANCR-silenced, METTL3-silenced, and DANCR and METTL3-silenced HOS and U-2 OS cells. (D) Quantitative analyses of migration assay results. (E) Representative images of OS cell migration. Invasion activities of DANCR-silenced, METTL3-silenced, and DANCR and METTL3-silenced HOS and U-2 OS cells. (F) Quantitative analyses of invasion assay results. (G) Representative images of OS cell invasion. *p < 0.05.
METTL3-Mediated m6A Methylation Promotes lncRNA DANCR Stability
The dynamic and reversible regulation of m6A modification is regulated by methylases (writers), demethylases (erasers), and m6A binding proteins (readers). Representative genes were selected for testing. The methyltransferase complex, which contains METTL3, METTL14, and Wilms tumor 1-associated protein (WTAP), mediates the catalyzation of m6A modification. The two demethylases, fat mass and obesity-associated protein (FTO) and α-ketoglutarate-dependent dioxygenase AlkB homolog 5 (ALKBH5), are responsible for removing methylation signatures. Additionally, m6A readers, which function as modulators to recognize m6A-modified targeted RNA, are made up of YTH-domain family (YTHDF)1-3 and promote the translation and degradation of m6A-modified mRNAs. Thus, to explore the METTL3 regulation of DANCR expression, multiple RIP-qPCR assays were performed. As shown in Figures 6A–C, in all five OS cell lines, DANCR enrichment was detected only when RIP assays used METTL3 and METTL14 antibodies. Consistently, METTL3 silencing reduced DANCR enrichment (Figure 6D). Taken together, METTL3 appeared to regulate DANCR RNA stability.
[image: Figure 6]FIGURE 6 | METTL3 increases DANCR mRNA stability via m6A modification. We detected interactions between DANCR and METTL3, METTL14, and WTAP (A), FTO and ALKBH5 (B), and YTHDF1, YTHDF2, and YTHDF3 (C) by RIP-qPCR assays in five OS cell lines. (D) DANCR enrichment by RIP-qPCR assay using the METTL3 antibody.
DISCUSSION
OS is one of the most prevalent cancers among children and adolescents, with a heterogeneous presentation and relatively high mortality rates (Broadhead et al., 2011). Although the overall survival rate has improved due to combinative treatments, many patients still experience poor prognoses (Harrison et al., 2018). Thus, a comprehensive examination of mechanisms driving OS progression is required to identify OS treatments.
As described, m6A modifications are highly prevalent human mRNA modifications and play key roles in cancer progression. Moreover, of the m6A modulators, METTL3 is a key component of the m6A methylation complex and is reportedly involved in hepatocellular carcinoma (Chen et al., 2018), breast cancer (Wang et al., 2020), and colon cancer (Peng et al., 2019). In particular, the oncogenic role of METTL3 in OS progression has been reported by several groups (Miao et al., 2019; Zhou et al., 2020). Zhou et al. showed that METTL3 was upregulated in OS tissue and cells (Zhou et al., 2020) in accordance with our findings. More importantly, high METTL3 expression was also correlated with a poor patient prognosis. Also, we showed that METTL3 silencing suppressed OS cell proliferation, migration, and invasion, suggesting that METTL3 could function as a potential therapeutic target for OS treatment. Our xenograft model further validated the oncogenic role of METTL3 during in vivo OS progression.
In terms of how METTL3 is implicated in tumorigenesis, previous studies proposed two distinct m6A-dependent or m6A-independent processes. For instance, Li et al. suggested that the oncogenic effects of METTL3 were promoted by SOX2 mRNA stability in an m6A-IGF2BP2-dependent manner (Li et al., 2019). In other research, METTL3 potentially served as an oncogene in lung cancer by promoting the translation of several mRNAs via translation initiation machinery interactions, thus identifying a novel METTL3 mechanism in cancer progression (Lin et al., 2016). In our study, differential DANCR expression between patients was associated with better and worse prognoses; thus, DANCR could be a target of METTL3.
LncRNA DANCR is associated with poor prognoses in a variety of malignant tumors and reportedly has diverse regulatory functions in several cancers, thus functioning as a potential therapeutic target (Thin et al., 2018). We first observed that DANCR expression was associated with a worse OS prognosis. Moreover, similar to METTL3, DANCR silencing also suppressed OS cell proliferation, migration, and invasion. Moreover, silencing both METTL3 and DANCR significantly suppressed OS cell growth and metastasis when compared to the individual silencing of METTL3 or DANCR. Taken together, we hypothesize oncogenic METTL3 was mediated by DANCR activation during OS progression. Given two distinct regulatory processes, we speculated whether METTL3 regulated DANCR expression through m6A modification. From our RIP-qPCR analyses, METTL3 promoted DANCR mRNA stability via m6A modification.
In summary, we characterized the oncogenic function of METTL3 during OS progression. METTL3 knockout inhibited OS cell proliferation, migration, and invasion. Moreover, ours was the first study to report that METTL3 promoted OS cell tumorigenesis and progression by increasing DANCR mRNA stability via m6A modification.
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Sprouty RTK signaling antagonist 4-intronic transcript 1 (SPRY4-IT1) is a long non-coding RNA (lncRNA) encoded by a gene located on 5q31.3. This lncRNA has a possible role in the regulation of cell growth, proliferation, and apoptosis. Moreover, since SPRY4-IT1 controls levels of lipin 2, it is also involved in the biosynthesis of lipids. During the process of biogenesis, SPRY4-IT1 is produced as a primary transcript which is then cleaved to generate a mature transcript which is localized in the cytoplasm. SPRY4-IT1 has oncogenic roles in diverse tissues. A possible route of participation of SPRY4-IT1 in the carcinogenesis is through sequestering miRNAs such as miR-101-3p, miR‐6882‐3p and miR-22-3p. The sponging effect of SPRY4-IT1 on miR-101 has been verified in colorectal cancer, osteosarcoma, cervical cancer, bladder cancer, gastric cancer and cholangiocarcinoma. SPRY4-IT1 has functional interactions with HIF-1α, NF-κB/p65, AMPK, ZEB1, MAPK and PI3K/Akt signaling. We explain the role of SPRY4-IT1 in the carcinogenesis according to evidence obtained from cell lines, xenograft models and clinical studies.
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Introduction

SPRY4 Intronic Transcript 1 (SPRY4-IT1) is a long non-coding RNA (lncRNA). This transcript is encoded by a gene on the cytogenetic band 5q31.3. During the process of biogenesis, SPRY4-IT1 is produced as a primary transcript which is then cleaved to generate a mature transcript which is localized in the cytoplasm (1). Since the complete size and structure of the primary and cleaved transcripts of SPRY4-IT1 are not clear, it has been speculated that the primary transcript is an alternatively spliced variant of SPRY4 (https://www.ncbi.nlm.nih.gov/gene/100642175).

A pioneer study in this field has suggested that SPRY4-IT1 is originated from an intronic region of the SPRY4 gene. In silico studies have predicted that SPRY4-IT1 has numerous long hairpins in its secondary configuration. Based on the results of RNA-FISH experiments in the melanoma cells, SPRY4-IT1 is mainly localized in the cytoplasm. Since SPRY4-IT1 silencing has altered growth, differentiation, and apoptosis in melanoma cells, it has been suggested that SPRY4-IT1 has a role in the etiology of melanoma (2). Subsequent studies have provided further evidence for participation of SPRY4-IT1 in other types of cancers as well. In normal cells, this lncRNA can regulate cell cycle progression and cell proliferation. In the current review, we explain the role of SPRY4-IT1 in the carcinogenesis based on evidence obtained from cell lines, xenograft models and clinical studies.



Cell Line Studies

SPRY4-IT1 has been found to up-regulated in colorectal cancer cells. SPRY4-IT1 regulates growth and glycolysis of these cells through enhancing expression of PDK1. SPRY4-IT1 has affected glucose intake, lactic acid synthesis, and levels of ATP in colorectal cancer cells (3). SPRY4-IT1 has also been demonstrated to increase proliferation, migratory potential and invasiveness of colorectal cancer cells. Most notably, SPRY4-IT1 enhances expression of epithelial-mesenchymal transition (EMT)-associated genes. Mechanistically, SPRY4-IT1 negatively regulates expression of miR-101-3p in these cells through binding with this miRNA (4). SPRY4-IT1 up-regulation in a colorectal cancer cell line has resulted in differential expression of several genes among them has been TCEB1. This transcription elongation factor subunit can interact with the Alu element in the 3′untranslated region (UTR) of SPRY4-IT1. Besides, SPRY4-IT1 binds with STAU1 to increase STAU1 recruitment to the 3′-UTR of TCEB1 transcript. It subsequently modulates stability and expression of TCEB1, leading to up-regulation of HIF-1α. STAU1 is attributed to the family of double-stranded RNA-binding proteins. It participates in the transport of transcripts to various subcellular localizations. Expression of SPRY4-IT1 is also activated by NF-κB/p65 (5).

SPRY4-IT1 has also been reported to be over-expressed in MCF-7 cancer stem cells compared with MCF-7 cells. Up-regulation of SPRY4-IT1 has enhanced proliferation and stemness of breast cancer cells. Moreover, SPRY4-IT1 silencing has inhibited renewal capacity of breast cancer stem cells and maintenance of their stemness. Mechanistically, SPRY4-IT1 acts as a sponge for miR-6882-3p to affect expression of TCF7L2 (6). SPRY4-IT1 silencing in breast cancer cells has significantly inhibited their proliferation and prompted cell apoptosis. ZNF703 has been found to be a target of SPRY4-IT1 in these cells (7). The encoded protein by this gene is involved in nucleic acid binding and DNA-binding transcription factor binding. Figure 1 shows the oncogenic effect of SPRY4-IT1 in colorectal and breast cancers.




Figure 1 | Oncogenic effect of SPRY4-IT1 in colorectal and breast cancers.



Cao et al. has shown that SPRY4-IT1 silencing significantly constrains proliferation of gastric cancer cells through inducing G1 arrest and enhancing apoptosis. SPRY4-IT1 acts as a sponge for miR-101-3p to increase expression of AMPK (8). On the other hand, Xie et al. have shown tumor suppressor role of SPRY4-IT1 in gastric cancer. DNA methylation has been found to be the main mechanism of control of SPRY4-IT1 expression in these cells. Besides, SPRY4-IT1 has been shown to affect EMT in gastric cancer cells (9). In osteosarcoma cells, SPRY4−IT1 has been shown to promote cancer progression through sequestering miR-101 and enhancing expressions of ZEB1 and ZEB2 (10). Figure 2 shows the effect of SPRY4-IT1 in the pathogenesis of gastric cancer and osteosarcoma.




Figure 2 | Effect of SPRY4-IT1 in the pathogenesis of gastric cancer and osteosarcoma.



In lung cancer, SPRY4-IT1 has been shown to reverses resistance to cisplatin through decreasing expression of MPZL-1 and suppression of EMT process (11). MPZL-1 is functionally related with tyrosine kinases/adaptors and adhesion. Moreover, EZH2-related epigenetic down-regulation of SPRY4-IT1 has promoted proliferation and metastatic ability of lung cancer cells through influencing EMT (12). Contrary to these studies, Zhang et al. have stated that SPRY4-IT1 increases migration and invasiveness of lung adenocarcinoma cells (13).

In cervical cancer, SPRY4-IT1 can increase EMT influencing activity of the miR-101-3p/ZEB1 axis (14). In testicular germ cell tumors, SPRY4-IT1 has been found to suppress growth of cancer cells and phosphorylation of Akt (15). Figure 3 shows the role of SPRY4-IT1 in the pathogenesis of lung, cervical and testicular cancers.




Figure 3 | Effect of SPRY4-IT1 in the pathogenesis of lung, cervical and testicular cancers.



SPRY4-IT1 levels have been found to be elevated in melanoma cells lines when compared to the normal skin cell line. Up-regulation of this lncRNA has been attended by down-regulation of miR-22-3p. Dual luciferase reporter assay has confirmed the interaction between SPRY4-IT1 and miR-22-3p. Under-expression of SPRY4-IT1 has blocked proliferation, invasiveness, migration, and EMT of melanoma cells. Over-expression of miR-22-3p has been shown to decelerate phosphorylation of p38MAPK, MAPKAPK and Hsp27, thus miR-22-3p decreases activity of the p38MAPK/MAPKAPK/Hsp27 signaling (16). In glioma, SPRY4-IT1 has been revealed to stimulate cell proliferation and invasion via up-regulating SKA2 (17). It has a role in enhancement of EMT of glioma cells as well (18). Moreover, SPRY4-IT1 enhances proliferation and invasiveness of pancreatic cancer cells through regulation of Cdc20 (19). Figure 4 shows oncogenic role of SPRY4-IT1 in melanoma, glioma and pancreatic cancer.




Figure 4 | Oncogenic role of SPRY4-IT1 in melanoma, glioma and pancreatic cancer.



In bladder cancer cells, SPRY4-IT1 sequesters miR-101-3p to increase proliferation and metastatic ability of neoplastic cells via enhancing expression of EZH2 (20). In hepatocellular carcinoma cells, SPRY4-IT1 silencing has attenuated cell proliferation, colony formation, invasiveness and migratory potential. SPRY4-IT1 silencing has led to cell cycle arrest at G0/G1 stage and stimulated cell apoptosis. Moreover, SPRY4-IT1 silencing has inhibited expression of estrogen-related receptor α (ERRα) at transcript and protein level (21). Upregulation of SPRY4-IT1 has also been shown to increase viability of esophageal squamous cell carcinoma cells through inducing expression of zinc finger 703 (22). Figure 5 shows impact of SPRY4-IT1 in the pathoetiology of bladder, liver and esophageal cancers.




Figure 5 | Oncogenic role of SPRY4-IT1 in bladder, liver and esophageal cancers.



Table 1 summarizes the effect of SPRY4-IT1 in cancers based on cell line studies.


Table 1 | Effect of SPRY4-IT1 in cancers based on cell line studies.





Animal Studies

Experiments in animal models of cancers have verified the influence of SPRY4-IT1 in the carcinogenesis. For instance, up-regulation of SPRY4-IT1 has enhanced proliferation and stemness of breast cancer cells in animal models. Besides, investigations in animal models have shown that SPRY4-IT1 silencing inhibits renewal capacity of breast cancer stem cells and reduces their stemness (6). In xenograft models of gastric cancer, two different studies have reported conflicting results. While in BALB/c nude mice, SPRY4-IT1 silencing has decreased malignant behavior of neoplastic cells (8), another study in male athymic mice has shown the reverse results (9). In animal models of lung cancer, concomitant up-regulation of SPRY4-IT1 and cisplatin treatment has attenuated tumor growth and metastasis (11). However, in other types of cancers, xenograft models have shown oncogenic roles of SPRY4-IT1 (Table 2).


Table 2 | Role of SPRY4-IT1 in cancers based on animal studies.





Human Studies

Using a panel of colon, breast, and ovarian cancer tissues, Zhao et al. have found that elevation of SPRY4-IT1 expression is associated with aggressive behavior and poor clinical outcome of patients (5). Another study has shown that SPRY4-IT1 overexpression in breast cancer tissues is associated with a larger neoplasm bulk and higher pathological stage (7).

SPRY4-IT1 has also been reported to be increased in gastric cancer tissues and serum exosomes. Notably, up-regulation of SPRY4-IT1 in serum exosomes has been correlated with metastatic ability of this cancer (8). On the other hand, Xie et al. have reported down-regulation of SPRY4-IT1 in gastric cancer tissues in association with greater tumor dimension, higher pathological stage, higher depth of tumor invasion and lymphatic metastasis. Down-regulation of SPRY4-IT1 has been associated with poor prognosis of gastric cancer patients in this cohort (9).

Elevation of SPRY4-IT1 in patients with hepatocellular carcinoma has been associated with poor five year survival of patients. Besides, expression of SPRY4-IT1 in these patients has been correlated with TNM stage (21). Table 3 summarizes the role of SPRY4-IT1 in cancers based on clinical studies.


Table 3 | Effect of SPRY4-IT1 in cancers based on clinical studies.



Expression of SPRY4-IT1 in tissues and peripheral blood might be used for separation of healthy tissues/blood samples from those obtained from patients with neoplastic conditions (Table 4).


Table 4 | Impact of SPRY4-IT1 in cancer diagnosis.





Discussion

SPRY4-IT1 has oncogenic roles in diverse tissues. A possible path of participation of SPRY4-IT1 in the carcinogenesis is through decreasing bioavailability of miRNAs such as miR-101-3p, miR‐6882‐3p and miR-22-3p. The sponging effect of SPRY4-IT1 on miR-101 has been verified in colorectal cancer, osteosarcoma, cervical cancer, bladder cancer, gastric cancer and cholangiocarcinoma. Thus, this miRNA is the main target of SPRY4-IT1 in the carcinogenesis process. In spite of the bulk of evidence pointing to the oncogenic roles of SPRY4-IT1 in diverse tissues, single studies in lung, ovarian and gastric cancers have reported a tumor suppressor role for this lncRNA. Notably, in gastric cancer, animal studies have also shown contradictory results. The number of passages of the cancer cell lines and other in vitro and in vivo conditions should be compared between these studies to find the underlying causes of such inconsistent results.

SPRY4-IT1 has functional interactions with HIF-1α, NF-κB/p65, AMPK, ZEB1, MAPK and PI3K/Akt signaling, thus it can influence the carcinogenesis from different aspects.

Diagnostic value of SPRY4-IT1 has been assessed in cervical malignancy, melanoma and esophageal squamous cell carcinoma, with the best values being reported in the melanoma. Since this lncRNA has been identified in serum exosomes of patients with cancer, it represents a possible candidate in non-invasive diagnostic strategies. Yet, these results should be confirmed in large cohorts of patients with different stages of cancers to appraise this potential application.

Except for three types of cancers, namely lung, ovarian and gastric cancers which have contradictory results, elevation of SPRY4-IT1 in other types of cancers has been associated with poor prognosis of patients.

Cumulatively, SPRY4-IT1 is a potential cancer-related lncRNA which can be used as a possible therapeutic target for diverse malignancies. Several issues should be solved before application of SPRY4-IT1-targeting strategies in the clinical setting the most important one being the possible tissue-specific effect of this lncRNA in the carcinogenesis. Moreover, the impact of genetic variants within SPRY4-IT1 coding gene on susceptibility to cancer and response to therapeutic options should be appraised in future investigations.
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Background: Head and neck squamous cell carcinoma (HNSCC) is one of the most aggressive malignant cancers worldwide, and accurate prognostic models are urgently needed. Emerging evidence revealed that long non-coding RNAs (lncRNAs) are related to genomic instability. We sought to identify and validate a genomic instability-associated lncRNA prognostic signature to assess HNSCC patient survival outcomes.
Methods: RNA-sequencing data, somatic mutation files, and patient clinical data were downloaded from The Cancer Genome Atlas database. A total of 491 patients with completely clinical files were randomly divided into training and testing sets. In the training set, genomic instability-associated lncRNAs were screened through univariate Cox regression analyses and least absolute shrinkage and selection operator regression analyses to build a genomic instability-associated lncRNA signature (GILncSig). In addition, time-dependent receiver operating characteristic (ROC) curve, Kaplan-Meier survival curve, and clinical stratification analyses were used to evaluate the signature’s reliability. Finally, in situ hybridization experiments were performed to validate GILncSig expression levels between adjacent non-tumor tissues and tumor tissues from HNSCC patients.
Results: Four genomic instability-associated lncRNAs (AC023310.4, AC091729.1, LINC01564, and MIR3142HG) were selected for the prognostic signature. The model was successfully validated using the testing cohort. ROC analysis demonstrated its strong predictive ability for HNSCC prognosis. Univariate and multivariate Cox analyses revealed that the GILncSig was an independent predictor of prognosis. HNSCC patients with a low-risk score showed a substantially better prognosis than the high-risk groups. The in situ hybridization experiments using human HNSCC tissue revealed high GILncSig expression in HNSCC tissues compared with adjacent non-tumor tissues.
Conclusion: We developed a novel GILncSig for prognosis prediction in HNSCC patients, and the components of that signature might be therapeutic targets for HNSCC.
Keywords: genomic instability, head and neck squamous cell carcinoma, long non-coding RNA, prognostic signature, survival
INTRODUCTION
Head and neck cancer is the sixth most common tumor around the world and is also the most lethal with more than 450,000 annual deaths (Johnson et al., 2020). Head and neck squamous cell carcinoma (HNSCC) is the most common pathological type (Shield et al., 2017), and the current standard of treatment is surgery followed by chemotherapy plus radiation (Johnson et al., 2020). However, the 5-years survival rate for HNSCC has not improved significantly over the past 30 years. Cervical lymph node metastasis, local recurrence, and resistance to conventional chemotherapy and radiotherapy often occur in HNSCC patients with advanced-stage disease (Pisani et al., 2020). The current traditional prognostic methods for HNSCC patients are based on clinicopathological parameters including tumor size, nodal status, and the existence of metastases. However, many patients with the same tumor stage have different survival outcomes (Marur and Forastiere, 2016). Despite advances in diagnostic techniques, most patients are diagnosed with an advanced stage HNSCC with a low curative ratio and have a prognosis (Ferlay et al., 2015; Vendrely et al., 2018). There is an urgent need to identify valuable biomarkers to predict the prognosis of HNSCC patients.
Genomic instability is considered one of the hallmarks of human cancers (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011) and is defined as the increased probability of acquiring chromosomal aberrations due to defects in processes such as DNA repair, DNA damage, replication, or chromosome segregation (Lord and Ashworth, 2012; Tubbs and Nussenzweig, 2017). Based on the level of genomic disruption, genomic instability is typically subdivided into three categories: nucleotide, microsatellite, and chromosome (Pikor et al., 2013). Cancer genomic instability contributes to genetic heterogeneity within tumors and the wide range of phenotypic diversity observed in patients. Extensive chromosome rearrangements in cancer genomes can facilitate oncogenic progression (Hanahan and Weinberg, 2011), but the underlying mechanisms of genomic instability have not been fully explored. Recent evidence suggests that genomic instability is related to tumor initiation, progression, and survival (Suzuki et al., 2003; Ottini et al., 2006). Wang et al. identified a novel genomic instability-associated microRNA (miRNA) model that is associated with ovarian cancer prognosis (Wang et al., 2017). A previous study reports that mouse double minute 2 (MDM2) regulates genomic instability and tumorigenesis via ubiquitination in human uterine cervix cancer, thyroid cancer, and breast cancer (Cao Z, et al., 2019).
Long non-coding RNAs (lncRNAs) are non-coding RNAs more than 200 nucleotides in length (Jiang et al., 2016); they play important roles in many cellular processes including the survival, proliferation, migration, epigenetic modulation, and chromosomal modification of cells (Meller et al., 2015; Renganathan and Felley-Bosco, 2017; Pang et al., 2019). lncRNAs are closely related to HNSCC initiation and progression (Denaro et al., 2014; Nohata et al., 2016). Recent studies have reported that lncRNAs are involved in regulating genomic instability. For instance, Bao et al. identified two genes and lncRNAs signature that is associated with genomic instability and survival outcomes of breast cancer (Bao et al., 2020). Munschauer et al. found that the lncRNA non-coding RNA activated by DNA damage (NORAD) functions as a topoisomerase complex to prevent genomic instability by regulating the activity of a complex composed of RBMX-TOP1 and other proteins (Munschauer et al., 2018). Moreover, NORAD can maintain genomic integrity through separating PUMILIO proteins from their target mRNAs (Lee et al., 2016). In addition, the lncRNA GUARDIN is necessary for maintaining genomic stability and can prevent chromosome end-to-end fusion through the GUARDIN-miR-23/TRF2 pathway (Hu et al., 2018). The list of lncRNAs involved in the human cancer prognosis is rapidly expanding, but whether genomic instability-associated lncRNAs have a role in predicting the survival outcomes of HNSCC patients has not been fully explored.
With the development of next-generation sequencing technology and high-dimensional datasets, large-scale gene expression studies are now possible. This will enable us to detect aberrantly expressed genomic instability-associated lncRNAs related to cancer occurrence or metastasis and predict patients’ survival probability.
In the present study, we performed a comprehensive analysis of The Cancer Genome Atlas (TCGA) database and explored the effect of genomic instability-associated lncRNAs on the survival of HNSCC patients. A least absolute shrinkage and selection operator (LASSO) regression algorithm was used to analyze high-dimensional data, a four genomic instability-associated lncRNA prognostic model was constructed to generate a prognostic risk score that was used to stratify patients. regression analysis was performed to assess the relationship between the signature’s predictive value and clinical information of HNSCC patients. A nomogram was built to predict the overall survival (OS) of patients with HNSCC. Finally, we validated the expression levels of four genomic instability-associated lncRNAs in HNSCC tissues and adjacent normal tissues with in situ hybridization experiments. In summary, we developed a reliable four-lncRNA genomic instability-associated lncRNA signature (GILncSig) related to genomic instability that could function as an independent prognostic marker for HNSCC.
MATERIALS AND METHODS
Data Collection
The gene expression profiles and somatic mutation information of 546 HNSCC patients, and the corresponding clinical data of 528 HNSCC patients were downloaded from The University of California Santa Cruz (UCSC) Xena browser (https://xenabrowser.net/) with cohort name: TCGA-HNSC. Then, the gene expression profiles of the TCGA-HNSC cohort (fragments per kilobase of transcript per million mapped reads values) were transformed into transcripts per kilobase million (TPM) values. Ensemble IDs were converted to gene symbols using the “org.Hs.eg.db” and “clusterProfiler” R packages. Strawberry Perl (version 5.32.0; http://strawberryperl.com/) was used to extract the gene expression data from the TCGA-HNSC cohort and construct a data matrix for further analysis. HNSCC patients with a survival time <30 days or without clinical data were removed to avoid the interference of confounding factors. We employed 491 HNSCC samples with complete survival information, paired lncRNA and mRNA expression profiles, somatic mutation data, and clinical information to analyze genomic instability-associated lncRNAs signatures and construct a prognostic risk model. We randomly divided the 491 HNSCC samples into a training set (246 samples) and a testing set (245 samples) using the “caret” R packages. The training set of 246 samples was used to verify the genomic instability-associated lncRNA signatures and build a prognostic model. The testing set of 245 samples was used to independently validate prognostic risk model performance.
Identification of lncRNAs Related to Genomic Instability
To identify mutation-derived binding genomic instability-associated lncRNAs, we extracted lncRNA somatic mutation profiles and expression profiles of each sample in the HNSCC cohorts. After calculating the cumulative number of somatic mutations for each individual, patients were sorted in ascending order based on the number of somatic mutations using Wilcoxon rank-sum tests. The top 25% of patients with the highest mutation frequencies were defined as the genomic unstable (GU)-like groups, and the lowest 25% of patients with lowest mutation frequencies were defined as the genomic stable (GS)-like groups. The lncRNA expression profiles of both groups were compared using Wilcoxon rank-sum tests in the “limma” package of R software. Consequently, the differentially expressed lncRNAs [|Fold Change| > 1.0 and false discovery rate (FDR)-adjusted p < 0.05] were considered as genomic instability-associated lncRNAs. A volcano plot was constructed to represent differentially expressed lncRNAs between the GU-like and GS-like groups using the “ggpubr” and “ggthemes” packages in R software.
Hierarchical Clustering Analysis
First, we normalized the expression data of genomic instability-associated lncRNAs from all 491 HNSCC samples using a Z-score analysis. Then we performed hierarchical clustering analyses to classify all samples into two clusters by using the “limma, sparcl and pheatmap” packages in R. According to the somatic mutation counts, the clusters with higher somatic mutation counts were defined as GU-like clusters, whereas the clusters with lower somatic mutation counts were defined as GS-like clusters (Mann–Whitney U test, p < 0.05).
Development of the GILncSig
Univariate Cox regression analysis was performed to evaluate correlations between the expression levels of genomic instability-associated lncRNAs and HNSCC patient OS (p < 0.001) on the training cohort. Only lncRNAs that showed significantly associations with OS were considered for the subsequent analysis. Then, LASSO regression was used to screen the narrow candidate genes and avoid overfitting by using the “glmnet” and “survival” R packages (Tibshirani, 1997). The penalty parameter lambda was detected by using 10-fold cross-validation (Friedman et al., 2010). The minimum lambda was defined as the optimal value, and we obtained a list of prognostic signatures with correlation coefficients. Next, multivariate Cox regression analysis was used to identify independent prognostic candidates, and a prognostic model of genomic instability-associated lncRNAs was constructed. The GILncSig was developed based on the expression and coefficient of each genomic instability-associated lncRNAs in the model, and the risk score of each patient was calculated with the following equation:
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Here, “n” represents the number of prognostic genomic instability-associated lncRNAs and “i” is the serial number of each GlncR. Patients with HNSCC were divided into high- and low-risk groups based on the median GILncSig risk score as a cutoff value according to the risk score equation. Kaplan-Meier survival curve analysis was used to compare the prognostic gene signature and OS of the two groups through the “survival” and “survminer” packages in R software (Tian and Zhang, 2018). Time-dependent receiver operating characteristic (ROC) curves were constructed by the “timeROC” package with R, and the areas under the curve (AUCs) were calculated to measure the sensitivity and specificity of the GILncSig prognostic model. The model’s performance was then evaluated in the testing set and the entire TCGA-HNSC set. The univariate and multivariate Cox regression and stratified analyses were used to determine the relationship between GILncSig expression and other key clinical factors. Hazard ratios and 95% confidence intervals were calculated by Cox regression analysis.
Functional Enrichment Analysis
Pearson correlation analysis was used to measure the correlations between lncRNAs and paired expression of mRNAs, and the top 10 mRNAs were considered as target genes. A lncRNA-mRNA co-expression network was visualized using the “igraph” package in R. To identify the possible functions of genomic instability-associated lncRNAs, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed on co-expressed lncRNA-associated mRNA partners. The KEGG results were analyzed and visualized using the “ggplot2” and “clusterProfiler” packages with R. The GO biological process (BP), cellular component (CC), and molecular function (MF) results were visualized using the “cnetplots” package in R. We used p < 0.05 and FDR-adjusted p < 0.05 as the GO and KEGG enrichment analysis thresholds.
Clinical Stratification Analysis of the GILncSig Prognostic Value
To test the prognostic value of GILncSig factor in patients with various clinicopathological features, we implemented survival analysis in the whole TCGA set by using the “survival” package in R. Patients with HNSCC were stratified into various subgroups according to clinical parameters, including age (≤65 and >65), sex (female and male), tumor-node-metastases (TMN) classification, and tumor stage (I-II and III-IV). Then patients in each subgroup were divided into high- and low-risk groups based on the median GILncSig risk score.
Human HNSCC Samples and in situ Hybridization Experiments
Ethical approval for this study was obtained from the Medical Ethics Committee of the Second Xiangya Hospital of Central South University (KQ2019FY01). Eleven pairs paraffin specimens of HNSCC and para-carcinoma tissue samples were collected from the Department of Stomatology, the Second Xiangya Hospital, Central South University (Supplementary Table S1). The pathologic diagnosis of HNSCC was confirmed.
The expression levels of the four genomic instability-associated lncRNAs in tissues were measured with digoxigenin-labeled antisense oligonucleotide probes. Each tissue sample was cut into 5-μm-thick section and mounted on glass slides, which were dried overnight at 37°C, dewaxed in xylene, and rehydrated with graded ethanol. The slides were incubated in citrate solution, heated for antigen retrieval, and soaked with proteinase K (20 μg/mL, Servicebio, Wuhan, China). We then added prehybridization solution to each section and incubated them for 1 h at 37°C. Subsequently, the slides were washed with prehybridization buffer for 30 min at room temperature then incubated overnight at 4°C with the following digoxigenin-labeled antisense oligonucleotide probes:
AC023310.4: 5′-GGT​GGC​AAG​ACG​GAA​TAA​GGG​AAA​GGA​GGG-3′;
AC091729.1: 5′-GCC​ACC​CAA​GAG​CGG​GAA​GAC​GGG​GAT​TGT-3′;
LINC01564: 5′-TGC​TAA​ACT​GTC​CAA​GAT​TAT​GAT​GTG​CTG​GGT​GT-3′;
MIR3142HG: 5′-GGC​TAA​GGG​TCT​GAT​AAG​CAA​AGG​GCG​GAA-3′.
The slides were washed three times with 2× saline sodium citrate for 5 min and then incubated with blocking solution (rabbit serum) at room temperature for 30 min. Mouse anti-digoxigenin-labeled horseradish peroxidase (anti-DIG-HRP, Servicebio, Wuhan, China) was added for incubation at 37°C for 40 min, then sections were washed in phosphate-buffered saline (PBS) for 5 min. They were then washed three times with PBS for 5 min each and dyed with a diaminobenzidine (DAB) chromogenic substrate (Dako, Glostrup, Denmark). The nuclei were counterstained with hematoxylin staining solution for 3 min and washed in tap water. Finally, images were obtained by light microscopy (Carl Zeiss, Oberkochen, Germany) and quantified by ImageJ.
Statistical Analysis
All analyses were performed with R software (version 4.0.4, 64-bit; https://www.r-project.org/) and its appropriate packages. In addition to those noted above, “ggplot2,” “ggpubr,” “limma,” “tidyverse,” “dplyr,” and “plyr” R packages were also used for data analysis and graph plotting. Perl programming language (version 5.34.0, https://www.perl.org/) was used to process data. Kaplan-Meier survival curve analyses and log-rank tests were used to evaluate differences in OS between the high- and low-risk groups. Differences were considered significant at p < 0.05.
RESULTS
Identification of Genomic Instability-Associated lncRNAs in HNSCC Patients
The study design is depicted in Figure 1. To investigate lncRNAs associated with genomic instability, we sorted them according to the frequency of somatic mutations. We placed the top 25% of somatic mutations (127 samples) into the GU-like groups and the lowest 25% of somatic mutations (123 samples) into the GS-like groups. Then we compared the lncRNA expression profiles of patients in the GU-like and GS-like groups to identify differentially expressed lncRNAs. By using the significance analysis of microarrays method, we screened a total of 103 lncRNAs that were significantly differentially expressed between the two groups, of which 13 lncRNAs were downregulated, and 90 lncRNAs were upregulated in the GU-like groups (|Fold Change| > 1.0, p < 0.05, Figure 2A). The clinical and pathological data of HNSCC patients in the GU-like and GS-like groups are listed in Table 1, and differentially expressed lncRNAs are shown in Figure 2B. Then, we applied an unsupervised clustering analysis of the entire TCGA-HNSC cohort based on the levels of 103 differentially expressed lncRNAs. As shown in Figure 2C, all samples were divided into two groups based on the levels of the 103 differentially expressed lncRNAs, and the numbers of mutations in the two groups were significantly different. Notably, the GU-like clusters had a higher number of mutations compared with the GS-like clusters (p < 0.001, Mann–Whitney U test; Figure 2D). We also compared the expression level of UBQLN4 (a driver gene of genomic instability) between the GU-like clusters and GS-like clusters and found that it was upregulated in the GS-like cluster compared to the GS-like clusters (p < 0.001, Mann–Whitney U test; Figure 2E).
[image: Figure 1]FIGURE 1 | Graphical abstract of genomic instability-associated lncRNAs signature establishment in head and neck squamous cell carcinoma.
[image: Figure 2]FIGURE 2 | Screening and identifying of genomic instability-related lncRNAs and their functional annotation in patients with HNSCC. (A) Volcano plot of 103 differential expressed lncRNAs between the GU-like and GS-like groups. Upregulated lncRNAs are shown in red on the right, whereas downregulated lncRNAs are shown in green on the left. (B) Heatmap of expression of the top 50 differential lncRNAs, divided into the GS-like groups (blue) and GU-like group (red). (C) An unsupervised clustering of 492 patients with HNSCC was performed based on the expression patterns of 103 candidate genomic instability-associated lncRNAs. The GS-like groups is shown in blue on the right, the GU-like groups is shown in red on the left. (D) Boxplots of somatic mutation levels in the GU-like and GS-like groups. (E) Boxplots of UBQLN4 expression level in the GU-like and GS-like groups. (F) Co-expression networks of differential lncRNAs (blue) and their related mRNAs (red) based on the Pearson correlation coefficients. (G) GO enrichment analysis and KEGG pathway analysis of the lncRNA-mRNA network. GO, Gene Ontology; HNSCC, head and neck squamous cell carcinoma; KEGG, Kyoto Encyclopedia of Genes and Genomes.
TABLE 1 | Clinicopathological information of the three HNSCC patient sets in this study.
[image: Table 1]Functional Enrichment Analysis
We performed a lncRNA-mRNA co-expression analysis of the resulting lncRNAs by calculating the Pearson correlation coefficients of each lncRNA-mRNA pair. The correlation coefficients and p-values are provided in Supplementary Table S2. As shown in Figure 2F, we constructed a co-expression network of lncRNAs and mRNAs that can reflect the relationships between the two groups. We also conducted GO and KEGG pathway analyses of genomic instability-associated lncRNA-related target genes. We obtained the top 10 most relevant mRNAs among the differential genomic instability-associated lncRNAs in the GS-like and GU-like groups to serve as the target genes. The GO functional analysis of genomic instability-associated lncRNA-related target genes indicated that those mRNAs were mainly involved in the regulation of cell-cell adhesion, striated muscle thin filament, and calmodulin-binding. The KEGG pathway analysis of genomic instability-associated lncRNA-related target genes indicated that those mRNAs were mainly involved in the Wnt signaling pathway, vitamin digestion and absorption, tumor necrosis factor signaling pathway, pentose phosphate pathway, metabolism of xenobiotics by cytochrome P450, metabolic pathway, glutathione metabolism, and biosynthesis of antibiotics (Figure 2G). In total, we identified 103 differentially expressed lncRNAs implicated in genomic instability or destabilization of cellular genomic stability that could disrupt cellular homeostasis and cause an increase in genomic instability. The 103 differentially expressed lncRNAs were defined as genomic instability-associated lncRNAs (Supplementary Table S3).
GILncSig Development Using the Training Set
To further investigate the predictive prognostic role of the genomic instability-associated lncRNAs, 491 patients from the TCGA-HNSC cohort were randomly divided into a training set (246 patients) and a testing set (245 patients). Univariate Cox proportional hazard regression analysis was performed to identify the relationships of 103 genomic instability-associated lncRNAs with OS in HNSCC patients in the training set. Our results showed that seven genomic instability-associated lncRNAs were significantly associated with the OS of HNSCC patients (p < 0.05, Figure 3A). Among the survival-related genes, overexpression of five genomic instability-associated lncRNAs (AC023310.4, LINC02253, SFTA1P, LNC01564, and AL033397.1) was significantly related to worse survival outcomes. In comparison, overexpression of two genomic instability-associated lncRNAs (AC091729.1 and MIR3124HG) showed prognostic value indicating longer OS. We then performed LASSO regression analysis of these genomic instability-associated lncRNAs and calculated regression coefficients (Figure 3B). The LASSO analysis indicated that the model achieved the best performance when it included seven genomic instability-associated lncRNAs (Figure 3C). Finally, multivariate Cox regression analysis was performed to construct the prognostic model, and four genomic instability-associated lncRNAs were identified as independent prognostic factors (Figure 3D). The GILncSig was constructed based on the four genomic instability-associated lncRNAs, and the prognostic risk score was calculated as the following equation: GILncSig Risk score = (expression level of AC023310.4 × 0.12366) + (expression level of AC091729.1 × −0.54962) + (expression level of LINC01564 × 0.125032) + (expression level of MIR3142HG × −0.57480) (Table 2). The coefficients of two lncRNAs (AC023310.4 and LINC01564) were positive in the equation, suggesting that they are risk factors and their overexpression was associated with poor prognosis; the other two lncRNAs (AC091729.1 and MIR3142HG) had negative coefficients and served as protective factors as their upregulated expression was associated with better survival outcomes.
[image: Figure 3]FIGURE 3 | Construction of a prognostic model related to overall survival of HNSCC patients based on genome instability-related lncRNAs in the training set. (A) Seven prognostic relevant lncRNAs based on univariate Cox regression analysis. (B) Screening the Log Lambda value corresponding to the minimum cross-validation error point. (C) The distribution plot of the LASSO coefficient. Selecting genome instability-related lncRNAs with a non-zero coefficient corresponding to the same Log Lambda value. (D) Multivariate Cox regression analysis revealed four independent genome instability-related lncRNAs related to patient prognosis. Two lncRNAs were protective (AC023310.4 and LINC01564), and two were risk factors for shorter survival (AC091729.1 and MIR3142HG). (E) Kaplan-Meier survival curves for HNSCC patients in the high- and low-risk groups grouped by the GILncSig score in the training set (F) Time-independent receiver operating characteristic curves of the GILncSig in the training set. (G) LncRNA expression patterns and the distributions of somatic mutations and UBQLN4 expression with increasing GILncSig scores in the training set. GILncSig, genomic instability-associated lncRNAs signature; HNSCC, head and neck squamous cell carcinoma.
TABLE 2 | Overall information of four genomic instability-associated lncRNAs significantly associated with the prognosis of patients with head and neck squamous cell carcinoma.
[image: Table 2]The risk score of each patient in the training set was calculated according to the prognostic signature. These patients were then divided into high- and low-risk groups based on the median risk score. To assess the survival difference between these two groups, we conducted Kaplan-Meier survival curve analysis. Patients in the high-risk groups show markedly poorer OS than those in the low-risk groups (p < 0.001, Figure 3E). Subsequently, the accuracy of the OS estimate derived from the prognostic model was assessed with a time-dependent ROC curve. The AUC of the ROC curve was 0.685 in the training cohort (Figure 3F). A heat map, somatic mutation scatter plot, and gene expression plot were generated to show the relationship between the risk score and somatic mutation pattern of each HNSCC sample in the training set (Figure 3G). Expression of AC023310.4 and LINC01564 in the training set were upregulated in the high-risk groups compared with the low-risk groups, whereas AC091729 and MIR3142HG expression were downregulated in the high-risk groups compared with the low-risk groups.
GILncSig Validation Using the Testing and TCGA Sets
To examine the prognostic significance of GILncSig, we investigated its utility in the testing set and entire TCGA-HNSC set. According to the same GILncSig and risk score thresholds derived from the training set, patients in the testing set and entire TCGA-HNSC set were classified into low- and high-risk groups. Kaplan-Meier survival curve analysis showed that patients in the high-risk groups showed markedly poorer OS than those in the low-risk groups (p < 0.001, Figure 4A). An unfavorable OS outcome was also seen in the high-risk groups of the entire TCGA-HNSC set (p < 0.001, Figure 4B). The areas under the time-dependent ROC curve of the testing set and entire TCGA-HNSC set were 0.639 (Figure 4C) and 0.656 (Figure 4D), respectively. The heat map, somatic mutation scatter plot, and gene expression plot of the GILncSig signature are shown in Figures 4E,F.
[image: Figure 4]FIGURE 4 | Validation of the predictive performance of the genome instability-related lncRNAs signature in the testing and TCGA sets. (A) Kaplan-Meier survival curves for HNSCC patients in the high- and low-risk groups grouped by the GILncSig score in the testing set. (B) Time-independent receiver operating characteristic curves of the GILncSig in the testing set. (C) lncRNA expression patterns and the distributions of somatic mutation and UBQLN4 expression with increasing GILncSig score in the testing set. (D) Kaplan-Meier survival curves for HNSCC patients in the high- and low-risk groups grouped by the GILncSig score in the entire TCGA-HNSC set. (E) Time-independent receiver operating characteristic curves of the GILncSig in the entire TCGA-HNSC set. (F) LncRNA expression patterns and the distributions of somatic mutation and UBQLN4 expression with increasing GILncSig score in the entire TCGA-HNSC set. GILncSig, genomic instability-associated lncRNAs signature; HNSCC, head and neck squamous cell carcinoma.
Clinical Stratification Analysis and Independent Prognostic Analysis of the GILncSig
To determine whether the prognostic value of GILncSig was independent of various clinical subgroups, Kaplan-Meier survival curve analysis was performed to determine the relationship between OS rates in different clinical subgroups of patients according to the risk score level and clinical characteristics such as different stages, age, grade, sex, and TMN status. The results indicated that GILncSig significantly distinguished the prognosis of patients with the following characteristics: female, male, age ≤65, age >65, stage I-II, stage III-IV, G1, G2, G3, T1-2, T3-4, N0, and N1-3, respectively (Figure 5A–M). Based on the median GILncSig score, patients in each clinical subgroup were classified into high- or low-risk groups. We found that clinical subgroups of patients in the low-risk groups had better outcomes than those in high-risk groups. Univariate and multivariate Cox regression analyses of age, sex, tumor stage, tumor stage, and GILncSig risk score were performed to evaluate the independent prognostic value of the GILncSig. Our results suggested that the novel prognostic model could be an independent prognostic factor related to the OS rate of HNSC patients (Table 3). Univariate Cox regression analysis indicated that GILncSig risk score, age, sex, and tumor stage were significantly correlated with the OS rate of HNSC patients (p < 0.05). Multivariate Cox regression analysis indicated that age, sex, and tumor stage were significantly correlated with the OS rate of HNSC patients (p < 0.05). Together, these findings suggest that the GILncSig was an independent prognostic factor in predicting HNSCC patient survival.
[image: Figure 5]FIGURE 5 | Stratification analysis of the genome instability-related lncRNAs signature. (A–M) Kaplan-Meier analysis of clinical subgroups based on the GILncSig scores. The clinical characteristics including: male (A), female (B), age ≤65 (C), age >65 (D), stage I–II (E), stage III–IV (F), T1–2 (G), T3–4 (H), N0 (I), N1–3 (J), G1 (K), G2 (L), and G3 (M).
TABLE 3 | Univariate and multivariate Cox regression analysis of the genomic instability-associated lncRNAs signature and overall survival in different HNSCC patient sets.
[image: Table 3]Establishment and Calibration of an Integrated Nomogram
A nomogram was constructed based on age, sex, grade, TMN status, and GILncSig risk score to predict the 1-, 3-, and 5-years survival rates (Figure 6A). A calibration curve was used to evaluate the predictive value of the nomogram. The results indicated optimal agreement between the nomogram-predicted and observed OS rates (Figure 6B), suggesting that the GILncSig had good predictive value for patients with HNSCC.
[image: Figure 6]FIGURE 6 | Construction and evaluation of a nomogram based on the genome instability-related lncRNAs signature in the TCGA-HNSC cohort. (A) Development of a nomogram based on the GILncSig score. (B–D) Calibration plots for the signature at 1, 3, and 5 years. GILncSig, genomic instability-associated lncRNAs signature.
Correlation of the GILncSig with DNAH5 Somatic Mutations
A previous study reported that dynein axonemal heavy chain 5 (DNAH5) mutation was associated with poor survival of patients with esophageal squamous cell carcinoma (Qing et al., 2017). Therefore, we analyzed the prognosis performance of the GILncSig combined with DNAH5 mutation status. We compared survival differences between the GU-like and GS-like groups in the DNAH5 mutation status subgroup using the log-rank tests. HNSCC patients were grouped into four groups: DNAH5 Mutation/GS-like groups, DNAH5 Mutation/GU-like groups, DNAH5 Wild/GS-like groups, and DNAH5 Wild/GU-like groups (p < 0.001, Figure 7A). The DNAH5 Wild/GU-like groups had a better OS rate than the DNAH5 Mutation/GU-like groups, and patients in the DNAH5 Mutation/GS-like groups had a higher OS rate. These findings indicated that GILncSig combined with DNAH5 mutation status has good prognostication performance.
[image: Figure 7]FIGURE 7 | Relationship between the GILncSig and DNAH5 somatic mutation and model comparison. (A) Kaplan-Meier curve analysis of overall survival of patients with DNAH5 mutant or wild-type status for the combined GS-like and GU-like groups. (B) Time-independent receiver operating characteristic curves of overall survival for GILncSig, Jiang’s LncSig, and Ji’s LncSig. GILncSig, genomic instability-associated lncRNAs signature; DNAH5, dynein axonemal heavy chain 5.
Comparison of the GILncSig with Existing lncRNA-Related Signatures
We next compared the predictive performances of our prognostic model and two lncRNAs signatures previously developed based on the same TCGA-HNSC cohort. Jiang et al. (2021), and Ji and Xue (2020) generated signatures based on three and four novel lncRNAs, respectively. As depicted in Figure 7B, the AUC for the 1-year survival rate of our genomic instability-associated lncRNA prognostic model was 0.656, which was significantly higher than Jiang’s LncSig (AUC = 0.639) and Ji’s LncSig (AUC = 0.572). These results demonstrated the better credibility and effectiveness of our GILncSig in predicting the prognosis of HNSCC patients.
Expression Analysis of the GILncSig in Tumor Tissues
Using in situ hybridization experiments, we next analyzed the expression of the genomic instability-associated lncRNA prognostic signature in tumor samples from patients. HNSCC tissues were matched with adjacent non-tumor tissues were used to verify the differential expression levels of all four lncRNAs in the genomic instability-associated lncRNA prognostic signature. As shown in Figure 8, AC023310.4, AC091729.1, LINC01564, and MIR3142HG were expressed at higher levels in tumor samples compared to adjacent non-tumor tissues.
[image: Figure 8]FIGURE 8 | Verification of the expression levels of the genomic instability-associated lncRNAs signature in clinical samples. (A) Representative images of in situ hybridization experiments in HNSCC patients. Nucleus stained with hematoxylin appear blue, and positive expression of DAB is brownish yellow. (B) Relative expression of the four lncRNAs in HNSCC patients.
DISCUSSION
In recent years, personalized treatment consisting of surgery followed by immune checkpoint inhibition for advanced HNSCC has increased the patient survival rate (Johnson et al., 2020). However, HNSCC is a complex and heterogeneous tumor characterized by multiple genetic mutations, epigenetic alterations, DNA damage repair, and chromosomal deletions. Accumulating evidence shows that survival outcomes vary greatly among HNSCC patients due to limitations of traditional clinicopathological features, especially in advanced-stage disease (Ang et al., 2010; Ramos et al., 2010). It is crucial to identify novel biomarkers to predict clinical outcomes. Genomic instability plays essential and dominant roles in facilitating tumor progression and recurrence, which may have potential diagnostic and prognostic value for cancer patients (Shen, 2011; Duijf et al., 2019). The main sources of genomic instability are DNA damage and aberrant transcriptional or epigenetic changes (Ferguson et al., 2015). However, accurate quantitative measures to describe the degree of genomic instability have not been fully elucidated. Efforts are ongoing to explore the potential relationship between protein-coding genes or miRNAs and genomic instability (Habermann et al., 2009; Mettu et al., 2010; Ferguson et al., 2015).
lncRNAs, a novel class of ncRNAs, are an essential component of tumor biology, and their dysfunction has been related to cancer initiation and progression, including bladder cancer, pancreatic cancer, glioma, and breast cancer (Awasthee et al., 2018; Deng et al., 2018; Fu et al., 2018; Cao H. L. et al., 2019). In addition, lncRNAs may be useful prognostic markers as they are correlated with the prognosis of many different types of tumors (Prensner et al., 2011). Recent advances in understanding lncRNA characteristics revealed a close association between lncRNAs and genomic instability. Munschauer et al. suggested that NORAD plays an important role in maintaining genomic instability (Munschauer et al., 2018); however, the effect of genomic instability-associated lncRNAs on the prognosis of patients with HNSCC remains unknown. A computational frame was recently constructed to analyze correlations between lncRNA expression levels and somatic mutation phenotypes (Bao et al., 2020). The aim of this study was to construct a genomic instability-associated lncRNAs signature to determine its prognostic value in HNSCC patients.
We screened 103 novel lncRNAs that affect HNSCC genomic stability using a mutator hypothesis-derived computational method to develop a model containing four genomic instability-associated lncRNAs. AC023310.4, AC091729.1, LINC01564, and MIR3142HG, were identified in the training set. These genomic instability-associated lncRNAs are closely associated with the OS and clinical outcome of HNSCC patients and take part in many KEGG pathways that correlated with tumor development and progression. According to the GILncSig risk score, HNSCC patients were grouped into low- and high-risk groups with statistically significant differences in survival outcomes. The Kaplan-Meier analysis showed that the OS of patients in the low-risk groups was significantly longer compared with patients in the high-risk groups. The testing set data were used to assess the prognosis risk of patients based on the GILncSig risk score. Kaplan-Meier survival curve analysis showed that the GILncSig also had good performance in patient prognosis classification in the testing set. The nomogram plot showed that the GILncSig was a good predictor for the prognosis outcomes of HNSCC patients. Nomogram calibration revealed good agreement between the predicted and observed OS rates. In addition, the univariate and multivariate Cox regression analyses showed that the GILncSig was an independent and accurate prognostic factor for patients with HNSCC. Notably, the GILncSig was a robust prognostic factor of other clinicopathological characteristics.
Four genomic instability-associated lncRNAs (AC023310.4, AC091729.1, LINC01564, and MIR3142HG) were selected as the prognostic signature in this study. Specifically, AC023310.4 and LINC01564 were risk factors for survival, whereas AC091729.1and MIR3142HG were protective factors for patient prognosis. A careful literature search revealed that AC023310.4 which located on chromosome 15q11.2 was first reported here, and its biological function has not been reported to date. AC091729.1 is located on chromosome 7, Yu et al. identified another version AC091729,7 plays a carcinogenic role and serves as a novel biomarker and latent curative target in sinonasal squamous cell carcinoma patients (Yu et al., 2019). LINC01564 is located on chromosome 6p12.1, Zhang et al. reported that LINC01564 was associated with hepatocellular carcinoma cell survival. It can attenuate the inhibitory effect of miR-107/103a-3p on phosphoglycerate dehydrogenase gene expression through endogenous competitive sponging of miR-107/103a-3p, thus producing a carcinogenic factor in hepatocellular carcinoma (Zhang et al., 2021). In addition, Ke et al. found that high LINC01564 expression was associated with poor OS of patients with testicular cancer (Ke et al., 2021). MIR3142HG, located on chromosome 5q33.3, is correlated with glioma prognosis in the Chinese Han population (Guo et al., 2020).
We also analyzed the correlation between DNAH5 mutation status combined with genomic instability-associated lncRNAs and prognostic outcomes. Based on the Kaplan-Meier survival curve analysis, the prognosis outcome hierarchy was DNAH5 Wild/GS-like groups > DNAH5 Wild/GU-like groups > DNAH5 Mutation/GS-like groups > DNAH5 Mutation/GU-like groups (p < 0.05). The results suggest that patients with DNAH5 Mutation in the GS-like groups had better survival outcomes than patients with DNAH5 Mutation in the GU-like groups. DNAH5 mutations are common in patients with esophageal squamous cell carcinoma and are associated with poor survival (Mangalaparthi et al., 2020; Ma et al., 2021). In addition, Li et al. reported that DNAH5 was a novel oncogenic driver in human lung squamous cell carcinoma (Li et al., 2016). The significant difference in survival outcome of TP53 mutation statuses between the GS-like and GU-like groups suggested that DNAH5 mutation combined with genomic instability-associated lncRNAs was an effective prognostic indicator.
This study has several limitations. First of all, the GILncSig was constructed and validated in the TCGA database, therefore more independent datasets are needed to validate our findings. In addition, the platform used for the HNSCC cohort in the Gene Expression Omnibus database does not contain the above four genomic instability-associated lncRNAs. Secondly, the molecular mechanisms of these four lncRNAs function require further in vitro or in vivo study. Finally, although GILncSig expression levels were validated in tumor tissues from HNSCC patients treated at our hospital through in situ hybridization experiments, larger clinical cohorts are needed to validate the predictive accuracy of GILncSig.
In summary, we identified an independent and robust prognostic risk model comprising four genomic instability-associated lncRNAs. This model can effectively predict the OS of HNSCC patients and assess genomic instability. The in situ hybridization experiments confirmed differential expression of all four lncRNAs between adjacent non-tumor and tumor tissues from HNSCC patients. Our results show that the four lncRNAs are useful indicators that could affect clinical subgroup management and predict the prognosis of patients with HNSCC.
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Chemoresistance frequently occurs in cancer treatment, which results in chemotherapy failure and is one of the most leading causes of cancer-related death worldwide. Understanding the mechanism of chemoresistance and exploring strategies to overcome chemoresistance have become an urgent need. Autophagy is a highly conserved self-degraded process in cells. The dual roles of autophagy (pro-death or pro-survival) have been implicated in cancers and chemotherapy. MicroRNA (miRNA) is a class of small non-coding molecules that regulate autophagy at the post-transcriptional level in cancer cells. The association between miRNAs and autophagy in cancer chemoresistance has been emphasized. In this review, we focus on the dual roles of miRNA-mediated autophagy in facilitating or combating chemoresistance, aiming to shed lights on the potential role of miRNAs as targets to overcome chemoresistance.




Keywords: microRNA, chemoresistance, autophagy, cancer therapy, non-coding RNA



Introduction

Cancers with local organ invasion and distant metastasis often require systemic chemotherapy. Despite the newly developed therapeutic interventions such as immunotherapy, chemotherapy is still the most commonly applied treatment modality (1). In recent years, neoadjuvant chemotherapy has been included in the treatment guidelines of various solid tumors (2). However, after benefiting from the initial chemotherapeutic treatment, most patients will inevitably suffer from cancer relapse because of acquiring chemoresistance (3). Chemoresistance, a major cause of treatment failure and high mortality, remains a big challenge in clinics. Acquired drug resistance occurs after long-term chemotherapy, followed by devastating outcome (4), whereas intrinsic drug resistance exists without exposure to therapeutic drugs (5). It is reported that chemoresistance is responsible for more than ninety percent of cancer-related mortality (6). For instance, it has been documented that almost half of the patients diagnosed with metastatic colorectal cancer are resistant to 5-FU-based chemotherapy and their five-year survival rate is only slightly over 12% (7). Hence, there is an urgent need to elucidate the mechanism of chemoresistance and explore novel treatment strategies. After decades of works, several strategies to reverse chemoresistance have been proposed, including inhibition of P-glycoprotein (P-gp), combinational therapy, dosage enhancement, tumor microenvironment modulation and so on (8). Up to now, four generations of drug resistance reversal agents have been developed. The first generation of P-gp inhibitors such as verapamil and cyclosporin A can sensitize tumor to chemotherapeutic drugs only in vitro but not in vivo (9). The second generation of P-gp inhibitors such as S9788 and PSC833 also can’t be used clinically because it can inhibit cytochrome P4503A4 to bring about unpredictable toxicity and side effects (10). The third generation including tariquidar, laniquidar, zosuquidar and fourth generation including curcumin, andreia, tangeretin are under laboratory or clinical investigation and expected to be clinically used in the future (11). In addition, immunotherapy and targeted therapy are commonly used in clinic after chemoresistance occurs (12). Among these strategies, targeting autophagy to combat chemoresistance is gradually coming into sight.

Autophagy is an evolutionarily conserved process in which long-lived proteins, damaged organelles, or other cytoplasmic components are degraded and recycled to maintain energy homeostasis of cells (13). In 2016, Yoshinori Ohsumi was awarded the Nobel Prize for his contributions in elucidating the mechanism of autophagy, making autophagy a highlighted focus (14). Dysregulation of autophagy is involved in various pathological events such as cardiovascular disease (15), neurological disease (16), endocrine disorder (17), and especially cancers (18). Autophagy occurs frequently during chemotherapy, acting as either a pro-death or pro-survival process (19). The dual roles of autophagy in multi-drug resistance (MDR) have been described in our previously published review (13). On one hand, autophagy protects cancer cells from chemotherapeutic drugs to mediate drug resistance by eliminating damaged organelles and recycling degradation products. On the other hand, excessive autophagy can kill MDR cancer cells in which apoptosis pathways are inactive. Therefore, it is well recognized that autophagy is involved in chemoresistance in various types of cancers (20). The role of autophagy in chemoresistance is paradoxical and context-dependent, which needs comprehensive and systematic investigation.

MicroRNAs (miRNAs) are a class of small non-coding RNA with 19-25 nucleotides. They regulate gene expression by binding to the 3’-untranslated region (UTR) of target mRNAs to inhibit mRNA translation or facilitate mRNA degradation (21). Abnormal expression of miRNAs has been implicated in regulating cell proliferation, apoptosis, metastasis, migration, autophagy, and drug resistance in a large number of cancer types (22). Accumulating evidence indicated that miRNAs target some of the molecules in autophagic pathway thus resulting in chemoresistance or chemosensitivity during chemotherapy. Therefore, miRNAs could be promising targets for reversal of chemoresistance (23). Currently, miRNA-based therapies have been proposed. MiRNA mimics, miRNA sponges, anti-miRNA oligonucleotides, and small molecule inhibitors are promising strategies to modulate miRNAs (24). Miravirsen, the first miRNA-targeted drug, has been successfully tested in clinical Phase II trials for the treatment of hepatitis C (25). Miravirsen is a locked nucleic acid (LNA)-based antisense oligonucleotide targeting miR-122 (26). In the field of oncotherapy, MRX34, a liposomal miR-34a mimic, is the most advanced miRNA drug, which was designed to deliver miR-34a mimic to cancer cells for the treatment of several solid tumors (27). Additionally, novel miRNA-based drugs are being developed for the treatment of atherosclerosis (anti-miR-33a/b) (28), chronic heart failure (anti-miR-208, anti-miR-195) (29, 30), and other diseases.

In this review, we discussed the correlation between miRNAs and autophagy in chemoresistance/chemosensitivity, illustrated the current interventions targeting miRNA/autophagy axis to combat chemoresistance, aiming to provide novel insights from the perspective of miRNA-mediated autophagy for promoting chemotherapeutic efficacy.



Autophagy in Cancers

Autophagy is initiated by the formation of double-membraned autophagic vesicles (AV) in response to a range of cellular stresses, including nutrient deprivation, hypoxia, organelle damage, and accumulation of reactive oxygen species (ROS) (31). The critical roles of autophagy in cell death, cell survival, metabolic adaptation, embryonic differentiation, immune surveillance and other biological processes have been verified (32). Therefore, dysregulation of autophagy has been implicated in various diseases such as Alzheimer’s disease, aging, microorganism infection, and multiple forms of cancers (33).

There are three types of autophagy, namely macroautophagy, microautophagy, and chaperone-mediated autophagy (34). Hereafter autophagy refers to macroautophagy, which is well understood and the mechanisms are established. In addition to general autophagy which functions in bulk degradation of cytoplasmic material, there exists selective autophagy targeting specific proteins or organelles such as mitochondria, endoplasmic reticulum (ER), bacteria, ribosomes, and ferritin (35). It is well accepted that autophagy is a multistep process involving approximately 30 autophagy-related genes (Atgs), that encode proteins executing the initiation of phagophore, AV maturation, and lysosomal fusion (36).

Mammalian target of rapamycin (mTOR) is at the upstream position of the autophagic process. mTOR consists of two distinct multiprotein complexes: mTORC1 and mTORC2 (37). As an environmental sensor, mTOR responds to intracellular and extracellular stressful conditions such as hypoxia, nutrient deprivation, or drug treatment (38). mTOR actively phosphorylates ATG, leading to the inhibition of autophagy under nutrient-rich conditions. In the case of nutrient deprivation, mTOR is inactivated and can no longer phosphorylate and inhibit the Unc-51-like kinase (ULK) complex, which consists of ULK family kinase, focal adhesion kinase interacting protein 200 kDa (FIP200), and ATG13. Dephosphorylated ULK1 dissociates from the mTOR complex and becomes active to trigger autophagosome membrane nucleation (39, 40). In addition to mTOR, 5’-AMP activated protein kinase (AMPK) also acts as a master regulator of energy stress to participate in the activation of ULK complex (41). Once activated, the ULK complex localizes to the phagophore and activates the Beclin1-Vacuolar protein sorting associated protein 34 (VPS34) complex, which contains VPS34, VPS15, Beclin1, and ATG14L (42). The VPS34 (a class III phosphatidylinositol 3-kinase, PI3K) complex generates phosphatidylinositol 3-phosphate (PI3P)-rich membranes most commonly derived from endoplasmic reticulum and Golgi complex (43). Elongation of phagophore membrane relies on two ubiquitin-like conjugation systems, the E1-like enzyme ATG7 and E2-like enzyme ATG10, which conjugate ATG5 to ATG12 (44). The E3 like enzyme ATG5-ATG12-ATG6L1 complex together with ATG7-ATG3 complex conjugate microtubule-associated protein 1 light chain 3 (LC3, ATG8) family members to phosphatidylethanolamine (PE) (45). The conversion of pro-LC3 to the active cytosolic isoform LC3-I requires the ATG4 family of cysteine proteases (46). Next, LC3-I is conjugated to PE to generate LC3-II, which is regarded as a key step of specific substrate recognition for selective degradation, therefore constructing cargo-loaded autophagosomes (47). In addition to serving as a marker for autophagosome, LC3 also acts as a docking site for cargo adaptors that bring autophagic cargo to the AVs. These adaptors such as SQSTM1 (p62) and neighbor of BRCA1 (NBR1) directly bind to proteins and organelles marked for autophagic degradation through NIX and FAM134B (48). Then, the double-membrane autophagosomes are degraded by fusing with lysosomes to form autolysosomes, that are regulated by Rab GTPases, SNARE, and HOPS complex (49, 50). During this process, the outer autophagosomal membrane is cleaved by ATG4, while the LC3-PE-conjugated inner membrane and the cytoplasmic contents were broken down by lysosomal proteases, thus recycling amino acids and other macromolecular building blocks (32).

The dual roles of autophagy in cancers have been largely demonstrated. Although autophagy may limit tumorigenesis in the earliest stage, accumulating evidence indicate that antophagy inhibition displays anti-proliferative effects in established cancers since antophagy can help cancer cells cope with hypoxia, nutrient deprivation or other cellular stresses (51). The basal level of autophagy plays a protective role against cancer through eliminating damaged organelles and proteins to maintain cellular homeostasis in normal cells (52). The abnormal autophagy contributes to the development of cancers. The first mouse model with deletion of autophagy gene was established to study the role of autophagy in tumorigenesis, and the results indicated that the deletion of BECN1 (gene symbol of Beclin1) increased the rate of spontaneous tumor formation compared with BECN1 wild-type (53). Depletion of the BECN1 is also observed in human breast, prostate, and ovarian cancers (54). Additionally, bax-interacting factor 1 (BIF-1) and UV radiation resistance-associated gene protein (UVRAG), which is related to Beclin1, was found to be absent or mutated in variety of cancer types (55, 56). However, a high basal-level of autophagy is observed in multiple established cancers, acting as a protective mechanism towards nutrient-stressed conditions (57). For example, in a Kras-driven lung cancer model, tumor cell growth and survival requires autophagy which plays a vital role in maintaining mitochondrial function (58). As a consequence, inhibition of cytoprotective autophagy in these cancers may result in tumor suppression (59). Additionally, a large body of literature has emerged and elucidated the role of autophagy induction to enable survival of cancer cells following chemotherapy or radiotherapy, indicating that autophagy is a key drug resistance mechanism in various cancer types (60).



Dual Roles of Autophagy in Chemoresistance

Chemoresistance is a major cause of treatment failure, cancer relapse, and cancer metastasis (3). Drug resistance can be classified as resistance to either a single agent or multiple drugs with different structures and mechanisms of action (referring to MDR) (61). Mechanisms of cancer chemoresistance mainly include the following categories: (1) increased drug efflux by membrane transporters particularly ABC transporters (62), (2) reduced drug uptake by influx transporters such as solute carriers (63), (3) alterations in tumor microenvironment (TME), through secretion of multiple growth factors, chemokines, and cytokines by stromal and immune cells (64), (4) cancer stem cells, a class of tumor-triggering cells able to self-renew (65), (5) excessive DNA repair, which makes cancer cell survive and become tolerant to chemotherapeutic agents (66), (6) boosting drug metabolism mediated by glutathione S-transferase and cytochrome P450 enzymes (67, 68), (7) mutation in cancer-related genes including gain of function in oncogenes and loss of function in tumor suppressor genes (69), and (8) elevating adaptability by epigenetic and/or miRNA regulation (1).

The relationship between chemoresistance and autophagy has been studied for decades. It is known that resistance of cancer cells to chemotherapeutic agents is inevitable following prolonged exposure to drugs. This phenomenon may be partly mediated by induction of autophagy as a protective mechanism to cope with pressures during treatment (70). The autophagy triggered by chemotherapeutic drugs such as paclitaxel, epirubicin, or tamoxifen facilitates resistance of cancer cells to corresponding or multiple drugs (71–73). Various autophagy regulators and signaling pathways were confirmed to participate in this process. The mechanisms of metabolic-induced and therapeutic stress-induced autophagy might overlap in cancers. After chemotherapy is applied, nutrient and energy stress is amplified to increase autophagic flux. For example, after treatment with mTOR inhibitors, the transcription factor EB (TFEB)/transcription factor E3 (TFE3)/melanocyte inducing transcription factor (MITF) family can no longer be phosphorylated and translocate to nucleus, therefore activating transcription of the CLEAR network of genes to affect lysosome and autophagy (74). Another research demonstrated that the expression of S100A8 which is necessary for Beclin1-PI3KC3 complex formation is elevated to promote autophagy after adriamycin and vincristine treatment, contributing to drug resistance in leukemic cells (75). Moreover, ATG family members (76), bromodomain containing 4 (BRD4) (77), p53 (78), and ER stress-related genes (79) are also important factors involved in cytoprotective autophagy to mediate chemoresistance. Therefore, inhibition of such autophagy can re-sensitize resistant cancer cells to chemotherapeutic drugs. In recent years, the combination strategies of chemotherapeutic drugs and autophagy inhibitors have been proposed. Abundant basic and clinical research is ongoing. It is well established that genetic silencing of ATGs such as ATG5, ATG7, and Beclin1 blocks autophagy to sensitize drug resistant cells to therapeutic agents (80, 81). Chloroquine (CQ) and hydroxychloroquine (HCQ), which are clinically used for malaria treatment, are potent autophagy inhibitors through destroying lysosomes to prevent autophagosome degradation (82). Previous research has revealed that inhibition of autophagy by CQ sensitize vincristine-resistant gastric adenocarcinoma (83), epirubicin-resistant triple-negative breast cancer (84), sorafenib-resistant hepatocellular carcinoma (HCC) (85), cisplatin-resistant hypopharyngeal carcinoma (86), 5-fluorouracil-resistant gallbladder carcinoma (87) to chemotherapeutics. HCQ has been repurposed in numerous clinical trials either as a single agent or combined with therapeutic agents, some of which are in phase II studies (88). Lys05, a water-soluble analog of HCQ, displays stronger anticancer properties than HCQ both in vitro and in vivo (89). It can improve the efficiency of BRAF inhibitor against glioblastoma (90). Other autophagy-targeted compounds that are promising in combating chemoresistance include wogonin (91), SAR405 (92), tioconazole (93), 3-methyladenine (3-MA) (94) and others.

Paradoxically, while autophagy mainly acts as a pro-survival mechanism, excessive autophagy leads to a caspase-independent cell death called “type II programmed cell death” or “autophagic cell death”, which differs from apoptosis (95). In consequence, activation of such autophagy confers lethal effect on drug resistant cancer cells (96). Numerous studies have focused on identifying the novel agents that can effectively kill apoptosis-deficient cancer cells by inducing autophagic cell death. Since AKT/mTOR is the vital negative regulator of autophagy, the AKT/mTOR-associated autophagic cell death has gained a lot of attention. As a dual PI3K and mTOR inhibitor, NVP-BEZ235 was reported to sensitize osteosarcoma and urothelial cancer cells to cisplatin by activating autophagic flux independent of apoptosis (97, 98). Meanwhile, NVP-BEZ235 can also combat resistance to temozolomide and doxorubicin in glioma and neuroblastoma cells respectively (99, 100). Similarly, the Ganoderma microsporum immunomodulatory (GMI) protein targets AKT-mTOR-p70S6K pathway to reverse multidrug resistance by inducing pro-death autophagy in lung cancer (101). In addition to AKT/mTOR signaling pathway, the JNK activation and MCT1 inhibition also contributes to autophagic cell death, suggesting the possible autophagy-related targets to overcome chemoresistance (102, 103). Therefore it can be seen that autophagy demonstrates a role of pro-survival or pro-death to promote or suppress tumor growth, as well as mediate or combat chemoresistance. Inhibition of cytoprotective autophagy may enhance the sensitivity of cancer cells to chemotherapeutic agents, whereas induction of autophagic cell death can be used as an alternative cell death mechanism when the cells fail to undergo apoptosis. It is convinced that the role of autophagy is context- and tumor type-dependent, therefore clarifying the relationship between autophagy and chemoresistance is urgent and critical for improving the efficacy of chemotherapy.



MiRNAs Combat Chemoresistance by Regulating Autophagy

MiRNAs are a class of small non-coding single-stranded RNA molecules with 19-25 nucleotides. They play fundamental roles in multiple biological processes through binding to the 3’-UTR of target mRNAs to accelerate mRNA degradation or terminate translation (104). MiRNAs are evolutionary conserved and found in a wide range of organisms (105). It is reported that more than 60% of human genes contain potential miRNA binding sites and approximately 10-40% of mRNAs are regulated by miRNAs (106). By post-transcriptional gene silencing, miRNAs regulate various cellular pathways including cell growth, differentiation, apoptosis, and homeostasis (107). MiRNA genes exist in both intergenic and intronic regions (108). They are transcribed into primary miRNA (pri-miRNA) with 5’ cap and a 3’ poly-A tail by RNA polymerase II (109). Meanwhile, RNA polymerase III is required for the transcription of some particular miRNAs (110). Following transcription, pri-miRNAs are processed in the nucleus by a core microprocessor complex including RNase III enzyme Drosha and its cofactor Pasha/DGCR8 to generate hairpin-structured premature-miRNAs (pre-miRNAs) with 60-70 nt (111). A single pri-miRNA transcript may generate more than one functional miRNA due to splicing (112). Then, Exportin-5 recognizes the 2-nucleotide overhang of the pre-miRNA and transports it from nucleus to the cytoplasm (113). In cytoplasm, the hairpin structure of pre-miRNAs is cleaved by DICER protein to form mature miRNAs, which are incorporated into an RNA-induced silencing complex (RISC) (114). Argonaute (AGO) proteins, the components of the RISC, guide mature miRNAs to specific target regions within mRNA transcripts, leading to mRNA degradation or translation blockage (106).

Dysregulation of miRNA often gives rise to multiple human diseases especially cancers. Abnormal expression of miRNAs is closely associated with cancer formation, progression, invasion, metastasis, and chemosensitivity (6). The complex roles of miRNAs as either tumor suppressors or oncogenes have been largely demonstrated. The correlation between miRNA-mediated autophagy and chemoresistance has been attracting a lot of interest. The fact that autophagy plays dual roles in chemoresistance provides a useful explanation on how miRNAs could reverse or facilitate chemoresistance through regulating autophagy. Since the protective mechanism of autophagy is the majority of cases to trigger tumor chemoresistance, inhibition of such autophagy by miRNAs may pave the way to combat chemoresistance. However, miRNA mediated-chemosensitivity by pro-death autophagy also possesses great value. Various tumor suppressive miRNAs are down-regulated in drug resistant cancer cells compared with sensitive ones, indicating that rejuvenation of these miRNAs may reverse chemoresistance by inhibiting protective autophagy or facilitating autophagic cell death. On the contrary, suppression of oncogenic miRNAs to modulate autophagy is another strategy for reversal of chemoresistance. In this section, we discuss the involvement of miRNAs in chemoresistance/chemosensitivity from different perspectives regulation of autophagy.


Overexpression of MiRNA Reverses Chemoresistance by Inhibiting Autophagy

The process of autophagy is tightly regulated by ATGs, therefore targeting ATGs represent a promising strategy for reversal of drug resistance. Numerous ATGs are reported to be direct targets of miRNAs (Figure 1). For example, the 3’-UTR of ATG5 mRNA can be bound by miR-137 (115), miR-181a (116), miR-216b (117), miR-30a (118), and miR-153-3p (119) to facilitate ATG5 mRNA degradation, thus sensitizing various cancers, such as pancreatic cancer, gastric cancer, melanoma, chronic myelogenous leukemia, and non-small cell lung cancer (NSCLC), to chemotherapeutic agents by inhibiting protective autophagy. In addition to ATG5, Bcl-2 is a direct target of miR-153-3p in combating resistance to Imatinib in chronic myeloid leukemia (120). Similarly, miR-375 targets ATG7 (121) and ATG14 (122) to mediate chemosensitivity of HCC to sorafenib. The above studies indicated that a single miRNA can target different genes, likewise a specific gene is regulated by multiple miRNAs. Beclin-1, also known as ATG6, is a component of the PI3K complex which mediates vesicle-trafficking processes in autophagy (123). Targeting Beclin-1 by miR-409-3p (124), miR-17 (125), miR-216b (117), miR-17-5p (126), and miR-199a-5p (127) appears to reverse chemoresistance by inhibiting autophagy in different types of cancers. The interaction between miR-30 family and Beclin-1 has been revealed in recent years. It is reported that miR-30 or its homology miR-30a, miR-30a-5p binds to Beclin-1 mRNA to block autophagy-induced chemoresistance in chronic myeloid leukemia (118, 128), gastric cancer (129), osteosarcoma (130), small cell lung cancer (SCLC) (131) and other variety of cancers (132). A clinical study on Egyptian patients with chronic myeloid leukemia also confirmed this result (133). It was found that a single miRNA in different cancer types may share a common mechanism in mediating chemoresistance/chemosensitivity. Additionally, other ATGs are directly targeted by miRNAs, i.e. miR-541 targeting ATG 2A (134), miR-24-3p targeting ATG4A (135), miR-1 targeting ATG3 (136), miR-23b-3p and miR-200b targeting ATG12 (83, 137), miR-874 targeting ATG16L1 (138) and miR-34a targeting ATG4B (139). Therefore, overexpression of these miRNAs may result in sensitization of chemotherapeutic drugs in cancer treatment. Furthermore, miRNAs can also regulate ATGs indirectly. For instance, MiR-29c-3p targets FOXP1 to downregulate ATG14, leading to sensitization of ovarian cancer cells to cisplatin treatment by inhibiting autophagy (140).




Figure 1 | The regulatory role of miRNAs on each stage of autophagy. Core proteins and signaling pathways are related to each stage of autophagy including phagophore initiation and elongation, autophagosome maturation, and lysosomal fusion. Some key miRNAs target autophagy-related genes at the post-transcriptional level to participate in every stage of autophagy. ⊥ indicates an inhibitory effect and → indicates a promoting effect.



High mobility group box 1 (HMGB1) is a highly conserved DNA-binding nuclear protein which regulates various DNA-related activities such as replication, transcription, and repair (141). Abundant studies have confirmed the involvement of HMGB1 in multiple hallmarks of cancers, making HMGB1 a promising target to combat tumor progression, invasion, metastasis, and chemoresistance (142). As a key regulator of autophagy, HMGB1 promotes drug resistance of a number of cancers including osteosarcoma (143), lung adenocarcinoma (144), and leukemia (145) by activating protective autophagy following pharmacotherapy. Some investigators have attempted to reveal the association between miRNAs and HMGB1. They found that HMGB1 was targeted by miR-22, miR-218, miR-26a, miR-34a, miR-129-5p, and miR-142-3p to sensitize osteosarcoma, endometrial carcinoma, melanoma, retinoblastoma, breast cancer, NSCLC to chemotherapeutic agents through inhibiting autophagy (146–151). HMGN5 is another member of the HMG box family involved in oncogenesis and tumor progression. Meng and his colleagues conducted a series of experiments to elucidate the HMGN5-associated chemoresistance. Their work revealed that HMGN5-mediated autophagy contributes to chemoresistance in osteosarcoma. Targeting HMGN5 by miR-140-5p sensitizes osteosarcoma cells to chemotherapy, suggesting a potential application of miR-140-5p in the prognosis and treatment of chemoresistant cancers (152).

Other core autophagic components, regulators, or signaling pathways also associated with the mechanisms of miRNA-mediated chemosensitivity. For example, RAB family, the largest subfamily of Ras, consists of more than 60 small GTPases. RABs play essential roles in membrane traffic including autophagosome formation (153). Xu et al. found that high miR-541 expression potentiates the response of HCC to sorafenib treatment by targeting RAB1B (134). Additionally, miR-148a-3p inhibits the cytoprotective autophagy by suppressing RAB12 to enhance cisplatin cytotoxicity in gastric cancer (154). As a key initiator of autophagy, ULK1 is an attractive target for cancer treatment. The 3ʹ-UTR of ULK1 was reported to contain binding sites for miR-26a/b and miR-106a. Overexpression of miR-26a/b enhances the sensitivity of HCC to doxorubicin (Dox) and promotes apoptosis both in vitro and in vivo by inhibiting autophagy (155). Similarly, ectopic expression of miR-106a resulted in significant tyrosine kinase inhibitor (TKI)-induced cell death in lung adenocarcinoma compared to control transduced cells (156). Moreover, miR-489 overexpression inhibits ULK1 to suppress autophagy, thus sensitizing breast cancer cells to DOX (157). FOXO3a is a multifaceted transcription factor which guides autophagy directly or indirectly (158). A research by Zhou et al. revealed that FOXO3a is a direct downstream target of miR-223. Overexpression of miR-223 or agomiR-223 contributes to the enhancement of doxorubicin sensitivity in HCC (159). Furthermore, Wingless-type MMTV integration site family member 2 (WNT2) belongs to the WNT family which is evolutionarily conserved (160). The foremost roles of the Wnt/β-catenin signaling pathway in tumorigenesis and tumor progression have been well established especially in the aspects of cancer invasion and migration, whereas little is known about WNT and autophagy (161). Chen et al. found that overexpression of miR-199a/b-5p inhibits its direct target WNT2 and downstream signaling to influence autophagy formation, resulting in enhanced efficacy of Imatinib treatment in chronic myeloid leukemia (162). Overall, induction of autophagy following chemotherapy confers the survival mechanism of cancer cells. Overexpression of some tumor suppressor miRNAs to block autophagy has become a useful strategy to enhance chemosensitivity via different molecular pathways. See Table 1 for details.


Table 1 | Overexpression of miRNA combat chemoresistance by regulating autophagy.





Overexpression of MiRNA Reverses Chemoresistance by Promoting Autophagy

The inactivation of apoptosis pathway following chemotherapy contributes to the development of drug resistance. Hence, alternative types of cell death to combat chemoresistance have attracted increasing attention. Opposite to cytoprotective autophagy, excessive autophagy promotes autophagic cell death during chemotherapy (183). It has been reported that some miRNAs trigger autophagic cell death in drug resistant cancers by repressing important upstream signals of autophagy pathway. These cases are few but of great significance. In an investigation into chemosensitivity of cervical carcinoma, Huang et al. found that miR-15a and miR-16 directly targets Rictor to attenuate the phosphorylation of mTORC1 and p70S6K. As a consequence, miR-15a/16 dramatically enhances chemotherapeutic efficacy of camptothecin towards cervical carcinoma partly due to autophagy-induced inhibition of cell proliferation (179). Similarly, another research revealed that in cisplatin-resistant NSCLC, downregulation of miR-181 correlates with reduced autophagy and apoptosis. MiR-181 overexpression restored LC3 and ATG5 protein by triggering PTEN/PI3K/AKT/mTOR signaling pathway, therefore promoting apoptosis in cisplatin-resistant NSCLC (180). These two studies emphasize mTOR as the key regulator in miRNA-induced autophagic cell death. In a study of miR-193b, it is reported that overexpression of miR-193b significantly enhances the cytotoxicity of 5-FU to oesophageal cancer cells, which is mediated by elevated autophagic flux rather than apoptosis. Although the exact targets of miR-193b are unknown, target prediction analysis suggests that stathmin 1 might be involved in this process (181). Additionally, another research demonstrated that miR-519a increased the sensitivity of glioblastoma to temozolomide through induction of autophagy by targeting STAT3/Bcl-2/Beclin-1 signaling pathway. These results provide an effective therapeutic strategy of drug combination for glioblastoma treatment (182). See Table 1 for details.



Inhibition of MiRNA Reverses Chemoresistance by Enhancing Autophagy

The expression of some autophagy inhibitory miRNAs was significantly increased in drug resistant cancer cells compared with their parental cells, indicating the possible mechanism of miRNAs-mediated chemoresistance by autophagy. Hence, silencing these oncogenic miRNAs may increase the sensitivity of drug resistant cancer cells to chemotherapeutic agents by inducing autophagic cell death. For example, miR-1301 promoted the proliferation of cisplatin-resistant ovarian cancer cells by inhibiting ATG5 and Beclin1, indicating that targeting miR-1301 is an effective approach to reverse cisplatin resistance by inducing autophagy (184). Another research demonstrated that miR-487b-5p at high level may be a potential biomarker of acquired Temozolomide resistance in lung cancer cells. MiR-487b-5p directly targets LAMP2 to block autophagy thus mediating Temozolomide resistance. In consequence, miR-487b-5p has been regarded as a chemotherapeutic target in the treatment of TMZ-resistant lung carcinoma by enhancing autophagy (185). Furthermore, inhibitions of miR-221/222 induced extended autophagy and cell death of multiple myeloma cells by enhanced autophagy via ATG12 and p27 upregulation (186). A recent study found that miR-15a-5p was overexpressed in chemoresistant acute myeloid leukemia (AML) patients compared with chemosensitive patients treated with daunorubicin and cytarabine. The upregulation of miR-15a-5p decreased daunorubicin-induced autophagy by targeting ATG9a, ATG14, GABARAPL1, and SMPD1, thus resulting in attenuating cell sensitivity to daunorubicin. This finding indicated that inhibition of miR-15a-5p may sensitize AML to daunorubicin by enhancing autophagy (187). MiR-21 contributes to the tamoxifen (TAM) and fulvestrant (FUL) resistance of breast cancer by inhibiting autophagy. Yu et al. found that silencing miR-21 increased the sensitivity of ER+ breast cancer cells to TAM or FUL by triggering autophagic cell death. Phosphatase and tensin homolog (PTEN) is the potential target of miR-21 to regulate autophagy by affecting downstream PI3K-AKT-mTOR signaling pathway (188). As mentioned above, PI3K-AKT-mTOR is the core negative regulator of autophagy (189). The activation of PI3K-AKT-mTOR by miR-21 reduces the efficacy of cisplatin on gastric cancer cells through autophagy inhibition (190). Similarly, a study by He et al. verified the role of miR-21 in mediating sorafenib resistance of HCC cells by inhibiting autophagy. Anti-miR-21 oligonucleotides re-sensitized sorafenib-resistant HCC cells by promoting autophagy via the PTEN/AKT signaling pathway (191). These studies show that the connections of miR-21 and PTEN-PI3K-AKT-mTOR have been well established in drug resistance of some cancer types. Meanwhile, the autophagy inhibition by miR-155 through PTEN-PI3K-AKT-mTOR signaling pathway to mediate adriamycin resistance of osteosarcoma has been proposed (192). To conclude, targeting miR-21 or miR-155 may restore PTEN to inhibit PI3K-AKT-mTOR signaling pathway, thus triggering autophagic cell death to overcome chemoresistance. Seca et al. found that autophagy enhancement by miR-21 inhibition decreases the expression of pro-survival genes such as Bcl-2, thus sensitizing leukemia cells to chemotherapeutic drugs (193). Furthermore, recent studies confirmed that the downstream biological effects following autophagy inhibition may benefit cancer survival. The suppression of autophagy by miR-3127-5p results in activation of STAT3 signaling pathway, which stimulates programmed death-ligand 1 (PD-L1) and subsequently mediates immune evasion of cancer cells (194). As a consequence, targeting miR-3127-5p to facilitate autophagy may aid in immune escape dismission and chemoresistance reversal. See Table 2 for details.


Table 2 | Inhibition of miRNA combat chemoresistance by regulating autophagy.





Inhibition of MiRNA Reverses Chemoresistance by Inhibiting Autophagy

The levels of some miRNAs are positively correlated with cytoprotective autophagy and drug resistance following chemotherapy, therefore targeting these upregulated miRNAs in drug resistant cancer cells may restore chemosensitivity by inhibiting autophagy. MiR-138 was confirmed to be associated with glioblastoma cell survival and resistance to TMZ by inducing pro-survival autophagy which negatively correlates with BIM, the direct target of miR-138. Hence, targeting miR-138 may represent a novel strategy to overcome temozolomide resistance in glioblastoma by inhibiting autophagy (196). Interestingly, the role of miR-21 in autophagy regulation is controversial. Contrary to what is mentioned in previous section, miR-21-5p enhances pro-survival autophagic flux following inhibition of proteasome pathway to mediate drug resistance to topoisomerase inhibitors in colorectal cancer (CRC). Therefore, miR-21-5p could be a potential target for reversing drug resistance in CRC (195). Moreover, miR-338-3p confers resistance to 5-FU in p53 mutant colon cancer through mTOR downregulation-induced autophagy, indicating that targeting miR-338-3p is a promising strategy to overcome 5-FU resistance in p53 mutant colon cancer (199). Additionally, miR-140-5p and miR-155 promote the chemotherapy-induced autophagy to mediate drug resistance in osteosarcoma. Inositol 1,4,5-trisphosphate kinase 2 (IP3k2) was reported to be a direct target of miR-140-5p (197, 198). Similarly, miR-7-5p promotes autophagy via suppression of Bcl-2 to mediate cisplatin resistance in cervical cancer (200). MiR-223 directly targets FBXW7 thus promoting autophagy and rendering NSCLC cells resistant to cisplatin (201). Thus, targeting the above mentioned miRNAs could provide potential approach to combat chemoresistance. See Table 2 for details.




Targeting miRNA/Autophagy Axis to Combat Chemoresistance

Since miRNAs play vital roles in chemoresistance and chemosensitivity via regulating autophagy, miRNA-based strategies including either miRNA inhibition or miRNA restoration have been proposed in cancer therapy. The rapid development of miRNA-based interventions, such as miRNA mimics, anti-miRNA oligonucleotides, miRNA sponges, and small molecule inhibitors has been witnessed in the last decade. Some of these agents are in different phases of clinical trials (202). The first miRNA-based therapy for cancer is MRX34, a miR-34 mimic designed to target Wnt signaling and tumor metastasis (203). In this section, we demonstrate some genetic or pharmacological interventions targeting miRNA to combat chemoresistance by modulating autophagy.

Isoliquiritigenin (ISL), a natural flavonoid isolated from the root of licorice, has been used for the treatment of inflammation, platelet aggregation, cancer, and cardiac injury for centuries (204). A research by Wang et al. revealed that ISL targets miR-25 to trigger autophagic cell death by increasing ULK1 expression in MCF-7/ADR cells, which provides evidence for ISL as a natural autophagy inducer to increase breast cancer chemosensitivity (205). Apigenin is a flavonoid with anti-proliferative properties against a broad spectrum of cancers (206). Apigenin can significantly upregulate miR-520b which targets ATG7 to block protective autophagy, thus sensitizing HCC cells to doxorubicin (207). Propofol is an intravenous sedative-hypnotic agent used in surgery. A growing number of studies have revealed the anti-tumor effect of propofol against different cancer types (208, 209). LncRNA MALAT1 targets miR-30e to facilitate autophagy via ATG5 upregulation. The downregulation of lncRNA MALAT1 by propofol results in inhibiting autophagy and promoting gastric cancer cells sensitive to cisplatin (210). A recent study demonstrated that rutin, the main component of Potentilla discolor Bunge, reverses sorafenib resistance by inhibiting autophagy through the BANCR/miRNA-590-5P/OLR1 axis in HCC (211). Furthermore, it is urgent to look for efficient miRNA delivery system for miRNA mimics that can’t enter cells efficiently on its own. Based on the novel drug delivery system, miR-375 and sorafenib were co-loaded into calcium carbonate nanoparticles with lipid coating (miR-375/Sf-LCC NPs). As an inhibitor of autophagy, miR-375 enhances cytotoxicity of sorafenib both in vitro and in vivo by targeting ATG7, thus producing potent anti-tumor effect to combat sorafenib resistance (121).



Conclusion and Perspectives

This review demonstrated that miRNAs, as epigenetic factors of autophagy, play a pivotal role in cancer chemoresistance. Various types of cancers develop resistance to chemotherapeutic drugs through complex regulatory mechanisms of miRNAs by targeting different genes at every stage of autophagy. Due to the paradoxical effects of autophagy in chemoresistance, there is an urgent need to understand the interactions between miRNA-mediated autophagy and chemoresistance, which may provide evidence for development of novel miRNA-based therapy. As mentioned above, altered expression of miRNAs can trigger chemoresistance or chemosensitivity through pro-death or pro-survival autophagy during chemotherapy. Hence, inhibiting miRNA function or restoring miRNA expression is a possible approach for combating chemoresistance (Figure 2). Genetic interventions targeting miRNAs such as miRNA mimics, miRNA sponges, anti-miRNA oligonucleotides are useful approaches (212). The pharmacological interventions such as small molecule compound or active ingredient can also be used to target miRNA to overcome chemoresistance. In addition, the upstream molecular pathway regulating miRNA/autophagy axis can also be the potential targets for chemoresistance reversal. LncRNAs, circRNAs, and proteins are the major upstream mediators of miRNA/autophagy axis (213, 214). The complex regulatory network of upstream factors on miRNA/autophagy axis necessitates further research.




Figure 2 | The strategies of modulating miRNAs to combat chemoresistance through autophagy. After chemotherapy is applied, sensitive cancer cells mainly undergo apoptotic cell death process whereas chemoresistant cancer cells fail to respond to chemotherapeutics. The pro-survival autophagy contributes to the development of chemoresistance. However, pro-death autophagy can be used as an alternative cell death mechanism in apoptosis-inactive cancer cells to re-sensitize them. Based on these facts, inhibition of pro-survival autophagy and induction of pro-death autophagy may result in chemoresistance reversal, which can be done by overexpression or inhibition of these miRNAs in different types of cancer. ⊥ indicates an inhibitory effect and → indicates a promoting effect.



MiRNA-based therapy as an adjuvant to immunotherapy and targeted therapy is highly feasible. MiRNA-based therapies may aid in the four principal cancer immunotherapy approaches including immune checkpoint blockade, cancer vaccines, cytokine therapy, and adoptive cell therapy (215). According to the study of Howell et al, the miR-31 inhibits CD8+ T cell function, leading to a substantial block to anti-tumor immunity. Hence, they proposed that miR-31 inhibitor combined with PD-1 inhibitor may prevent T cell from exhaustion and promote autoimmunity, thus displaying huge potential for cancer suppression (216). MiR-200 has also emerged as a potential therapeutic adjuvant for checkpoint inhibitors by acting on both immune and metastatic pathways via modulation of PD-L1 and EMT (217). Additionally, aberrant expression of miRNAs promotes resistance of different types of cancer to targeted therapy through multiple mechanisms. Therefore, the combination of miRNA-based therapy and targeted therapy may overcome the resistance of cancer cells to targeted drugs such as tyrosine kinase inhibitors and monoclonal antibody (218).

Recently, the delivery approaches for miRNAs including viral vector-, lipid-, inorganic material-, polymer-, cell-, and 3D scaffold-based approaches have emerged (219). The lipid-based delivery systems such as liposomes, lipid nanoparticles, and solid lipid nanoparticles (SLNs) have been widely used for introduction of miRNAs. With the development of nanoparticle delivery system, the introduction of miRNA turns out to be highly efficient in cancer therapeutics because these nano-miRNAs have a site specific action, which can deliver the miRNA or anti-miRNA directly to the transformed cells, thus reducing the unexpected toxicity in non-target cells (212). The viral vector delivery system also has high efficiency. However, the associated immunogenic responses and cytotoxicity limit the further application of these approaches respectively (220, 221). Currently, the safety concerns of miRNA therapy including off-target side-effects, toxicity, and carcinogenicity have become big challenges. Nowadays, less than 20 miR targeting molecules have entered clinical trials, and none progressed to phase III (219). Hence, further research is needed to promote the application value of miRNA therapy.

In conclusion, this review elucidated the microRNA-based strategies to combat cancer chemoresistance via regulating autophagy. We expect that patients will benefit from the improvement of chemotherapy efficacy through modulation of miR/autophagy axis in the future.
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Emerging studies have revealed that N6-methyladenosine modification is involved in the development of various cancers. However, the m6A modification pattern of endometrioid ovarian cancer (EOC) has not been demonstrated. In the present study, high-throughput sequencing combined with methylated RNA immunoprecipitation (MeRIP-seq) and RNA sequencing were used to obtain the transcriptome-wide m6A modifications of endometrioid ovarian cancer for the first time. The roles of methyltransferase-like 3 (METTL3) in EOC cell line COV362 were explored. In total, 39,237 m6A-modified peaks related to 17,082 genes were identified in the EOC group, and 52,848 m6A peaks representing 19,349 genes were detected in endometriosis group. Functional enrichment analysis revealed that m6A enriched genes were associated with tight junctions, cell adhesion molecules, platinum drug resistance, adherens junction, and more. METTL3 knockdown in the COV362 cells significantly decreased cell proliferation, promoted cell apoptosis, and induced cell cycle arrest at the G0/G1 phase. Our study presented the transcriptome-wide m6A modifications of endometrioid ovarian cancer for the first time and revealed various differentially expressed genes with methylated m6A modifications. This study may provide new directions for in-depth research of the underlying molecular mechanisms and signaling pathways of EOC development and progression.




Keywords: endometrioid ovarian cancer, N6-methyladenosine, MeRIP-seq, METTL3, modification patterns



Introduction

Ovarian cancer is the third most common cancer worldwide and it has the highest mortality rate in females. According to the Global Cancer Statistics, there were 313,959 new cases diagnosed and 207,252 women died of the disease in 2020 (1). Epithelial ovarian cancer is the most common type of ovarian cancer. Endometrioid ovarian cancer (EOC) accounts for 10-15% of epithelial ovarian cancer (2, 3). Ovarian endometriosis (OE) is associated with EOC and is commonly considered a direct precursor lesion to endometrioid and clear cell ovarian cancer types (4). Most of the patients with EOC are diagnosed at an early stage with good prognosis. However, some patients still have early recurrence and metastasis with poor prognosis.

N6-methyladenosine (m6A) is the most abundant RNA modification types which accounts for nearly 80% of all methylation modifications in eukaryotic cells (5). It has been reported that multiple protein complexes were involved in the metabolism of m6A RNA methylation. It is catalyzed by a multicomponent methyltransferase complex, called “writers” and is removed by demethylases called “erasers”. “Writers” are mainly composed of three subunits: METTL3 functions as a catalytic subunit, methyltransferase-like 14 (METTL14) functions as a structural subunit, and Wilms’ tumor 1-associated protein (WTAP) works as an adaptor molecule (6–10). The identification of m6A demethylase indicates that m6A methylation in RNA is reversible and dynamic. Only two m6A “erasers”, fat mass and obesity-associated protein (FTO) and α-ketoglutarate-dependent dioxygenase homolog 5 (ALKBH5) have been reported so far (11, 12). “Readers” serve as binding proteins so that m6A group can exhibit biological functions. They consist of proteins that contain a YT521-B homology (YTH) domain, including YTHDF1-3, and YTHDC1-2 and insulin-like growth factor 2 mRNA-binding proteins 1, 2, and 3 (IGF2BP1, IGF2BP2, IGF2BP3) (13). Some other m6A “readers” have also been identified, such as fragile X mental retardation 1 (FMR1) and eukaryotic initiation factor 3 (eIF3), and the list is still growing (14).

Evidences suggest that m6A methylation affects all most every aspect of RNA metabolism, for example, RNA structure, RNA stability, mRNA nuclear export, translation, mRNA decay and noncoding RNA and miroRNA processing (15, 16). Accumulating data have indicated that m6A participates in many fundamental biological processes, such as embryogenesis, neurogenesis, stress responses, and DNA damage responses (17). Furthermore, there are emerging studies that have revealed that altered m6A modification participates in the development of cancers (18).

The detection of m6A modification patterns at the transcriptome-wide level helps to better understand the potential biological effects of m6A modification in RNA. With the development of MeRIP-seq in 2012 (19, 20), the transcriptome-wide distribution of m6A of several cancers have been reported. However, the profiles of transcriptome-wide m6A distribution in many cancers are still unknown.

To further investigate the functions of m6A, in this study, the combination of MeRIP-seq and RNA sequencing was applied to acquire the transcriptome-wide m6A modifications of EOC for the first time. Furthermore, the roles and potential mechanisms of METTL3 were studied in EOC cells in vitro.



Materials and Methods


Clinical Specimen

Three pairs of EOC samples and endometriosis samples were collected at the time of surgery in Zhejiang cancer hospital. All tissues were histopathologically reviewed by two gynecological pathologists independently. Samples were stored at -80°C in separated centrifuge tubes before use. The current study was approved by the Institutional Review Board of Zhejiang cancer hospital. All the patients recruited in the study provided a written informed consent.



MeRIP-Seq and RNA Sequencing

Trizol reagent (Invitrogen, CA, USA) was used to extract total RNA from each sample according to the instruction. Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, CA, USA) were used to conduct total RNA quality control and quantity assessment based on the threshold of RIN (RNA integrity number) values > 7.0. Approximately more than 200 μg of total RNA was obtained to isolate Poly (A) mRNA with poly-T oligo attached magnetic beads (Invitrogen). Then the fragmented RNA of about 100-nt-long oligonucleotides was incubated with m6A-specific antibody (No. 202003, Synaptic Systems, Germany) in IP buffer solution(50 mM Tris-HCl, 750 mM NaCl, and 0.5% Igepal CA-630) and with BSA (0.5 μg μl−1) for 2h at 4°C. Then, the mixture was incubated with protein-A beads. Bound RNA was eluted using elution buffer containing 1 × IP buffer and 6.7mM m6A. Eluted RNA was precipitated by 75% ethanol solution. Final cDNA libraries of eluted m6A-containing fragments (IP) and untreated input control fragments (input) were prepared using dUTP method in accordance with a strand-specific library preparation. The average insert length of the paired-end libraries was ~100 ± 50 bp. Subsequently, the IP samples and input samples were submitted to conduct 150bp paired-end sequencing on the Illumina Novaseq™ 6000 platform (LC-BIO Bio, Hangzhou, China) according to the recommended protocol.



Data Analysis

After reads that contained adaptor contamination, low quality bases, and undetermined bases were removed using Cutadapt and perl scripts in-house, the sequence quality was verified by Fastp. The high-quality clean reads were mapped to the genome of homo sapiens (Version: v96) with default parameters using HISAT2 software. The mapping reads were used for peaking calling by R package exomePeak, while identified m6A peaks with bed or bam formats were visualized using IGV software (http://www.igv.org/). MEME and HOMER were used for de novo and known motif finding followed by localization of the motif involving peak summit by perl scripts in-house. Called peaks annotation and intersection with gene architecture were conducted using ChIPseeker. Next, expression level for all mRNAs from input libraries were calculated as FPKM (FPKM = [total_exon_fragments/mapped_reads (millions) × exon_length (kB)]) using StringTie. The differentially expressed peaks or mRNAs were identified with log2 (fold change) > 1 or log2 (fold change) < -1 and P value < 0.05 by R package edgeR.



Cell Culture

Human EOC cell line COV362 was cultured in Dulbecco’s modified Eagle’s medium (DMEM, Hyclone, Tauranga, New Zealand) containing 10% fetal bovine serum (FBS, Gibco, NY, USA), 100 U/ml penicillin and 100 ug/ml streptomycin (Invitrogen, CA, USA) at 37°C incubator with a humidified atmosphere with 5% CO2.



SiRNA Transfection

METTL3 down-regulation was achieved using sequence-specific small interfering RNA (siRNA). METTL3 siRNA and negative control was from GenePharma (Shanghai, China). COV362 cells grown in 6-well plates were transfected with 1 ug/ml sequence-specific siRNA or vector siRNA prepared in a mix with lipo3000 reagent and DMEM containing 10% serum. The cells were then cultured for 6 hours before use.



Real Time PCR

Real time PCR was performed to detect whether METTL3 was successfully knockdown by siRNA, as described previously (21). The primer pairs of METTL3 used were 5’-CCCTATGGGACCCTGACAG-3’ (forward primer) and 5’-CTGGTTGAAGCCTTGGGGAT-3’ (reverse primer), and the primer pairs of GAPDH were 5’-CGGAGTCAACGGATTTGGTCGTAT-3’ (forward primer) and 5’- AGCCTTCTCCATGGTGGTGAAGAC-3’ (reverse primer).



The MTT Assay

We planted COV362 cells at a concentration of 1×105/ml in 96-well plates. Then cells were incubated in 200µl medium which contains 20 µl MTT (5 mg/mL) at 37°C for 4 h. Next, we discarded the medium and added 150 µl dimethyl sulfoxide (DMSO) into each well. After shaking for 10 minutes, the absorbance at 570nm were measured by Microplate Reader (BIO-RAD550, Hercules, CA) in each well. The cell viability rate was calculated as experimental OD value/control OD value × 100%.



The TUNEL Assay

We used 4% paraformaldehyde solution to fix cells at room temperature for 30 minutes. Equilibration buffer were added to cover samples and incubated for 10 minutes. Then, enough TUNEL reagent (Roche, Basel, Switzerland) were added to cover samples and incubated at 37°C for 60 minutes. DAPI solution (Beyotime, Shanghai, China) was added to stain the nuclei. At last, the samples were analyzed using a fluorescent microscope (Olympus, Tokyo, Japan).



Cell Cycle Assay

Flow cytometry was performed using the PI single staining method to conduct cell cycle analysis, as described previously (21). In general, we collected cells and suspended them in 1×PBS and then we fixed the cells in ethanol at 4°C overnight. Next, the cells were centrifuged for 5 min at 2000 rpm and resuspended 1×PBS and were centrifuged again. The cells were mixed with 500 μL of propidium (Beyotime, Shanghai, China) and kept in the dark for 10 min. Then flow cytometry (BD Biosciences, CA, USA) was used to analyze the samples.



Western Blotting

Western blotting analysis was used to detect the alterations of protein levels, as previously described (21). The primary antibodies used in the experiments were against METTL3 (Abcam, ab195352), Cytokeratin 8 (KRT8, Abcam, ab53280), FAS (Abcam, ab133619) and GAPDH (Abcam, ab9485). The corresponding IgG-HRP secondary antibody was from Abcam (ab205718). The bend density was analyzed by Image J software (NIH, USA). The experiments were done at least three independent times for final analyses.



Statistical Methods

All values were expressed as means ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) was used to evaluate significant of differences in relative METTL3 mRNA expression in COV362 cells, cell viability and cell cycle analysis among multiple groups (Control, Vector and cells with METTL3 siRNA), and Student’s t-test was performed to compare relative METTL3 and KRT8 mRNA expression between EOC and OE groups. P value less than 0.05 was considered statistically significant. We performed all statistical analyses using SPSS (version 22.0, SPSS Inc., Chicago, IL, USA).




Results


Transcriptome-Wide Detection of m6A Modifications in EOC

Three pairs of human EOC and endometriosis samples were selected for MeRIP-seq and RNA sequencing assays.

A total of 39,237 m6A modified peaks were discovered in the EOC group, representing 17,082 genes. In the endometriosis group, 52,848 m6A peaks were identified, representing 19,349 genes. Among them, 19,365 m6A peaks and 14,874 genes were identified in both groups (Figures 1A, B). Table 1 showed the top 30 altered m6A peaks in EOC group. The results indicate the significant difference in global m6A distribution in EOC and OE groups.




Figure 1 | Characteristics of m6A distributions in EOC and OE. (A) Venn diagrams of overlaps of m6A peaks and (B) genes in EOC and OE tissues. (C) The distribution of differentially modified m6A peaks with significance per gene. (D) Number of peaks per gene in EOC and OE tissues. (E) Volcano plots showing the significant differential m6A peaks in EOC samples compared with OE samples. (F) The distribution and difference in the density of m6A peaks along all the transcripts in EOC and OE. (G) Pie charts showing the distributions of m6A peaks in EOC and OE tissues. (H) Representative m6A motifs enriched from the altered m6A peaks in EOC and OE groups, with P-values of 1*e-166 and 1*e-247, respectively.




Table 1 | The top 30 differently methylated m6A peaks (EOC vs OE).



By analyzing the alteration in the number of m6A peaks per gene, we found that most genes had one m6A peak. Approximately 45% of genes in EOC harbored one m6A peak, and about 83% of genes had 1-3 m6A modified sites. (Figures 1C, D)

Then we compared the abundance of the m6A peaks between EOC and OE samples. As shown in Figure 1E, 681 hyper-methylated m6A sites were discovered in EOC group compared with OE group, and a total of 719 hypo-methylated m6A sites were found.

Next, we investigated the distribution of differentially methylated m6A sites in transcriptome-wide scale of EOC and OE tissues. Each transcript was divided into start codon, 5’-UTR, CDS, 3’-UTR and stop codon. Figure 1F showed the distribution of m6A peaks in the two groups according to their locations in RNA transcripts. In general, the m6A peaks were especially enriched in CDS, 3’UTR, and stop codon in both groups (Figure 1F, G). Enrichment analysis results revealed m6A RRACH (R represents for G/A; A for m6A; H for A/C/U) consensus sequences, which reinforced the authenticity of the data (Figure 1H).



Alterations of m6A Peaks Are Related to Important Signaling Pathways

We performed GO analysis and KEGG analysis in hyper-methylated genes to evaluate the biological significance of m6A-enriched genes in EOC. GO analysis included three functional domains: biological process (BP), cellular component (CC) and molecular function (MF). The top 25 enriched BP terms, top 15 enriched CC terms and top 10 enriched MF terms of the hyper-methylated genes are shown in Figure 2A. The top 20 GO terms of genes with upregulated m6A peaks are shown in Figure 2B. Figure 2C shows that in KEGG analysis, hyper-methylated genes were associated with tight junction, pathogenic Escherichia coli infection, glutathione metabolism, cell adhesion molecules (CAMs), platinum drug resistance, adherens junction, etc.




Figure 2 | GO and KEGG pathway enrichment of hyper-methylated m6A genes. (A) Major enrichment and meaningful GO terms of hyper-methylated m6A genes in EOC. (B) The top 20 significant GO enrichment terms with m6A hypermethylation. (C) The top 20 significant KEGG pathways with m6A hypermethylation.





The Conjoint Analysis of MeRIP-Seq and RNA Sequencing

Compared to OE group, EOC group had 2876 significantly upregulated genes and 2640 significantly downregulated genes (Figure 3A).




Figure 3 | Conjoint analysis of MeRIP-seq and RNA sequencing data. (A) Scatter plot presenting the differentially expressed genes in EOC. (B) Four-quadrant plots presenting the distribution of genes with significant alterations in both the m6A modification and mRNA levels. (C) Heatmap plots exhibiting the differentially expressed genes of EOC and OE groups.



All genes were classified into 4 parts in conjoint analysis of MeRIP-seq and RNA sequencing data: a total of 184 hyper-methylated m6A peaks in which 74 mRNA transcripts were upregulated (hyper-up) and 110 mRNA transcripts were downregulated (hyper-down), and 212 hypo-methylated m6A peaks in 98 upregulated mRNA transcripts (hypo-up) or 114 down-regulated transcripts (hypo-down) (Figure 3B). A heatmap is created to investigate the differentially expression profiles of genes in EOC and OE (Figure 3C). GO analysis and KEGG pathway analysis were performed in those genes with differential expression and methylated m6A peaks synchronously. Figure 4A shows the top 10 terms of BPs, CCs, and MFs. Figure 4B shows the top 20 GO terms of these genes. KEGG pathway analysis showed that genes were enriched in human papillomavirus infection, focal adhesion, tight junction, and ECM−receptor interaction, etc. (Figure 4C).




Figure 4 | GO terms and KEGG pathways of genes with significant alterations in both the m6A modification and mRNA levels. (A) Major enrichment and meaningful GO terms of genes with significant alterations in both the m6A modification and mRNA levels. (B) The top 20 GO terms of genes with significant alterations in both the m6A modification and mRNA levels. (C) The top 10 KEGG pathways of genes with significant alterations in both the m6A modification and mRNA levels.





Functional Analysis of METTL3 in EOC Cell Line COV362

We further explored the data and found that METTL3 mRNA were highly expressed in the EOC group (Figure 5A). Also, the mRNA expression of KRT8 were significantly higher in the EOC group (Figure 5B). We then transfected the EOC cell line COV362 with METTL3 siRNA and successfully established a METTL3 knockdown cell line (Figure 5C). The MTT assays showed that the knockdown of METTL3 significantly led to the decreasing of cell proliferation (Figure 5D). The TUNEL assays revealed that knockdown of METTL3 increased cell apoptosis (Figure 5E). Furthermore, cell cycle analysis by flow cytometry showed that the percentage of cells in G0/G1 phase increased and S and G2/M phase decreased in cells with METTL3 knockdown (Figure 5F). Western blot data demonstrated that the expression level of KRT8 markedly decreased, and FAS increased in METTL3 knockdown cells (Figure 5G).




Figure 5 | (A) The relative mRNA expression level of METTL3 in EOC and OE groups. (B) The relative mRNA expression level of KRT8 in EOC and OE groups. (C) Real-time PCR analysis and western blot analysis for METTL3 expression in COV362 untreated cells (Control), cells transfected with empty vector (Vector), and cells transfected with METTL3-siRNA (METTL3-siRNA). (D) MTT assay showing cell viability of Control, Vector and METTL3-siRNA cells. (E) The TUNEL assay showing the apoptosis rates of Control, Vector and METTL3-siRNA cells. (F) Cell cycle analysis of Control, Vector and METTL3-siRNA cells. (G) Western blot showing the expression levels of KRT8 and FAS in Control, Vector and METTL3-siRNA cells. * P < 0.05, ** Compared with the other groups, P < 0.01.






Discussion

There are more than 170 modifications in RNA, and m6A is the most abundant modification in mRNA. M6A plays important roles in various aspects of RNA regulation, including RNA stability, splicing, degradation and translation. Increasing evidence suggests that m6A modification is involved in the tumorigenesis, proliferation, invasion, and progression of many kinds of malignancies (22, 23). M6A modification not only affects cancer functions such as cancer metabolism, cancer stem cell formation, epithelial–mesenchymal transition, but also participates in multiple signaling pathways (24). Although the transcriptome-wide m6A profiling of several cancers have been identified, the m6A methylation of EOC has not been reported. The present study identified the transcriptome-wide m6A distribution of EOC using a combination of MeRIP-seq and RNA sequencing for the first time.

In this study, we performed MeRIP-seq to determine the genome-wide profiling of m6A modification in EOC. Then the alterations of gene expression were also analyzed. Furthermore, GO analysis and KEGG pathway analysis were performed to evaluate the biological significance and pathophysiological roles of m6A-enriched genes and genes with differential expression and methylated m6A peaks synchronously in EOC by a conjoint analysis of MeRIP-seq and RNA-sequencing data. Additionally, we further explored the functions of METTL3 gene in EOC cells.

In the current study, we found that the difference in m6A modification between EOC and OE was significant. Briefly, 681 m6A peaks were upregulated and 719 m6A peaks were downregulated differentially in the EOC group. Furthermore, cancer-related biological pathways associated with hyper-methylated genes were significantly enriched. This suggests that m6A modification may contribute to EOC pathogenesis.

GO analysis revealed that cell adhesion-related hyper-methylated genes were enriched. There are four major groups of cell adhesion molecules: cadherins, integrins, selectins, and immunoglobulins (25). The integrin-mediated adhesion of epithelial cells to extracellular matrix proteins are lost and multiple signal transduction events are induced in the classic view of malignant transformation in the epithelium. This can be due to decreased E-cadherin expression resulting from transcriptional repression, its promoter methylation, or, uncommonly, a genetic or sporadic mutation (26–29). KEGG pathway analysis revealed that tight junctions are related to genes with up-methylated sites. Many researches have shown that tight junctions are closely related to the genesis and progression of many tumors. For instance, claudins, a group of membrane proteins that play a critical role in maintaining the proper function of epithelial tight junctions, were reported to participate in the carcinogenesis and metastasis of various cancers. Previous studies showed that claudin-1 overexpression is associated with the malignant behavior of colorectal cancer (30). Cytoplasmic expression of claudin-1 enhances the migratory ability of melanoma cells (31). Claudin-1 promotes the invasive ability of oral squamous cell carcinoma OSC-4 and NOS-2 cell lines through MT1-MMP and MMP-2 activation (32). E-cadherin expression was reduced by Claudin-1 via upregulating of ZEB-1 in colon cancer cells (33). Also, cell survival, invasion, and motility were increased in human ovarian surface epithelial cells with overexpression of claudin-3 and -4 increased (34). Hence, together with our data, we suggest that abnormal m6A methylation of genes participate in change of cell adhesion and tight junction, which may promote ovarian tumorigenesis and metastasis. Thus, modulating the m6A modification of genes in these pathways may provide new directions for the treatment of EOC.

Accumulating evidence has identified that METTL3 is implicated in human cancers either as an oncogene or a cancer suppressor in recent years. The controversial role of METTL3 in human cancer cells may be due to the different mechanisms of origin in various cancers. For instance, previous reports showed that METTL3 expression was significantly higher in hepatocellular carcinoma (HCC) than normal controls and it was correlated with shorter recurrence-free survival and overall survival (35). METTL3 knockout suppressed HCC oncogenicity and lung metastasis in vivo notably (36). It was demonstrated that suppressor of cytokine signaling 2 was the target of METTL3-mediated m6A modification and METTL3 repressed its expression through an m6A-YTHDF2-dependent pathway in liver cancer (36). Another study revealed that the epithelial-mesenchymal transition (EMT) was regulated by METTL3 in HCC cells through the methylating of CDS of Snail and then triggering polysome-mediated translation of Snail mRNA in cancer cells (37). It was reported that high expression of METTL3 was related with a poor prognosis in gastric cancer patients. In this study, Zinc finger MYM-type containing 1 (ZMYM1) was found to be a bona fide target of METTL3, which bound to and mediated the repression of E-cadherin promoter, thus driving the EMT program and leading to metastasis (38). Another study revealed that METTL3 level was elevated in colorectal cancer metastatic tissues and it was predictive of poor prognosis. SRY-box 2 (SOX2) was a downstream gene of METTL3, and the m6A of SOX2 transcripts was recognized by IGF2BP2 to prevent mRNA degradation (39). It was also reported that METTL3 can act as a tumor suppressor in some type of cancers. Liu et al. reported that about 70% of endometrial tumors exhibit reduced m6A levels than normal endometrium. The differences were likely due to a METTL14 mutation or reduced expression of METTL3, which promotes cell proliferation and the tumorigenicity of endometrial cancer through the activation of AKT signaling pathway (40).

A previous study showed that the expression of METTL3 and overall m6A level were elevated in EOC tissues, and the high expression of METTL3 was associated with poor malignancy and survival of EOC by mediating aberrant m6A modification (41). In our study, we found that METTL3 mRNA was highly expressed in the EOC group. Furthermore, the mRNA expression of KRT8 was significantly higher in the EOC group. We found that METTL3 knockdown in the EOC cell line significantly decreased cell proliferation, increased cell apoptosis, and induced cell cycle arrest at the G0/G1 phase. In addition, the expression level of KRT8 protein markedly decreased and FAS protein increased. As previous reports indicated KRT8 provide resistance to FAS-mediated apoptosis (42, 43), we deduced that knockdown of METTL3 may downregulate KRT8 expression, thus inducing FAS expression. However, whether METTL3 has an oncogenic role in EOC and is it mediated by KRT8 needs to be further explored. Also, more in-depth research should be done in the future to determine whether the function of METTL3 is related to its role as a methyltransferase.

In summary, we presented the transcriptome-wide m6A modifications of EOC for the first time using MeRIP-seq and discovered differentially expressed genes with various methylated m6A modifications. This study may provide new directions for in-depth research of the underlying molecular mechanisms and signaling pathways of EOC development and progression thus indicating new approaches for the treatment of EOC. Although some inhibitors of m6A methylation have been developed with promising effects, new regulators or inhibitors of m6A modifications should be further explored to provide novel therapeutic strategies for cancers.
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Background

A number of studies have demonstrated that circular RNA (circRNA) plays a critical role in tumorigenesis and tumor progression. However, the biological effects of most circRNAs on cervical cancer remain unclear. Hsa_circ_0021087 (thereafter named circLMO1) is a circRNA generated from the circularization of exon 2 and exon 3 of LIM Domain Only 1 (LMO1) and first identified as a tumor suppressor in gastric cancer. We aimed to identify the role of circLMO1 in cervical cancer progression.



Methods

CircLMO1 was verified through qPCR and Sanger sequencing. The biological role of circLMO1 in regulating cervical cancer growth and metastasis was investigated both in vitro and in the nude mouse xenograft tumor model. The dual luciferase reporter assay and rescue experiment were conducted to evaluate the interactions among circLMO1, microRNA (miR)-4291, and acyl-CoA synthetase long chain family member 4 (ACSL4). The role of circLMO1 in regulating ferroptosis was assessed by analyzing lipid reactive oxygen species (ROS), and malonyl dialdehyde (MDA), and glutathione (GSH) content.



Results

The level of circLMO1 was down-regulated in cervical cancer tissues and was associated with the International Federation of Gynecology and Obstetrics (FIGO) staging. Functionally, circLMO1 overexpression inhibited cervical cancer growth and metastasis both in vitro and in vivo, whereas circLMO1 depletion promoted cervical cancer cell proliferation and invasion. Mechanistically, circLMO1 acted as a competing endogenous RNA (ceRNA) by sponging miR-4192 to repress target gene ACSL4. CircLMO1 promoted cervical cancer cell ferroptosis through up-regulating ACSL4 expression. Overexpression of miR-4291 or knockdown of ACSL4 reversed the effect of circLMO1 on facilitating ferroptosis and repressing cervical cancer cell proliferation and invasion.



Conclusion

CircLMO1 acted as a tumor suppressor of cervical cancer by regulating miR-4291/ACSL4-mediated ferroptosis, and could be a promising biomarker for the clinical management of cervical cancer.
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Introduction

Cervical carcinoma is the second most common gynecological carcinoma after breast cancer in the world (1), with nearly 570 000 new cases and 311 000 deaths in 2018 (2). It is well known that human papillomavirus (HPV), particularly HPV16 and HPV18, is the main etiological factor of cervical carcinoma (3, 4). Although HPV vaccines are effective against HPV-related cervical cancer, and early screening can reduce the mortality of cervical cancer, most patients are already at an advanced stage at the time of diagnosis (5). For metastatic cervical cancer, the prognosis is poor, with a mean survival period of only eight to thirteen months (6). There is an urgent need to identify new functional molecules for effective early screening and treatment of cervical cancer.

Circular RNA (circRNA) is a class of evolutionarily conserved single-stranded RNA transcript, which formed by reverse splicing into a covalently closed loop (7). Unlike linear RNA, circRNA does not have a 5′ Cap or 3′ polyadenylation tail (8). Although circRNAs cannot encode proteins, they play a vital role in a variety of physiological processes such as cell differentiation (9), proliferation (10), apoptosis (11), autophagy (12), and ferroptosis (13). Emerging evidence has demonstrated that dysregulated circRNAs exert a crucial role in human diseases, including cancer (14, 15), cardiovascular disease (16), diabetes (17), and Alzheimer’s disease (18). In fact, circRNAs are expressed in a specific manner in tissues and cells, indicating that they have distinct biological functions in various pathophysiological processes (7, 19, 20).

Wang et al. revealed the abnormal expression of circRNAs in HPV-related cervical cancer through RNA sequencing (RNA-seq) (21). Their data showed that 99 circRNAs are differentially expressed between cervical cancer tissues and adjacent non-tumor tissues. Ma et al. reported that 512 circRNAs are dysregulated in cervical cancer tissues (22). They further demonstrated that has_circ_000284 inhibition suppresses the growth and migration of cervical cancer cells via sponging miR-506 and de-repressing Snail-2 expression (22). Most circRNAs are located in cytoplasm (23, 24), and frequently act as competing endogenous RNAs (ceRNAs) by sponging miRNAs, and thereby increasing downstream gene expression. Hsa_circ_0021087, also known as circLMO1, is a newly identified circRNA in gastric cancer (25–27). However, the role of circLMO1 in gastric cancer is controversial. Yu et al. demonstrated that circLMO1 overexpression decreases gastric cancer cell proliferation and invasion (27). In contrast, Han et al. showed that circLMO1 promotes gastric cancer cell proliferation (28). The functional identification and characterization of circLMO1 in different types of tumors is necessary.

Ferroptosis is an iron-dependent programmed cell death (29, 30). More and more studies have shown that cancer cells are prone to ferroptosis (31). Sorafenib is an agonist of ferroptosis and the first-line therapy for advanced hepatocellular carcinoma (HCC) (32). Impressively, deferoxamine can markedly decrease the toxic effect of sorafenib on HCC cells (32). Jiang et al. demonstrated that oeanolic acid inhibits the proliferation of cervical cancer cells by promoting ACSL4-dependent ferroptosis (33). Up-regulated circRNA circEPSTI1 promotes cervical cancer growth by negatively regulating SLC7A11-dependent ferroptosis (13). There is increasing evidence that ferroptosis may be a potential target for cancer treatment.

In the study, the role of circLMO1 in cervical cancer progression and its relationship with ferroptosis was investigated. We demonstrated that circLMO1 expression was down-regulated in cervical cancer. CircLMO1 overexpression repressed cervical cancer growth and metastasis through sponging miR-4291, de-repressing ACSL4 expression, and thus accelerating ferroptosis.



Materials and Methods


Clinical Samples

Thirty-one cervical cancer tissues and matched normal tissues were obtained from the First Affiliated Hospital of Wenzhou Medical University with informed consent. The donor information is showed in Table 1. The protocol was conducted with the approval of the Hospital’s Protection of Human Subjects Committee.


Table 1 | The correlation of circLMO1 level with clinicopathological characteristics in cervical cancer.





Cell Culture

SiHa and Hela cell lines were purchased from China Center for Type Culture Collection (Wuhan, China). Normal human cervical epithelial cells (HUCEC), CaSki, and C33A cell lines were purchased from American Type Culture Collection (ATCC, VA, USA). All cells were in DMEM (Gibco, CA, USA) containing 10% FBS (Gibco) and 1× penicillin/streptomycin (Beyotime, Shanghai, China) at 37°C and 5% CO2 atmosphere.



Quantitative Real-Time PCR (qPCR)

Total RNAs were collected using RNAsimple Total RNA Kit (DP419; Tiangen Biotech, Beijing, China) according to the manufacturer’s instructions, and quantified using a Nanodrop 1000 spectrophotometer (ThermoFisher Scientific, MA, USA). To determine the form of circLMO1, 4 μg of total RNA was digested with 8 U of RNase R (ThermoFisher Scientific) in 20 μL reaction buffer at 37°C for 0.5 h. Subsequently, the digested samples and mock samples were used as templates to verify the RNase R resistance by qPCR assay. First-stand cDNA was synthesized with SuperScript IV Reverse Transcriptase (18090010; Invitrogen, CA, USA) in the presence of Random 6 mers or Oligo dT Primer. qPCR was carried out in triplicate using the designated cDNA template and FastFire qPCR PreMix reagent (FP207; Tiangen Biotech) on Thermal Cycler Dice™ Real Time System III (TP950; TaKaRa). Thermocycling conditions were as followed: (i) 95°C for 60 s, (ii) 95°C 10 s, (iii) 60°C 15 s. Steps (ii) and (iii) were repeated for a total of 30 cycles. The 2-ΔΔCt method was applied to calculate the expression level of each group and β-actin was used as an internal control. The sequences of specific primers were listed in Supplementary Table S1.



Overexpression and RNA Interference (RNAi)

A recombinant lentivirus (Lv-circLMO1) encoding Exon 2 and Exon 3 of the LMO1 gene, and its flanking intron contains reverse complement matching was obtained from Genechem (Shanghai, China) to overexpress circLMO1. The full length cDNA encoding DExH-Box Helicase 9 (DHX9) was inserted into pcDNA3.1 vector to overexpress DHX9 in cervical cancer cells. MiR-4291 mimics, siRNAs against circLMO1, DHX9, Acsl4, and miR-4291 were obtained from GenePharma (Shanghai, China). The sequences of siRNA and the miRNA mimics were showed in Supplementary Table S1.

CaSki cells and C33A cells in the logarithmic growth phase were plated into cell culture dish until cells reached approximately 70% confluence. Recombinant plasmids were transfected with Lipofectamine™ 3000 reagent (L3000015; Invitrogen, CA, USA), siRNAs and miRNA mimics were transfected with Lipofectamine™ RNAiMAX Reagent (13778030; Invitrogen). After transfection, cells were cultured at 37°C for 48h, followed by subsequent experiments.



Cell Proliferation Assay

A commercial CCK-8 solution (GK10001; Glpbio, CA, USA) was used to measure cell viability and proliferation. For investigating the role of circLMO1 in regulating cell proliferation, CaSki cells (2×103 cells/well) were seeded into a 96-well plate and overexpressed with circLMO1. At the indicated time points (0 h, 24 h, 48 h, and 72 h), cells were treated with 10 μL of CCK-8 reagent for 2 h, and then cell proliferation was assessed by measuring the absorbance at 450 nm on a microplate reader (Molecular Device, Sunnyvale, CA, USA). Moreover, C33A cells (2×103 cells/well) were seeded into a 96-well plate and circLMO1 was knocked down. At the indicated time points, cells were treated with 10 μL of CCK-8 reagent for 2 h and cell proliferation was assessed. For assessing cell viability, CaSki cells were treated with Erastin (1 μM), Ferrostatin-1 (2 μM), ZVAD-FMK (10 μM), necrostatin-1 (12 μM), or disulfiram (6 μM) for 48 h after circLMO1 overexpression. Then cells were treated with 10 μL of CCK-8 reagent for 2 h and cell viability was calculated by measuring the absorbance at 450 nm on a microplate reader. Cell death inhibitors/agonists used in the study were purchased from Sigma-Aldrich (MO, USA).



Colony Formation Assay

The circLMO1-overexpressed CaSki cells or circLMO1-knockdowned C33A cells were disaggregated into single cell suspensions. Live cells were counted by trypan blue staining, and were seeded (200 cells per well) into six-well plates. Then, cells were cultured in a complete medium containing 0.6% methylcellulose at 37°C for 14 days. After that, cells were washed with PBS for 3 times and fixed in 4% paraformaldehyde (PFA; Beyotime) for 3 min. Fixed colonies were stained with 0.5% crystal violet for 10 min.



Transwell Invasion Assay

CaSki and C33A cells (2.0×104 cells/200 μL serum-free DMEM medium) were treated with Lv-circLMO1 and siRNA-circLMO1, respectively, and then added in the Matrigel-coated upper chamber of Transwell chamber (24-well). DMEM medium (700 μL) supplemented with 10% FBS were added into the lower chamber. After 36 h of incubation, the non-invasive cells were wiped with a cotton swab and the cells on the lower surface were washed 3 times with PBS. After fixation with 4% PFA for 5 min, the cells were dyed with 0.5% crystal violet for 10 min. The cells on the lower surface were photographed (Nikon, Tokyo, Japan) under a microscope at 10 × magnification and counted in 5 independent fields with Fiji software (NIH, Bethesda, MD).



Tumor-Bearing Mouse Model

Male BALB/c nude mice (6 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were kept in a constant temperature (25°C) and pathogen-free room with free access to food and water ad libitum. The animal experiments were approved by the Ethics Committee for Animal Experimentation of The Second Affiliated Hospital and Yuying Children’s Hospital. Mice were euthanised with isoflurane inhalation. CaSki cells overexpressing circLMO1 (7×106 cells/100 μL PBS) were injected subcutaneously into the flank of mice. Tumor growth was measured with a caliper 3 times a week and tumor-bearing mice were euthanised at 5 weeks after inoculation. Tumor volume (mm3) was estimated using the following formula: Tumor volume = ½ (longest diameter × shortest diameter2).



In Vivo Metastasis Assay

CaSki cells stably overexpressed circLMO1 (3×106 cells/200 μL PBS) were injected into nude mice through the tail vein. Ten weeks after the injection, a live animal fluorescence imaging system (Shanghai Unitech Instruments Co., Ltd., Shanghai, China) was used to observe lung metastases. Twenty minutes prior to image, mice were intraperitoneally injected with D-luciferin (1.5 mg/10 gm of mice) to provide as a luciferase substrate. Mice were euthanised and their lungs were fixed in 4% formaldehyde. The lung tissue was embedded in paraffin and cut into 6 μm sections for hematoxylin and eosin staining.



Fluorescence In Situ Hybridization (FISH)

The subcellular localization of circLMO1 was evaluated using FISH assay. Specific RNA probes against cricMLO1 and miR-4291 was synthesized using FISH Tag™ RNA Kit (F32952; Invitrogen). CaSki and C33A cells (about 1.5×104/well) were mounted on a coverslip and fixed with 4% PFA (Beyotime) at room temperature for 15 min. The cells were digested with protein K at 37°C for 1 h in the presence of glycine and acetic anhydride. Then, cells were treated with pre-hybridization solution for 90 min and treated with the probe (300 μL, 250 ng/mL) against cricMLO1 at 42°C overnight. Finally, cells were stained with DAPI for 5 min at room temperature before sealing. A fluorescence microscope (Keyence, Osaka, Japan) was used to capture the signals of cricMLO1, miR-4291 and the nucleus.



RNA Immunoprecipitation (RIP)

EZ-Magna RIP kit (Millipore, MA, USA) was used to detect the binding of reverse complementary sequence in intron 1 (I1RC)/reverse complementary sequence in intron 3 (I3RC) to DHX9 and circLMO1 to AGO2. In brief, the magnetic beads were coated with rabbit anti-DHX9 antibody (A300-855A-M; Bethyl Laboratories, Inc., TX, USA) or rat anti-AGO2 antibody (SAB4200085; Sigma-Aldrich, MO) in RIP wash buffer at room temperature for 40 min. CaSki and C33A cells (8×106) were lysed in RIPA lysis buffer (Beyotime) and the total protein was quantified by BCA method. Subsequently, the lysates were incubated with magnetic beads coated with either AGO2 antibody or DHX9 antibody in RIP buffer at 4°C overnight. The immunoprecipitated RNAs were isolated using protease K, and the enrichment of I1RC, I3RC, and circLMO1 was quantified by qPCR.



Dual Luciferase Reporter Gene Detection

The wild-type predicted binding site or mutant binding site of circMLO1 with miR-4291 were cloned into the pGL3 vector (Vector Builder, Guangzhou, China) to construct pGL3-circLMO1-wt or pGL3-circLMO1-mut reporter plasmid. pGL3-ACSL4-3’UTR-wt and pGL3-ACSL4-3’UTR-mut recombinant plasmids were prepared by cloning the ACSL4-3’UTR or its mutant into the pGL3 vector. Before transfection, CaSki cells and C33A cells were seeded into 96-well plates and cultured for 24 h. Lipofectamine 3000 (Invitrogen) was used to transfect the designated plasmid with miR-4291 mimic or its mutant (miR-4291-mut) into cells, and the cells were cultured for another 48 h. Luciferase activities were quantified using Dual Luciferase Reporter Gene Assay Kit (RG027, Beyotime) according to the manufacturer’s instruction. Transfection efficiency was normalized by Renilla luciferase activity.



RNA Pull-Down Assay

An RNA pull-down assay was performed to evaluate the direct combination between circLMO1 and miR-4291. Streptavidin magnetic beads (M2420; Solar Bio, Beijing, China) were labeled with biotinylated-miR-4291 (Sangon Biotech, Shanghai, China) at 4°C for 12 h. Approximately 0.5×107 CaSki or C33A cells were lysed with commercial lysis buffer (P0013; Beyotime) supplemented with 40 U/mL RNasin (Tiangen Biotech). The lysate was reacted with RNA probe-labeled streptavidin magnetic beads for 3 h at room temperature. Finally, the circLMO1 content of the eluted complex was determined by qPCR.



Iron (Fe2+), GSH, ROS, and MDA Assay

In order to determine the role of circLMO1 and miR-4291 in ferroptosis, the colorimetric determination kit (E-BC-K304-S; Elabscience, Hubei, China) for ferrous ion, GSH ELISA kit (ml077287; Shanghai Enzyme-Linked Biotechnology, Shanghai, China), lipid peroxidation MDA detection kit (S0131S; Beyotime) and C11-BODIPY (D3861; Invitrogen) were used to detect the levels of Fe2+, GSH, MDA, and ROS, respectively.



Western Blot

The treated CaSki and C33A cells were lysed using RIPA Buffer (Beyotime), and the total protein concentration was measured by the BCA method using the BCA kit (BCA1-1KT, Sigma-Aldrich). About 20 μg of protein in each sample was electrophoresed on the 10% SDS-PAGE and then transferred to a PVDF membrane (0.45 μm, Millipore). The membrane was blocked in blocking solution (5% non-fat milk and 0.01% NaN3 in TBST) at room temperature for 90 min, and then probed with rabbit anti-LMO1 antibody (1:3000, ab137599, Abcam, MA, USA), rabbit anti-PTGS2 antibody (1:2000, SAB570072, Sigma-Aldrich), rabbit anti-ACSL4 antibody (1:5000, A305-358A, Bethyl Laboratories, TX, USA) and rabbit anti-β-actin antibody (1:2000, MA5-32479, Invitrogen) at 4°C overnight. After rinsing 3 times in TBST for 3 times, the membrane was labeled with HRP-conjured goat anti-rabbit IgG secondary antibody (1:5000, HA1001, HUA BIO, Shanghai, China) for 120 min at room temperature. The target protein was visualized using the ultra-high sensitivity ECL Kit (GK10008, Glpbio, CA, USA) and quantified by Fiji software. β-actin was used as the control.



Statistical Analysis

Data are expressed as mean ± SEM from three independent experiments. All statistical analyses were implemented with GraphPad Prism 6.0 (GraphPad Software, CA, USA). Difference between groups were compared through one-way analysis of variance (ANOVA) followed by the Scheffé test, student’s t-test, and Fisher’s exact test. P-value less than 0.05 was statistically significant.




Results


Characterization of circLMO1 in Cervical Cancer

The biological role of circLMO1 in gastric cancer has been studied in previous studies (26, 27). However, the mechanism by which circLMO1 regulates cancer progression remains poorly understood. Here we evaluated the expression pattern, biological function and potential mechanism of circLMO1 in cervical cancer. Hsa_circ_0021087 is derived from the circularization of exon 2 and exon 3 of the LMO1 gene, so it was named circLMO1 (Figure 1A). We used Sanger sequencing to verify the reverse splicing site in the PCR product of circLMO1 (Figure 1B). The results from qPCR analysis showed that although linear splicing sites existed in both complementary DNA (cDNA) and genomic DNA (gDNA), the reverse splicing site of circLMO1 only existed in cDNA (Figure 1C). To identify whether circLMO1 has poly (A) tail, reverse transcription PCR (RT-PCR) was performed using random primers or oligo (dT)18 primers. The results from qPCR showed that the level of circLMO1 in RT-PCR product of the oligo (dT)18 primer was lower than that of the random primer (Figure 1D), indicating that circLMO1 did not contain poly (A) tails. Furthermore, circLMO1 was RNase R-resistant, indicating that circLMO1 was a circular transcript, because linear transcripts were sensitive to RNase R (Figure 1E). To assess the relationship between circLMO1 expression and pathological features in cervical cancer, qPCR was used to assess circLMO1 level in cervical cancer tissues and cell lines. Figure 1F showed that circLMO1 expression in cervical cancer cell lines (SiHa, CaSki, C33A, and HeLa) was markedly down-regulated compared with normal cervical epithelial cells (HUCEC). CircLMO1 was also significantly down-regulated in tumor tissues (Figure 1G). Moreover, lower levels of circLMO1 were correlated with an increase in the International Federation of Gynecology and Obstetrics (FIGO) stage (Figure 1H).




Figure 1 | Features of circLMO1. (A) Schematic diagram of the formation of circLMO1. The qPCR primers used to evaluate the linear sequence of circLMO1, the convergent primers, are represented by red triangles. The qPCR primers used to evaluate the reverse splice site of circLMO1, the divergent primers, are represented by purple triangles. (B) Sanger sequencing of the reverse splice site of circLMO1. (C) qPCR analysis of circLMO1 level in DNA and cDNA derived from C33A cells using convergent primers and divergent primers. (D) Oligo (dT)18 primers or random primers was used to synthesize first-strand cDNA, and then qPCR analysis was performed to evaluate the level of circLMO1 and mLMO1 in these cDNAs. The value of the random primer is used as a reference. (E) Total RNA was treated with RNase R, and then qPCR analysis were performed to evaluate circLMO1 and mLMO1 level. (F) qPCR analysis was performed to assess circLMO1 expression in various cervical cancer cell lines (SiHa, CaSki, C33A, and HeLa) and normal cervical epithelial cell lines (HUCEC). (G) qPCR analysis was performed to assess circLMO1 level in cervical cancer tissues (n = 31) and matched normal tissues. (H) qPCR analysis was performed to assess circLMO1 level in different FIGO stages of cervical cancer. *p < 0.05, **p < 0.01, ***p < 0.001.





Intron Pairing Drives the Circularization of circLMO1

Most circRNAs are derived from the circularization of exon with flanking introns, which commonly contain reverse complementary matches (RCMs) (34, 35). RCMs can form base-pairing and hairpins between flanking introns to promote back-splicing. By aligning the sequences of intron 1 and intron 3 with the Basic Local Alignment Search Tool (BLAST), the high RCMs were identified (Figure 2A). To investigate whether the circularization of circLMO1 was facilitated by I1RC (reverse complementary sequence in intron 1) and I3RC (reverse complementary sequence in intron 3), the 5 sequences were separately cloned into the pcDNA3.1 vector (Figure 2B): 1#, Exon 2 and 3 with wild type of I1RC and I3RC; 2#, Exon 2 and 3 with I3RC (without I1RC); 3#, Exon 2 and 3 with I1RC (without I3RC); 4#, Exon 2 and 3 with neither I1RC nor I3RC; 5#, Exon 2 and 3 with no flanking introns. After transfection of these recombinant plasmids, the results from qPCR analysis showed that the wild type plasmid (1#), but not the 3#, 4# and 5# plasmids, could overexpress circLMO1 (Figure 2C). Besides, 2# plasmid partly overexpressed circLMO1. This may be because intron 1 is a long flanking intron (37.922 kb) and thus contains multiple RCMs except I1RC (Supplementary Figure S1). These results indicate that I3RC is indispensable for the circularization of circLMO1.




Figure 2 | Intron pairing drives the cyclization of circLMO1. (A) Alignment of I1RC and I3RC located in the flanking intron of circLMO1. (B) Schematic diagram of the recombinant plasmid used to explore the circularization of circLMO1. The genomic region (red bar) of circLMO1 and its wildtype flanking introns (black line) containing I1RC and I3RC (grey bars) were cloned into the pcDNA vector (1#). A black cross indicates a corresponding absence. (C) qPCR analysis was performed to assess circLMO1 level in CaSki cells treated with different recombinant plasmids (1# to 5#). qPCR analysis of circLMO1 and mLMO1 levels in C33A cells after DHX9 knockdown (D) and CaSki cells after DHX9 overexpression (E). DHX9 antibody was used for RIP assay to evaluate the direct combination of DHX9 with I1RC and I3RC in C33A (F) and CaSki cells (G). **p < 0.01.



DExH-Box Helicase 9 (DHX9), quaking (QKI), and adenosine deaminase 1 acting on RNA (ADAR1) are RNA-binding proteins (RBPs) that were demonstrated to extensively control circRNA biogenesis (36, 37). Data from the GEPIA database (http://gepia.cancer-pku.cn/) showed that DHX9 level was increased in cervical cancer tissues compared with normal control, ADAR1 level was unchanged, and QKI level was decreased in tumor tissues (Supplementary Figures S2A–C). Knockdown of DHX9, but not ADAR1 and QKI, significantly up-regulated circLMO1 expression in C33A cells (Figure 2D, Supplementary Figure S2D). In contrast, overexpression of DHX9, but not ADAR1 and QKI, down-regulated circLMO1 expression in CaSki cells (Figure 2E, Supplementary Figure S2E). Furthermore, RIP assay using a DHX9 antibody exhibited a significant enrichment of I1RC and I3RC in C33A and CaSki cells (Figures 2F, G). These data indicate that intron pairing drives the circularization of circLMO1, and up-regulated DHX9 leads to a significant decrease in circLMO1 in cervical cancer cells.



CircLMO1 Inhibits Cervical Cancer Growth and Metastasis

The level of endogenous circLMO1 was the highest in C33A cells and lowest in CaSki cells (Figure 1F). To investigate the biological role of circLMO1, circLMO1 was overexpressed in CaSki cells and knocked down in C33A cells, and then cell proliferation and invasion were assessed both in vitro and in vivo. The ectopic expression and depletion of circLMO1 were verified by qPCR (Supplementary Figures S3A, B). The results from CCK-8 (Figure 3A) and colony formation assay (Figure 3B) showed that forced expression of circLMO1 significantly decreased CaSki cell proliferation and growth. In contrast, circLMO1 knockdown accelerated C33A cell proliferation and growth (Figures 3C, D). We next explored the role of circLMO1 in tumor growth in vivo. As shown in Figures 3E, F, circLMO1 overexpression in CaSki cells significantly suppressed tumor growth of cervical cancer xenografts in nude mice. The role of circLMO1 in regulating cell invasion in vitro and tumor metastasis in vivo were further investigated. Forced expression of circLMO1 inhibited CaSki cell invasion (Figures 3G, H), while circLMO1 depletion promoted C33A cell invasion (Figures 3I, J). The CaSki cells stably overexpressed circLMO1 were injected into nude mice through tail vein to establish a cervical cancer lung metastasis model. Figures 3K, L showed that circLMO1 overexpression significantly repressed cancer metastasis in vivo compared with control. Histological analysis further showed that circLMO1-overexpressed CaSki cells formed less and smaller lung metastatic nodules compared with control (Figures 3M, N).




Figure 3 | CircLMO1 inhibits cervical cancer growth and metastasis. CCK-8 (A) and colony formation assay (B) were carried out to assess CaSki cell proliferation and growth after circLMO1 overexpression. CCK-8 (C) and colony formation assay (D) were carried out to assess C33A cell proliferation and growth after circLMO1 knockdown. (E, F) CaSki cells stably overexpressed with circLMO1 were injected subcutaneously into nude mice, and tumor volume was calculated at different time points (n = 4). Transwell invasion assay of CaSki cells (G, H) after circLMO1 overexpression and C33A cells (I, J) after circLMO1 knockdown. Scale bar = 100 µm. (K, L) CaSki cells stably overexpressed circLMO1 were injected into nude mice through tail vein, and in vivo bioluminescence imaging was used to assess cancer metastasis at 10 weeks (n = 4). (M) H&E staining in lung tissue was used to assess lung metastasis. Scale bar = 100 µm. (N) The number of lung metastatic nodules at 10 weeks. *p < 0.05, **p < 0.01.





CircLMO1 Promotes Cervical Cancer Cell Ferroptosis

CircLMO1-induced cell death pattern was next explored. To this end, circLMO1 was overexpressed in CaSki cells in the presence of Ferrostatin-1 (Fer-1, a ferroptosis inhibitor), ZVAD-FMK (an apoptosis inhibitor), necrostatin-1 (a necroptosis inhibitor), or disulfiram (a pyroptosis inhibitor), and then cell viability was assayed. Figure 4A showed that circLMO1-mediated cell death was significantly repressed by Fer-1 or ZVAD-FMK, but not necrostatin-1 and disulfiram, indicating that circLMO1 promoted cervical cancer cell death by triggering ferroptosis and apoptosis. As a novel type of cell death related to cancer, ferroptosis is closely associated with cervical cancer progression (13, 33, 38). Here we focused on the effect of circLMO1 on ferroptosis. Figure 4B showed that Erastin (an activator of ferroptosis) reduced C33A cell viability, while circLMO1 inhibition prevented this effect, indicating that ferroptosis is an important pattern of cervical cancer cell death, and that circLMO1 accelerated cervical cancer cell death by regulating ferroptosis. To define the role of circLMO1 in ferroptosis, iron concentration, GSH and MDA content, and ROS level were assayed after circLMO1 overexpression. Figures 4C–F showed that circLMO1 was not associated with iron concentration in CaSki cells, but circLMO1 decreased GSH content, and increased MDA content and ROS level.




Figure 4 | CircLMO1 promotes cervical cancer cell ferroptosis. (A) CCK-8 assay was carried out to assess CaSki cell viability after circLMO1 overexpression in the presence or absence of ZVD-FEK, Fer-1, Necrostatin-1 and Disulfiram. (B) CCK-8 assay was carried out to assess CaSki cell viability after Erastin treatment in the presence or absence of circLMO1 overexpression. Relative iron concentration (C), GSH content (D), MDA content (E), and ROS level (F) was evaluated in CaSki cells after circLMO1 overexpression. (G) qPCR analysis was performed to assess the expression of ferroptosis-related genes in CaSki cells after circLMO1 overexpression. (H, I) Western blot and quantitative analysis of ACSL14 and PTGS2 protein levels in CaSki cells after circLMO1 overexpression. *p < 0.05, **p < 0.01, n.s, not significant.



To reveal the mechanism by which circLMO1 triggers ferroptosis, the expression of ferroptosis-related mRNAs was assayed in CaSki cells after circLMO1 overexpression. As shown in Figure 4G, circLMO1 overexpression resulted in a significant increase of ACSL4 and PTGS2 mRNA levels. Western blot analysis demonstrated that circLMO1 increased ACSL4 and PTGS2 protein levels (Figures 4H, I). These results suggest that circLMO1 facilitates cervical cancer cell ferroptosis at least in part by increasing ACSL4 or PTGS2 expression.



CircLMO1 Acts as a Sponge for miR-4291 in Cervical Cancer Cells

The circRNAs located in the cytoplasm usually act as ceRNAs to regulate mRNA levels via sponging miRNAs (39). The subcellular localization of circLMO1 was examined by qPCR and FISH. Figures 5A, B showed that circLMO1 was mostly located in the cytoplasm. RIP assay using argonaute 2 (AGO2) antibody showed that circLMO1 was markedly enriched by AGO2 antibody (Figure 5C). These results indicated that circLMO1 may act as a ceRNA. The bioinformatics analysis was carried out using miRDB tool (http://mirdb.org/mirdb/index.html) to predict the potential miRNAs sponged by circLMO1, and 12 miRNAs were identified (Supplementary Table S2). Among them, miR-4291 and miR-762 were significantly increased in cervical cancer cells compared with normal cervical epithelial cells (Figure 5D). The miR-4291 was selected for further research because miR-4291 expression was higher than miR-762.




Figure 5 | CircLMO1 acts as a sponge for miR-4291 in cervical cancer cells. (A) FISH assay were carried out to assess circLMO1 cell localization in C33A and CaSki cells. The RNA probe targeting circLMO1 was stained green and the nucleus was stained blue. (B) qPCR analysis of circLMO1 levels in the cytoplasm and nucleus of C33A cells. U6 was used as a positive control in the nucleus, and β-actin was used as a positive control in the cytoplasm. (C) AGO2 antibody was used to perform RIP assay to determine the combination of circLMO1 and AGO2 in CaSki cells. (D) qPCR analysis was performed to assess miRNAs expression in CaSki and HUCEC cells. (E) Schematic diagram of the predicted miR-4291-circLMO1 interaction. (F–H) After co-transfection with miR-4291 (or its mutant) and circLMO1-wt luciferase reporter gene (or its mutant), luciferase activity was assessed in CaSki and C33A cells. After transfection with biotin-labelled miR-4291, qPCR analysis was performed to assess circLMO1 level in the streptavidin precipitation complex from CaSki cells (I) or C33A cells (J). (K) The co-localization of circLMO1 and miR-4291 analysed through double FISH assay in C33A cells. *p < 0.05, **p < 0.01.



To validate the direct combination of circLMO1 with miR-4291 (Figure 5E), the recombinant plasmid of pGL3-circLMO1-wt or its mutant (pGL3-circLMO1-mut) was co-transfected with miR-4291 into cervical cancer cells. Figures 5F, G revealed that the luciferase activity of pGL3-circLMO1-wt was significantly repressed after miR-4291 transfection, but the luciferase activity of pGL3-circLMO1-mut was not affected by miR-4291 (Supplementary Figure S3C). Meanwhile, miR-4291 mutant lost the role in repressing luciferase activity of pGL3-circLMO1-wt in CaSki and C33A cells (Figure 5H). The direct combination of circLMO1 with miR-4291 was further assessed through RNA pull-down assay with biotin-labeled miR-4291. As shown in Figures 5I, J, a marked enrichment of circLMO1 was observed in pull-down assay with biotin-labelled miR-4291. Moreover, the co-localization of circLMO1 and miR-4291 was verified through dual FISH assay (Figure 5K). These results indicate that circLMO1 acts as a sponge for miR-4291 in cervical cancer cells.



CircLMO1 Increases ACSL4 Expression by Sponging miR-4291

TargetScan7.1 tool (http://www.targetscan.org/vert_71/) was applied to predict the target genes of miR-4291. There are 5084 genes possibly targeted by miR-4291. Among 5084 genes, ACSL4, PTGS2, and SLC7A11 are ferroptosis-related genes (Supplementary Figure S4A). The role of miR-4291 in regulating these genes expression was next assessed. miR-4291 overexpression significantly decreased ACSL4 expression in CaSki and C33A cells (Figures 6A, B), while miR-4291 inhibition increased ACSL4 expression (Figures 6C, D). The miR-4291 did not affect the expression of PTGS2 and SLC7A11 (Figures 6A–D, Supplementary Figures S4B, C). Western blot analysis also demonstrated that miR-4291 negatively regulated ACSL4 protein level in CaSki and C33A cells (Figures 6E, F), suggesting that ACSL4 may be a target gene of miR-4291. The recombinant plasmids of pGL3-ACSL4-3’UTR-wt or pGL3-ACSL4-3’UTR-mut was constructed by cloning ACSL4-3’UTR or its mutant into pGL3 (Figure 6G). Figure 6H showed that the luciferase activity of pGL3-ACSL4-3’UTR-wt was markedly decreased after miR-4291 transfection, but 4 nucleotides mutation in ACSL4-3’UTR resulted in complete loss of the repressive role.




Figure 6 | CircLMO1 increases ACSL4 expression by sponging miR-4291. qPCR analysis of Acsl4, Ptgs2, and Slc7a11 level in CaSki (A) and C33A cells (B) after miR-4291 overexpression. qPCR analysis of Acsl4, Ptgs2, and Slc7a11 level in CaSki (C) and C33A cells (D) after miR-4291 inhibition. (E) Western blot analysis of ACSL4 protein level in CaSki and C33A cells after miR-4291 overexpression. (F) Western blot analysis of ACSL4 protein level in CaSki and C33A cells after miR-4291 inhibition. (G) Schematic illustration of the predicted miR-4291-ACSL4 interactions. (H) Luciferase activities were assessed in C33A cells after co-transfection with miR-4291 and Acsl4-3’UTR-wt luciferase reporters (or its mutant). qPCR (I) and western blot analysis (J) of Acsl4 expression in CaSki cells after circLMO1 overexpression in the presence or absence of miR-4291 mimics. qPCR (K) and Western blot analysis (L) of Acsl4 expression in C33A cells after circLMO1 knockdown in the presence or absence of miR-4291 inhibitor. (M) Acsl4 levels in cervical squamous cell carcinoma and endocervical adenocarcinoma were analysed via GEPIA database. (N) qPCR analysis of Acsl4 level in cervical cancer tissues (n = 30) and matched normal tissues. (O) The positive association between the circLMO1 level and the miR-4291 level in 30 cervical cancer tissues. *p < 0.05, **p < 0.01.



Based on the above findings, we speculated that circLMO1 might increase ACSL4 expression in a miR-4291-dependent manner. As expected, circLMO1 enhanced the mRNA and protein level of ACSL4 in CaSki cells, while miR-4291 reversed the effect (Figures 6I, J). CircLMO1 depletion repressed ACSL4 expression, while miR-42391 inhibition significantly restored ACSL4 expression (Figures 6K, L). By analyzing the GEPIA database, it was found that ACSL4 level was down-regulated in cervical squamous cell carcinoma and cervical adenocarcinoma compared with normal tissues (Figure 6M). ACSL4 was also significantly down-regulated in tumor tissues compared with matched normal tissues (Figure 6N). Moreover, the ACSL4 level was positively associated with the circLMO1 level in 30 cervical cancer tissues (Figure 6O, r2 = 0.3781, p<0.01).



CircLMO1 Regulates the Ferroptosis, Proliferation, and Invasion of Cervical Cancer Cells in a miR-4291/ACSL4-Dependent Manner

Finally, we assessed the role of circLMO1/miR-4291/ACSL4 axis in regulating cervical cancer cell ferroptosis, proliferation, and invasion. CircLMO1 decreased GSH content in CaSki cells, whereas miR-4291 overexpression or ACSL4 depletion restored GSH content (Figure 7A). Similarly, circLMO1 increased MDA content and ROS level in CaSki cells, whereas miR-4291 overexpression or ACSL4 depletion significantly reversed the effect (Figures 7B, C). More important, circLMO1 repressed CaSki cell proliferation and invasion, whereas miR-4291 overexpression or ACSL4 depletion significantly alleviated these effects (Figures 7D–F). Taken together, these data demonstrate that circLMO1 inhibits cervical cancer cell proliferation and invasion by facilitating miR-4291/ACSL4-mediated ferroptosis.




Figure 7 | CircLMO1 promotes cervical cell ferroptosis, and inhibited cell proliferation and invasion in a miR-4291/ACSL4-dependent manner. Relative GSH content (A), MDA content (B), and ROS level (C) in CaSki cells were assessed after circLMO1 overexpression in the presence or absence of miR-4291 mimics (or siRNA-Acsl4). (D) CaSki cell proliferation were assessed using CCK-8 assay after circLMO1 overexpression in the presence or absence of miR-4291 mimics (or siRNA-Acsl4). (E, F) CaSki cell invasion were assessed using transwell invasion assay after circLMO1 overexpression in the presence or absence of miR-4291 mimics (or siRNA-Acsl4). **p < 0.01.






Discussion

Due to its unique structure, circRNA has become a cancer treatment target. However, the role of circRNAs in the progression of cervical cancer remains unclear. The current study demonstrated that, i) circLMO1 expression was down-regulated in cervical cancer, ii) circLMO1 inhibited cervical cancer growth and metastasis, iii) circLMO1 promoted cervical cancer cell ferroptosis, iv) circLMO1 acted as a sponge for miR-4291 in cervical cancer cells, v) circLMO1 up-regulated ACSL4 expression through sponging miR-4291, and vi) circLMO1 inhibited cervical cancer cell proliferation and invasion by promoting miR-4291/ACSL4-dependent ferroptosis. These findings revealed the key function of circLMO1/miR-4291/ACSL4/ferroptosis axis on cervical cancer, and therefore provided a potential opportunity for developing new drugs to treat such disease.

The data from transcriptome and bioinformatics analysis showed that a large number of circRNAs are expressed in tumor tissues, and dysregulated circRNAs play a key role in tumor progression. Li et al. reported that a total of 80,000 circRNAs are transcribed in cervical cancer tissues and adjacent normal tissues (40). Among these circRNAs, about 25,000 circRNAs are differentially expressed between tumor tissues and normal tissues (40). Ma et al. revealed that 512 circRNAs are differentially expressed between cervical cancer cells and normal cervical epithelial cells (22). CircRNA-000284 is increased in cervical cancer cells, which acts as a tumor activator by sponging miR-506 and de-inhibiting the expression of Snail 2 (22). The dysregulation of non-coding RNAs (circRNA, lncRNA, and miRNA) induced by HPV E6 or E7 oncoprotein is a critical factor in its carcinogenic activity (41, 42). Zheng et al. found that 526 circRNAs are differentially expressed in Caski cells after E7 knockdown (42). E6/E7 oncoprotein increases DHX9 expression by inhibiting lncRNA-CCDST (43). In this study, we showed that DHX9 expression in cervical cancer tissues is up-regulated. DHX9 knockdown enhances circLMO1 expression in cervical cancer cells, while DHX9 overexpression down-regulates circLMO1 expression. RIP assay using DHX9 antibody showed that intron 1 and intron 3 of LMO1 are significantly enriched, indicating that up-regulated DHX9 results in a decrease in circLMO1 in cervical cancer.

CircLMO1 has been confirmed to play a carcinogenic role in gastric cancer. At present, the mechanism by which circLMO1 in regulating gastric cancer progression has not been fully elucidated. In addition, the influence of circLMO1 on gastric cancer is still controversial. Yu et al. showed that circLMO1 inhibits gastric cancer cell proliferation and invasion (27). In contrast, Han et al. demonstrated that circLMO1 promotes gastric cancer cell proliferation (28). In this study, we demonstrated that forced expression of circLMO1 inhibits the proliferation, colony formation, and invasion of cervical cancer cells both in vitro and in vivo, while circLMO1 knockdown accelerates cervical cancer cell proliferation and invasion.

Although multiple genes, such as ACSL4, PTGS2, NOX1, GPX4, FTH1, and SLC7A11, have been shown to be associated with ferroptosis (44), it is unclear how ferroptosis is genetically programmed in cancers. Wu et al. for the first time revealed the association between circRNA and ferroptosis in cervical cancer (13). They demonstrated that circEPSTI1 promotes cervical cancer cell proliferation by regulating SLC7A11-mediated ferroptosis. In this study, we found that circLMO1-mediated cell death is significantly repressed by Fer-1, indicating that circLMO1 promotes cervical cancer cell death by triggering ferroptosis. Different from above study, circLMO1 do not regulate SLC7A11 expression. CircLMO1 triggers ferroptosis through sponging miR-4291, thereby enhancing ACSL4 expression in cervical cancer cells. As expected, miR-4291 overexpression or ACSL4 knockdown effectively reverses the role of circLMO1 in promoting ferroptosis.

Conclusion: circLMO1 is downregulated in cervical cancer and circLMO1 overexpression inhibits cervical cancer growth and metastasis by promoting miR-4291/ACSL4-mediated ferroptosis.
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Supplementary Figure 1 | The high RCMs were identified through alignment of the intron 1 and intron 3 sequences with BLAST.

Supplementary Figure 2 | ADAR1 and QKI did not regulate circLMO1 expression. Data from the GEPIA database showed that DHX9 level (A) was increased in cervical cancer tissues, ADAR1 level was unchanged (B), and QKI level (C) was decreased in tumor tissues compared with normal control. qPCR analysis of circLMO1 and mLMO1 levels in C33A cells after ADAR1 or QKI knockdown (D), and in CaSki cells after ADAR1 or QKI overexpression (E). **p < 0.01.

Supplementary Figure 3 | qPCR analysis of circLMO1 and miR-4291. (A) CaSki cells were treated with Lv-circLMO1 or Lv-cont and then circLMO1 expression was assessed using qPCR. (B) C33A cells were treated with siRNA-circLMO1 or siRNA-control and then circLMO1 expression was assessed using qPCR. (C) C33A cells were treated with miR-4291 mimics or anti-miR-4291, and then miR-4291 expression was assessed using qPCR. **p< 0.01.

Supplementary Figure 4 | The predicted target gene of miR-4291. (A) TargetScan7.1 tool was used to predict the target genes of miR-4291. There are 5084 genes possibly targeted by miR-4291. Among 5084 genes, 3 genes (ACSL4, PTGS2, and SLC7A11) are ferroptosis-related genes. (B) C33A and CaSki cells were treated with miR-4291 mimics and then the protein level of Slc7a11 and Ptgs2 was assessed using western blot. (C) C33A and CaSki cells were treated with anti-miR-4291 and then the protein level of Slc7a11 and Ptgs2 was assessed using western blot.
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Disorders of miR-484 expression are observed in cancer, different diseases or pathological states. There is accumulating evidence that miR-484 plays an essential role in the development as well as the regression of different diseases, and miR-484 has been reported as a key regulator of common cancer and non-cancer diseases. The miR-484 targets that have effects on inflammation, apoptosis and mitochondrial function include SMAD7, Fis1, YAP1 and BCL2L13. For cancer, identified targets include VEGFB, VEGFR2, MAP2, MMP14, HNF1A, TUSC5 and KLF12. The effects of miR-484 on these targets have been documented separately. Moreover, miR-484 is typically described as an oncosuppressor, but this claim is simplistic and one-sided. This review will combine relevant basic and clinical studies to find that miR-484 promotes tumorigenesis and metastasis in liver, prostate and lung tissues. It will provide a basis for the possible mechanisms of miR-484 in early tumor diagnosis, prognosis determination, disease assessment, and as a potential therapeutic target for tumors.
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Introduction





MicroRNAs Biological Origin and Features

According to current knowledge, about 90% of the human genome is transcribed, and less than 3% of the genome is capable of encoding proteins, yet most of the genome produces non-coding RNA (ncRNA) (1). MicroRNA (miRNA), with a length of about 22 nucleotides(nt), is a member of the regulatory and small ncRNAs. miRNAs are widely observed in eukaryotes and remain highly conserved and homologous, suggesting that miRNAs have the same regulatory mechanisms during development in different organisms (2, 3). In addition, miRNA expression maintains a dynamic regulatory state at different developmental time points or in diverse cells and tissues (4–6). Although only about a thousand miRNAs have been identified, they regulate close to 30% of gene expression, which is closely related to the phenomenon of miRNA motif clustering. miRNAs bind to target RNAs through complementary pairing at the 5’ end (known as seed sequences) and down-regulate gene expression at the post-transcriptional level consisting mainly of mRNA degradation or translational repression (7). In recent years, some scholars have proposed that miRNAs can activate gene transcriptional expression by binding to enhancers and changing the chromatin state of enhancers, and named these miRNAs as Nuclear Activating miRNA (NamiRNA) and proposed a new regulatory model of “NamiRNA-enhancer-gene activation” (8–10). In conclusion, miRNAs have a dual function of repressing gene expression in the cytoplasm and activating gene transcription in the nucleus.

Since miRNAs regulate multiple biological functions in many different specific pathways or physiological processes, abnormal miRNA expression has great potential in disease diagnosis and prognosis. The role of miRNAs in cancer is divided into oncogenes, tumor suppressor genes, and mixed effects. For example, miR-126 contributes to the development of chronic granulocytic leukemia by promoting the downregulation of B-cell differentiation genes and regulating the ability of myeloid cells to adhere and migrate (11). However, deletion or downregulation of miR-15 and miR-16 gene fragments are present in more than half of the B-cell chronic lymphocytic leukemia (12). The miR-29 family plays an oncogenic role in colorectal cancer (13) nevertheless high expression of miR-29 advances acute myeloid leukemia disease progression (14). miRNAs are also involved in the regulation of embryonic development. The first identified miRNAs, miRNA-lin4 and let-7, are involved in controlling the timing of nematode development. In addition, miRNAs are also engaged in the regulation of immune response, glucolipid metabolism and ischemia-hypoxia related pathways, such as ankylosing spondylitis (15), diabetes (16), non-alcoholic fatty liver diseases (17) and myocardial infarction (18).

In summary, individual miRNA could regulate complex physiological or disease phenotypes by modulating entire functional networks. Screening specific miRNA molecules as biomarkers for assessing disease progression and prognosis, especially targeting miRNA therapy is not only challenging but also promising for some diseases.



Important Characteristics of miR-484

miR-484 is not highly conserved in mice, rats, and humans and located in the Meiosis arrest female 1 (MARF1) promoter region on host gene chromosome 16p13.11 in human and mouse and on rat chromosome 10q11, respectively. Notably, the human chromosome 16p13.11 microduplication may be pathogenic for the nervous system (19, 20). In this review, we focus on the essential functions of miR-484 in health and various diseases. In human, mice and rat, mature miR-484 is composed of 22 nucleotides (Figure 1). However, miR-484 stem-loop sequences are not identical among various genera (Figure 1). Our initial screening of miR-484 downstream targets by classical miRNA target gene prediction tools (TargetScan, PITA, DIANA-micro and miRanda) revealed 45 and 49 target genes for miR-484 in mouse and human species, respectively (Figure 2A and Supplementary Tables 1–2). Further analysis revealed that only 5 of the above target genes were targeted by miR-484 in both human and mouse species (Figure 2A). In addition, as shown in Table 1 is a comprehensive list of miR-484 downstream targets that have been validated to date. The physiological functions of miR-484 in mammals are multifaceted and involve endoplasmic reticulum stress, oxidative stress, inflammation, cell proliferation and apoptosis. Besides, several reports have confirmed the abnormal expression of miR-484 in both tissue and serum specimens from clinical patients (29, 30, 32). The modalities and regulatory mechanisms of miR-484 regulation of downstream target genes in different types of cells and their microenvironments are unique. First, mutations in the bta-miR-484 seed sequence neo-SNPs (G4693T) directly lead to increased expression of heat shock transcription factor 1 (HSF1) while affecting the heat stress resistance response in cows (21, 22). Secondly, miR-484 has a unique type of regulation in the cytoplasm. miR-484 reduces Fis1 protein expression levels by binding to the amino acid coding sequence of Fis1 and inhibiting its translation (48). Next, unlike the former, miR-484 undergoes its own maturation disorder in the nucleus.miR-361 can bind to the primary transcript of miR-484 (pri-miR-484) resulting in the inability of Drosha to process into pre-miR-484 in the nucleus (23). Finally, miR-484 regulates its own expression in the nucleus through epigenetic mechanisms. Hu et al. demonstrated that the reduction of DNA methyltransferase DNMT1 recruited by EZH2 in cervical cancer cells resulted in decreased CpG methylation of the miR-484 promoter raising the expression level of miR-484 (32). Consistency with the former, hypermethylation at the CpG island site of the miR-484 promoter in microsatellite instability colorectal cancer significantly downregulates miR-484 production (33). In apart from the above mechanisms, mature miRNAs compete with long-stranded non-coding RNAs (lncRNAs) to bind the 3’-UTR of target mRNAs and indirectly inhibit the negative regulation of target genes by miRNAs, such as lncRNA Ttc3-209 in human retinal cells (24), PGM5-AS1 in colorectal cancer (28), TMEM220-AS1 in hepatocellular carcinoma cells (29), THAP9-AS1 in pancreatic ductal adenocarcinoma (30) and PCED1B-AS1 in Clear Cell Renal Cell Carcinoma (27), which are considered as ceRNAs, by competitively inhibiting miR-484 binding and upregulating the translation of target proteins.




Figure 1 | The sequence structure of the miR-484. Hsa-miR-484, mmu-miR-484 and rno-miR-484 are located on chromosome 16 (chr16: 15643294-15643372), chromosome 16 (chr16: 14159626-14159692) and chromosome 10(chr10: 27845-27921and 908408-908484). They all have the same and only one miR-484 mature sequence.






Figure 2 | Prediction of miR-484 downstream targets and the role of miR-484 in physiological states. (A) The Wayne diagram shows the results of hsa-miR-484 and mus-miR-484 target prediction by four miRNA-related databases. In addition, a cross-set of common downstream targets for mouse and human. Left: hsa-miR-484 predicted target results. Right: mus-miR-484 predicted targets. Middle top: cross-set of three databases common to human (blue) and mouse (red) targets. Middle bottom: cross-set of four databases common to human (blue) and mouse (red) targets. (B) Mockup shows the mechanism of miR-484 involvement in maintaining the function of Ecs. (C) The mechanism of miR-484 involvement in mitochondrial function division in cardiomyocytes.




Table 1 | Validated targets of the miR-484.



Hypoxia, chronic inflammation, immunosuppression, ionizing radiation and other cellular microenvironmental factors can affect miRNA expression. For example, the pathological process of ischemic perfusion injury induces miR-484 expression in retinal ganglion cells (24), cardiac muscle (26, 49, 50) and brain tissue (25). Low-dose ionizing radiation exposure induces downregulation of miR-484 expression in small cell lung cancer cells (51, 52). Chronic inflammation stimulates keratin-forming cells and endometrial cells to upregulate miR-484 (53, 54).



Physiological Roles of miR-484


miR-484 Mediates Endothelial Cell Vulnerability

Normally, endothelial nitric oxide synthase (eNOS) is activated by binding to tetrahydrobiopterin (BH4) in endothelial cells (ECs) and catalyzes the synthesis of nitric oxide (NO) from arginine and oxygen, leading to vasodilation. However, reactive oxygen species (ROS) degradation of BH4 leads to eNOS inactivation causing EC dysfunction. miR-484 and miR-93 in ECs are able to target the seed sequence of the 3’UTR of eNOS and Krüppel-like factor 2 (KLF2) mRNAs and repress protein transcription (31, 55). The sustained low expression of miR-484 in ECs under physiological conditions protects against endothelial injury by pulsatile shear (PS) and oscillatory shear (OS). Interestingly, there was a high enrichment of miR-484 in diseased endothelial progenitor cells (56). Furthermore, miR-484 is a molecular marker of carotid plaque development and rupture vulnerability (56). It is reasonable to speculate that miR-484 plays an important role in maintaining vascular endothelial cell homeostasis and inhibiting endothelial dysfunction (Figure 2B).



miR-484 Affects Mitochondrial Biological Function and Morphology

The physiological balance of mitochondria to maintain the fused and divided state provides important energy for cellular life activities. miR-484 was ability to alleviate the reduced I/R mitochondrial membrane potential in cardiomyocytes by decreasing the level of apoptosis (26). In addition, a long-stranded noncoding RNA called mitochondrial dynamics-related lncRNA (MDRL) regulates mitochondrial division and apoptosis by targeting miR-361 to block pri-miR-484 binding to Drosha, leading to impaired production of mature miR-484 (23). Recently, it has been demonstrated that the Foxo3a-miR-484-Fis1 signaling axis directly regulates the mitochondrial division program in cardiac myocytes (48). Based on the effect of miR-484 in regulating mitochondrial morphology and function, it is expected to be an important research target for mitochondria-related diseases in the future. (Figure 2C).



miR-484 Regulates Glucolipid Metabolism

miRNAs play an active role in glucose synthesis and lipid metabolism. Elevated glucose significantly downregulated miR-484 levels in pancreatic β-cells, suggesting that miR-484 may be a regulator of insulin gene expression (57). Raitoharju et al. revealed (58) that hsa-miR-484 is strongly associated with insulin resistance-related metabolites. RNA-seq analysis of serum circulating miRNA (c-miRNA) revealed that miR-484 was significantly up-regulated in obese children of born small for gestational age (SGA) and appropriate for gestational age (AGA) (59). Surprisingly, a study confirmed that circulating miR-484 and miR-378 were most significantly negatively associated with BMI and visceral fat content, and even GO analysis showed that miR-484 and miR-378 target genes are closely associated with carbohydrate and lipid metabolism (60). Further, Miyamoto et al. constructed palmitate-induced endoplasmic reticulum stress conditions in hepatocytes in vitro and found that significant downregulation of miR-484 is closely associated with lipoapoptosis (61). In summary, miR-484 may be more promising and has potential for study in insulin signaling, glucose transport, insulin resistance and lipid metabolism.



miR-484 Contributes to Neurological Function

Some specific miRNAs in the central nervous system (CNS) are of vital concern in various aspects involved in central development, neuronal differentiation and synaptic shaping (62–64). Luceri et al. identify that mmu-miR-484 upregulation in the cortex and cerebellum regions may be associated with changes in cognitive, motor and emotional behavior in mice (65). Interestingly, mmu-miR-484 is involved in stress resilience through the regulation of Map2k4 and Pik3r1in prefrontal cortical regions (66). In other, it has been documented that the predicted targets of miR-484 are enriched in protein co-expression modules of synaptic transmission and long-term synaptic plasticity regulation, which may be relevant to cognitive function (67). Consistent with the former results, miR-484 target genes were mainly concentrated in cognitive function-related genes and neurotrophin signaling genes were significantly enriched (68). It is reasonable to speculate that miR-484 has a potential regulatory role in neurological cognitive function.




The Role of miR-484 in Non-Cancerous Diseases


Cardiovascular Diseases


Acute Myocardial Infarction

Acute myocardial infarction (AMI) has constituted one of the major hazards to the public, featuring high incidence, mortality and disability. The time from the onset of infarct symptoms to the onset of fibrous reperfusion is a key determinant of successful recanalization and survival. Nevertheless, there is no effective treatment for the reperfusion process that naturally induces cardiomyocyte death. Some cardiac-specific miRNAs have gained attention as potential therapeutic targets due to their role in gene regulation during disease progression. For example, MRG-110, which targets miR-92a, entered clinical trials because it significantly stimulated revascularization and healing and alleviated ischemic injury in the heart (69). miR-484 is most abundantly expressed in the heart and dysregulated in human ischemic heart samples, suggesting a potential close relationship between miR-484 and cardiac ischemia-related diseases (70).TGF-β-SMADs signaling axis as one of the major pathways of myocardial ischemia-reperfusion injury (MI/R) (71, 72). Notably, Liu et al. revealed that rat-miR-484 directly targets SMAD7 to inhibit apoptosis to protect against MI/R in rats (26). Furthermore, whether the relationship of miR-484 indirectly regulating SMAD2 in cervical cancer tissues (45) also exists with cardiac tissues or even involved in MI/R remains to be further tested. Particularly, miR-484, which was shown to be a Foxo3a trans-activator, exerts a protective importance by directly targeting Fis1 during MI/R (48) (Table 2). Moreover, ability to tolerate high-intensity exercise in patients recovering from AMI has a significant positive correlation with circulating miR-484 levels (49). Combining these results revealed that both MI/R process tissue and circulating miR-484 act as protective factors to slow down impaired cardiomyocyte function and accelerate the recovery process, promising to already be a powerful diagnostic or prognostic biomarker and a particularly promising drug target candidate for therapeutic applications in cardiovascular disease.


Table 2 | The role of miR-484 in Non-Cancerous Diseases.





Atherosclerosis

Atherosclerosis (AS) is one of the most common diseases of the cardiovascular system. Its pathogenesis is complex and is mainly characterized by plaques formed by lipid accumulation, fibrous tissue proliferation and calcium deposition in the intima.

High-risk factors such as inflammation, blood flow shear and hypertension accelerate impaired endothelial cell (EC) function as one of the main pathological processes in AS. miRNA-induced EC dysfunction and high expression of adhesion molecules accelerate AS plaque formation (80). For example, miR-34a and miR-216a inhibited silent information regulator 1 (SIRT1) (81) and SMAD3 (82) expression levels promoting ECs senescence and adhesion, respectively. Caparosa et al. collected identical post-bifurcation rupture-prone plaques from symptomatic and asymptomatic patients with carotid stenosis by microarray assay of miRNA and mRNA expression profiles to finally screen for differentially expressed miRNAs. surprisingly, miR-484 was included, and DACH1 screened as a high confidence mRNA target for miR-484 (73). Given the instability of post-bifurcation plaques, miR-484 is expected to be a molecular marker of carotid plaque rupture vulnerability. Furthermore, the role of DACH1 on vascular endothelial cell development and migration is supported by evidence (83, 84). In another study, it was demonstrated that high expression of DACH1 in mouse cardiac endothelial cells (ECs) significantly promoted coronary artery differentiation and significantly improved survival after myocardial infarction in mice (85). The potential of miR-484 to target DACH1 molecules to regulate arterial EC cell activity and differentiation, among others, remains to be further tested. Moreover, abnormal levels of exosomal miRNA in serum of AS patients have been demonstrated (86). Notably, Wang et al. found by small RNA sequencing (smRNA-seq) that miR-484 showed high enrichment in both diseased endothelial progenitor cells and plasma from patients with coronary atherosclerotic heart disease (56) (Table 2). The literature has reported that miR-484 is elevated in the serum of CAV patients compared to EC healthy individuals, which is consistent with the former results (31). Unfortunately, miR-484 cannot inhibit the expression of VEGF, significantly involved in the progression of AS pathogenesis, and modulate the cell activity of ECs (56). In summary, miR-484 increases the fragility of vascular plaques, but its specific mechanism for regulating endothelial cell damage is still unclear.



Sepsis Induced Cardiomyopathy

Sepsis Induced Cardiomyopathy (SIC) is clinically defined as sepsis in combination with cardiac dysfunction including myocardial depression and acute heart failure. Current studies have shown that the pathogenesis of SIC involves a multifactorial role, mainly including the release of large amounts of inflammatory factors, imbalance of calcium homeostasis, mitochondrial dysfunction (87), apoptosis and cell death, and a complex association between these factors (88). In addition, miRNAs have been shown to play a potential role in the pathophysiology and clinical diagnosis and even prognosis of SCI. For example, miR-539-5p targets IRAK3 to inhibit inflammatory release to alleviate LPS-induced sepsis (89). miR-223 knockout mice significantly exacerbated SIC-induced cardiac dysfunction (90). Interestingly, LPS treatment of H9C2 cells promoted miR-484 to negatively regulate YAP1 expression. Interestingly, LPS treatment of H9C2 cells promoted miR-484 to negatively regulate YAP1 expression (34) (Table 2). miR-484 inhibitor significantly improved LPS-induced cell viability and apoptosis, whereas YAP1 knockdown reversed the effect of miR-484 inhibitor (34). YAP1, a key downstream regulatory target in the Hippo pathway, is closely associated with immune disorders and inflammatory diseases (91). Endothelial YAP1 deficiency increases cardiovascular dysfunction in a microbial sepsis model (92).



Drug-Induced Cardiomyopathy

Cardiotoxicity caused by antineoplastic drugs is statistically the second leading cause of death in long-term oncology survivors (93). Anthracyclines have been reported to be the most common drugs causing cardiotoxicity (94). It has been proposed that doxorubicin, one of the anthracycline antitumor drugs, significantly upregulates LINC00339 after treatment of cardiomyocytes (74) (Table 2). Further studies revealed that LINC00339 directly inhibits miR-484 expression promoting cardiotoxic injury (74). The present results provide new biomarkers and therapeutic targets for dox-induced cardiotoxicity.




Neurological Diseases


16p13.11 Microduplication Syndrome

16p13.11 microduplication syndrome is an autosomal dominant disorder caused primarily by a mesenchymal duplication of 16p13.11 with a duplication region containing two genes associated with the neurobehavioral phenotype nucleus distribution gene homolog 1 (NDE1) and asparaginase1 (NTAN1), respectively (Table 2). The disorder manifests itself primarily as a syndrome associated with behavioral abnormalities, developmental delays, congenital heart defects and skeletal abnormalities, and other clinical features of the syndrome. Surprisingly, human and mouse miR-484 are located exactly in the mutated gene sequence, which in part suggests a link between miR-484 in neurodevelopment. In addition, it has been documented that NDE1 is a potential downstream target of miR-484 (95). Fujitani (20) and Khattabi (19) proposed that the 16p13.11 microduplication is strongly associated with miR-484. The mechanism of genetic variation therein confirms that imbalance in the expression of mature mmu-miR-484 and protocadherin-19 (PCDH19) affects neurogenesis (19) (Table 2). PCDH19 mutant mice exhibit significant synaptic dysfunction and cognitive impairment. In summary, we believe that miR-484 has important potential research value in neurological development.



Alzheimer’s Disease

Alzheimer’s disease (AD) is a heterogeneous central neurodegenerative disorder, and its pathogenesis is mainly related to the abnormal deposition of amyloid Aβ and Tau protein hyperphosphorylation causing impaired neuronal function and synaptic transmission. Aberrant miRNA expression in the CNS affects regulatory target genes causing CNS dysfunction. Cai et al. first constructed miRNA-seq on Alzheimer’s disease model mice (APPswe/PS1ΔE9 transgenic mice) and found aberrant mmu-miR-484 expression (68). Analysis of the abnormal upregulation of miR-484 in bipolar disorder exosomes using the Kyoto Gene and Genome Encyclopedia (KEGG) pathway with DIANA-miRPath v3.0 revealed that it was mainly associated with the PI3K/Akt signaling pathway (96) (Table 2). Interestingly, the PI3K-Akt signaling pathway may be an important target for AD therapy (97). In addition, it has been proposed that low levels of miR-484 are associated with rapid cognitive decline (67). Further studies confirmed that the downstream predicted target functions of miR-484 are mostly associated with motor and cognitive behavior (65) and neurotransmitter synaptic transmission (68, 98). Up to now there is a paucity of literature related to miR-484 and the pathogenesis of AD, but it is undeniable that miR-484 is closely related to the occurrence of AD-related cognitive functions.



Cerebral Injury-Related Diseases

The current effective methods for ischemic cerebral infarction include intravenous thrombolysis and mechanical embolization. Nevertheless, reperfusion injury is the main cause of poor healing and high morbidity and mortality in ischemic stroke. Although the mechanism of injury and its complexity but the role of neuronal apoptosis-induced cerebral ischemia/reperfusion injury cannot be ignored (99).

A recent study initially demonstrated that cerebral ischemia/reperfusion injury in mice induced a significant downregulation of mmu-miR-484 expression (25). Further studies revealed that miR-484 acts as a neuroprotective factor and inhibits BCL2L13 overexpression to attenuate neuronal apoptosis (25) (Table 2). Similarly, miR-484 was reported to exert a protective effect by inhibiting Wnt8a mRNA translation to attenuate apoptosis during retinal ischemia re-injury (24). In addition, miR-484 levels in blood are valuable for the diagnosis of the degree of traumatic brain injury (100).




Skin Diseases

miRNAs play an integral role in skin and appendage genesis, and skin morphogenesis is regulated by the discontinuous differential expression of miRNAs. Its role in coordinating the proliferation and differentiation of the epidermis is attracting increasing attention from domestic and international dermatologists. Three miRNAs (miR- 203, miR-146a and miR-125b) currently associated with psoriasis are involved in the natural immune response and the TNF-α pathway (101). Wang et al. used microarrays to compare LNCRNA and mRNA expression in keratin-forming cells from patients with psoriasis and healthy patients, showing that the miRNA maximally linked to LNCRNA and mRNA was miR-484, adding some theoretical basis for miR-484 in the mechanism of psoriasis (53) (Table 2). Notably, the ability of miR-484 to negatively regulate the TNF signaling pathway in cervical carcinogenesis development was previously reported (32).



Infection-Related Diseases


Viral Infections

Hepatitis B virus (HBV) infection is one of the global health problems. The interaction of host genes as well as the respective miRNAs encoded by viral genes affects the replication and transcription of HBV. Differentially expressed miRNAs may be associated with persistent HBV infection. Singh et al. revealed (75) that miR-484 is significantly upregulated in dendritic cells of patients with acute viral hepatitis B compared to healthy individuals and is accompanied by alterations in this antigen processing and delivery related target genes. Besides, hepatitis C virus infection (HCV)-mediated liver fibrosis and cirrhosis are also receiving increasing attention from clinicians. El-Maraghy et al. (76) examined miR-484 expression levels in plasma from patients with HCV infection-induced liver fibrosis, cirrhosis, hepatocellular carcinoma (HCC) and healthy volunteers, and confirmed that miR-484 showed significantly low expression in the advanced fibrosis stage, however, it was significantly upregulated in the mild fibrosis stage and in liver cirrhotic and HCC (Table 2). From another perspective, miR-484 could be used for staging prognosis and early diagnosis of HCV-induced progression of liver lesions. Similarly, circulating miR-484 in plasma may serve as a useful biomarker for predicting Ebola virus vaccine VSV-EBOV-induced induction of immunogenicity (102). On the other hand, miR-484 and miR-744 were able to bind to a conserved region in the 3’ -untranslated region (3’-UTR) of dengue virus RNA (DENV-RNA) to exert antiviral effects by inhibiting viral gene replication (77).



Mycobacterium Bifidum Infection

Tuberculosis (TB) is a chronic infectious disease caused by infection with Mycobacterium tuberculosis. Globally, TB is the leading cause of death from a single source of infection (surpassing AIDS). Patients with active tuberculosis (ATB) are a major source of TB infection, making rapid and accurate diagnosis of ATB particularly important to control disease transmission and improve treatment outcomes. Several studies have shown that miRNAs are associated with MTB activity in the host. Alipoor et al. demonstrated that miR-484, miR-425, and miR-96 expression was elevated in serum exosomes of patients with TB compared to healthy subjects, and miR-484 was particularly elevated (103). Similarly, miR-484 expression was found to be upregulated by infection with Bacillus Calmette-Guérin (BCG) human macrophages (78) (Table 2). Interestingly, the expression level of miR-484 showed a significant positive correlation with the degree of smear positivity. To further test the correlation between specific miRNAs and the active phase of tuberculosis, the alteration of miR-484 and miR-425 combination had considerable predictive value for tuberculosis by ROC curve analysis (103) In addition, as a representative of nontuberculous mycobacteria, leprosy caused by Mycobacterium leprae infection shows clinically different histopathological changes caused by differences in the organism’s response to immunity. Leprosy is classified according to the intensity of cellular immunity into type I reactions (R1) which are Mycobacterium leprae mediated immune reactions or delayed metaplasia, and type II reactions (R2) which occur in antigen, antibody complex metaplasia, i.e. vascular inflammatory reactions. Cleverson T Soares et al. found that hsa-miR-484 was significantly more expressed in skin lesion tissues of R2 patients than healthy individuals and predicted a potential downstream target molecule as FASN (79).





The Role of miR-484 in Cancer


Digestive System Tumors


Gastric Cancer

Gastric cancer (GC) is one of the most common cancers causing cancer mortality, especially in Asian populations, and poses a serious threat to human life. Recent clinical data confirmed that miR-484 was significantly downregulated in GC tissues compared to paraneoplastic tissues, and similarly, GC cell lines showed a typical decrease in miR-484 expression (35, 104). Surprisingly, GC tissue miR- 484 low levels were closely associated with hypodifferentiated or undifferentiated cells, distant metastasis in lymph nodes, and reduced 5-year overall survival (104). Overexpression of miR-484 significantly reduced subcutaneous tumorigenicity in mouse GC cells (35). Mechanistically, exogenous increase in miR-484 level expression in GC cell lines promoted cell cycle G1 phase arrest and apoptosis through. In addition, it has been proposed that miR-484 directly targets and negatively regulates CCL-18 expression in GC tissues and overexpression of CCL-18 restores the proliferative effect of miR-484 on GC cells (35) (Table 3). Knockdown of miR-484 and overexpression of CCL-18 both promoted the phosphorylation of PI3K and AKT in MGC-803 cell, suggesting that miR-484 exerts anti-cancer effects by targeting the CCL-18-PI3K/AKT pathway (35). In conclusion, miR-484 as a tumor suppressor can be used as an independent prognostic indicator for gastric cancer patients.


Table 3 | The role of miR-484 in Cancerous Diseases.





Colorectal Cancer

Colorectal cancer (CRC) is the second leading cause of cancer mortality in Western countries. Chai et al. (122) found significant downregulation of miR-484 expression in 20 human CRC tissue samples. In recent years, there is increasing evidence that lncRNAs are involved in the development of CRC by regulating miR-484 expression in a “sponge” manner. For instance, upregulation of lncRNA PGM5-AS1 significantly inhibited miR-484 to promote CRC metastasis (28) (Table 3). Similarly, LncRNA ZFAS1, a known oncogenic molecule of CRC, is involved in tumorigenesis by targeting miR-484, however miR-484 overexpression reversed the tumor enhancing effect of ZFAS1 on CRC cells (36) (Table 3). LINC00239 competitively inhibits miR-484 expression and enhances KLF12 expression to promote oncogenicity in colorectal cancer (77). Another study demonstrated by network modeling that the KCNQ1OT1/miR-484/ANKRD36 axis is involved in colon carcinogenesis (123). Interestingly, the drop of miR-484 in microsatellite instable colorectal cancer (MSI-CRC) was associated with CpG island methylation (Table 3). After demonstrating through in vivo and in vitro experiments that miR-484 inhibits the expression of CD137L and IL-8, which in turn inhibits the activity of MSI CRC cells (33). The above studies demonstrated that lncRNA-miR-484 is closely related to the development of CRC and is expected to be an anti-cancer target. Surprisingly, miR-484 was not only aberrantly expressed in colon cancer tissues, but also plasma expression levels correlated with colon cancer progression. A study revealed (105) that serum miR-484 expression levels were significantly lower in patients with early-stage CRC (stages I-II) than in healthy controls, whereas serum miR-484 was abnormally elevated in patients with advanced CRC (stages III-IV), suggesting that serum miR-484 could help in early diagnosis and monitoring of CRC progression.



Hepatocellular Carcinoma

Hepatocellular Carcinoma (HCC) are the most common substantial tumors worldwide and the second most common cause of cancer-related death. A growing body of literature reports a close relationship between miR-484 and hepatocarcinogenesis development. Wang (39) and Yang (40) et al. found that 62% and 88% of clinical HCC tissue specimens showed significant upregulation of miR-484, respectively. Surprisingly, this phenomenon was frequently accompanied by elevated serum ALT levels (P = 0.024), increased tumor volume (P = 0.010), and elevated T stage (P = 0.001), and importantly, Kaplan-Meier survival analysis showed that patients in the miR-484 high expression group had a significantly shorter survival time than the low expression group (38). Thus, it is evident that miR -484 high expression significantly promoted the progression of HCC. Mechanistically, miR-484 directly targets the tumor suppressor TUSC5 to promote HCC cell proliferation and metastasis (39). In addition, overexpression of miR-484 was able to reverse the tumor suppressive effect of circADAMTS13 during HCC progression (38)(Table 3).

On the other hand, miR-484 also plays a highly critical driving role in hepatic precancerous lesions. Liver nodules may encounter low grade dysplastic nodules (LGDN), described as non-malignant, and high-grade dysplastic nodules (HGDN), considered as precancerous lesions, preceding progression to HCC. Yang et al. (124)showed that precancerous lesions were accompanied by abnormally high miR-484 expression in a mouse model of HCC constructed using diethylnitrosamine-injected oncogenes. Interestingly, NAFLD and NASH, as a pre-stage of high lipid-induced HCC development, exhibit high expression of miR-484 in serum and liver tissues, which is consistent with our previous study (125). Yang et al. demonstrated that miR-484 tumor-promoting effects are associated with direct negative regulation of Sterile Alpha Motif Domain Containing 9 (SAMD9), an endosome fusion facilitator, and TBL1X (Transducin β-Like 1X-Linked), a proteasome degrader. Nevertheless, only SAMD9 was the true functional target gene of miR-484 for promoting malignant transformation of hepatocytes. Further in-depth studies revealed (40) that miR-484 upregulation in the precancerous state is dependent on TGF-β/Gli and type I IFN pathway activation, which subsequently generates an inflammatory environment conducive to liver tumor development and induces malignant cell transformation and even tumor progression (Table 3). More importantly, specific acetylation of H3K27 is critical in IFN-induced miR-484 transcriptional activation and cellular transformation (40). Convincingly, the tumorigenic effect of mmu-miR-484 was substantially attenuated in TGF-β and IFN-β knockout mice (40), suggesting that miR-484 may induce tumorigenesis through pro-inflammation. Hence, miR-484 inhibitors may be an option for hepatocellular carcinoma treatment in the future. Ultimately, plasma miR-484 is significantly upregulated in HCV-mediated HCC and cirrhosis (76), so miR-484 has promising potential as a biomarker for disease diagnosis in addition to its therapeutic potential.



Pancreatic Cancer

Given that pancreatic cancer (PC) is characterized by difficult early diagnosis, low surgical resection rate, easy recurrence and metastasis after surgery, and very poor prognosis, finding more effective methods for early detection of pancreatic cancer is an urgent need. In both clinical PC specimens and pancreatic ductal adenocarcinoma cell lines, high levels of consistent lncRNA THAP9-AS1 expression were observed, which competitively inhibited the negative regulatory effect of miR-484 on YAP and thus accelerated the proliferation of pancreatic ductal adenocarcinoma cells (30). Moreover, miR-484 directly induced downregulation of YAP1 expression involved in apoptosis and inflammatory response in cardiomyocytes (34) (Table 3). Similarly, Ma et al. (106) identified 19 differentially expressed miRNAs (DE-miRNAs) with down-regulated expression, including miR-484, by integrating data from the Cancer Genome Atlas and Gene Expression Comprehensive Database. Traditionally, the expression levels of miRNAs in tissues and serum have been significantly correlated. However, another study found that circulating miR-484 levels were significantly higher in pancreatic cancer patients compared to controls (107). miR-484 expression trends in tissues and serum were contrasting. It is known that miRNA abundance is much lower compared to tissues, but has an abnormal stability unmatched by tissues. Since only 19 PC patient samples were selected in the latter experimental design, which may cause sample bias, the sample size needs to be expanded to further clarify the altered expression of serum miR-484. In conclusion, miR-484, as a key tumor suppressor gene and miRNA related to the pathogenesis of pancreatic cancer, is expected to improve the early detection of pancreatic cancer in the future.




Urological Tumors


Prostate Cancer

Prostate cancer (PCa) has become one of the fastest growing male malignancies in the last decade. Surprisingly, miR-484 plays a role as a candidate oncogene in the development, progression and recurrence of PCa. Lee et al. (41) first demonstrated that miR-484 was significantly negatively associated with disease-free survival and highly expressed in PCa tissues. Upregulation of miR-484 expression in prostate tumors is associated with early disease recurrence. Mechanistically, miR-484 directly targets PSMG1 to enhance the invasiveness of cancer cells.

Further, a Meta-analysis of multiple miRNA datasets on existing recurrent PCa found that miR-484 is one of the commonly upregulated miRNAs (126). This is consistent with the former result. In recent years, early sensitive serological markers regarding PCa have been the focus of clinical studies. It has been demonstrated that miR-1825 and miR-484 are highly specific in PCa patients’ sera (108) (Table 3). Interestingly, miRNA expression profiling by collecting urine from PCa patients, benign prostatic hyperplasia (BPH) patients and healthy men revealed that miR-484 had a high sensitivity (80%) for detecting PCa, while miR-1825/miR-484 combination(75%) was able to enhance the specificity of miR-484 alone(19%) for detecting PCa in BPH individuals (109). Consequently, monitoring changes in serum and urine miR-484 expression levels can help in PCa risk assessment and therapeutic intervention.



Renal Cell Carcinoma

The lncRNA PCED1B-AS1 located on human chromosome 12q13.11 targets and regulates miR-484 to play an oncogenic role in colorectal tumorigenesis, as described previously (28). Notably, PCED1B-AS1 and miR-484 are synergistically involved in the development of clear renal cell carcinoma (ccRCC). ccRCC tissues showing high expression of PCED1B-AS1 and low expression of miR-484 are commonly associated with high tumor stage, high Fuhrman grading, and shortened overall patient survival (127). The dual luciferase assay validated the direct targeting relationship (127) (Table 3). Overexpression of miR-484 exacerbated the negative regulation of the downstream target ZEB1 and thus reversed PCED1B-AS1-induced proliferation and migration of ccRCC cells. Remarkably, besides miR-484, PCED1B-AS1 may also target multiple miRNAs that may be involved in the regulation of multiple signaling pathways.

Currently, the tyrosine kinase inhibitor sunitinib has become the first-line agent for the treatment of metastatic renal cell carcinoma. Based on the current clinical patient response to sunitinib-induced drug resistance and the rate of disease progression are both heterogeneous. Several studies have sought biomarker miRNAs that predict response to sunitinib treatment by detecting miRNA changes in metastatic renal cell carcinoma after sunitinib treatment. Patients in the sunitinib-treated group with reduced levels of miR-155 and miR-484 were able to prolong the time to progression (TTP) (110). Consistent with the former results, another study found that high miR-484 expression was significantly associated with reduced TTP and overall survival by comparing tumor tissues from patients with extreme phenotypes of mRCC with significant efficacy and resistance to sunitinib (111). Combining the above data confirmed that miR-484 expression differences in mRCC patients were closely related to significant sensitivity or resistance to sunitinib.




Respiratory Tumors


Lung Cancer

Elevated serum miR-484 has been reported to be positively correlated with histologic grade, lymph node metastasis, distant metastasis and clinical stage in NSCLC patients, but there was no statistically significant relationship between patient gender, age or tumor volume (112). It was also noted that miR-484 upregulation significantly decreased the overall survival rate of NSCLC patients (112). Further mechanistic studies confirmed that miR-484 knockdown induced cell cycle arrest and thus inhibited cell growth (112). These results suggest that serum miR-484 may serve as a potential noninvasive biomarker for NSCLC. Likewise, another study found that miR-484 expression was significantly higher in NSCLC tissues than in matched adjacent non-cancerous tissues (42). Convincingly, in vivo experiments in mice demonstrated that miR-484 overexpression significantly increased tumor volume (113). miR-484 was mechanistically found to enhance migration and proliferation of NSCLC through inhibition of Apaf-1 and caspase-3 expression (113) (Table 3).

Exosomes serve as an important pathway for material and signaling communication between cells. In recent years, miRNAs contained within exosomes have had a major boost in the diagnosis and treatment of tumor diseases. Xue et al. (113) first analyzed and compared plasma exosomal miRNA expression differences in patients with lung adenocarcinoma (LUAD) and performed Kaplan-Meier survival analysis based on online clinical data and found that patients with high miR-484 expression generally had lower survival rates. It was concluded that exosomal miR-484 is a potential prognostic marker for LUAD. Overall, miR-484 plays an oncosuppressor role in lung malignancies.




Breast Cancer

Breast cancer (BCa) is the most common malignant tumor in women and its incidence has been on a continuous increase in the last decade. Given that the breast is an estrogen-dependent organ, patients with estrogen receptor (ER)-positive BCa may benefit from endocrine therapy that targets the ER pathway. Nevertheless, the development of resistance to endocrine therapy remains a major clinical concern. The engagement of miR-484 in studies related to sunitinib resistance in metastatic renal cancer has been previously reported in the literature (110, 111, 128). Wei et al. (44) showed that tamoxifen-resistant BCa cells showed a malignant phenotype with high KLF4 expression, increased stemness and invasiveness. It is notable that miR-484 directly negatively regulates KLF4 expression to induce re-sensitization of BCa cells to tamoxifen (116). Furthermore, chemotherapy is crucial for patients with advanced BCa, whether ER-positive, ER-negative, or human epidermal growth factor receptor 2 (HER2)-positive. Currently, gemcitabine is unanimously recommended by national and international guidelines for the treatment of advanced BCa. Studies have confirmed that cytidine nucleoside deaminase (CDA) is significantly upregulated in a gemcitabine-resistant BCa model and plays a key role in regulating cell cycle redistribution and replication (116) (Table 3). Notably, miR-484 was upregulated in primary BCa tissues compared to CDA. Further studies confirmed that overexpression of miR-484 in BCa cells markedly inhibited CDA-mediated gemcitabine resistance, cell proliferation regulation and cell cycle redistribution, thereby enhancing gemcitabine sensitivity. In conclusion, miR-484 has some potential in resisting chemotherapeutic drug resistance. Beyond this, miR-484 is worthy of attention in terms of breast cancer disease and prognosis. Shi et al. (129) concluded from a comparative analysis of miRNA profiles in 253 patients with invasive BCa that higher hsa-miR-484 expression was associated with worse prognosis (Table 3). Similarly, Volinia et al. (130) by integrating miRNA sequencing data from 466 patients with primary invasive ductal carcinoma (IDC) and performing survival analysis similarly found a strong association between miR-484 and prognosis of IDC patients (Table 3).

Indeed, differential expression of miR-484 was also present in the sera of Bca patients. Elevated miR-484 levels were found in breast cancer sera compared to healthy volunteers (131, 132). However, serum miR-484 levels did not correlate with pathological grade and tumor size (131). Such results are based on 39 early-stage breast cancer patients with serum indicators and may lead to unexpected and surprising findings if the sample is further expanded or if more subjects with different stages of Bca are included. In conclusion, miR-484 may be demonstrated and applied to the clinical diagnosis, treatment and prognosis of breast cancer.



Cervical Cancer

Recently miRNAs may help to improve the early detection of malignancies in women. A latest study (117) revealed that circulating miR-484 has potential in identifying cervical cancer (CC) and cervical intraepithelial neoplastic cycle (CIN) and is expected to be a non-invasive biomarker for CC. Previously, Andrea Ritter et al. (133) suggested that miR-484/-23a in serum could be a potential diagnostic marker for CC. Tumor or lesion cells can secrete aberrant miRNAs into the blood. Thus, dysregulated miRNAs identified from patient plasma may influence tumor or lesion cytogenesis. In combination with the published data to date, it is confirmed that miR-484 plays an anticancer role in CC histogenesis and cell development.

A research uncovered that reduced miR-484 expression levels in clinical cervical cancer specimens and cell lines could restore ZEB1 and SMAD2, key transcription factors of epithelial-mesenchymal transition (EMT), inducing CC malignant behavior (45) (Table 3). Additionally, Hu et al. (32) revealed for the first time the presence of a CpG island in the miR-484 promoter region (-218 to +5). Both bisulfite genome sequencing and luciferase reporter gene analysis confirmed that miR-484 promoter activity and expression levels were lower in CC than in normal cervical epithelial cells, which was attributed to the direct induction of miR-484 promoter CpG hypermethylation by EZH2-mediated DNA methyltransferase 1 (DNMT1) (Table 3). Further studies indicated that miR-484 exerts anti-cancer effects by inhibiting the MMP14-TNF axis and HNF1A-Wnt axis involved in CC cell adhesion, migration, invasion and EMT expression (32) (Table 3). This is consistent with the former results. miR-484 acts as a key regulator of CC metastasis inhibition, extending our understanding of the molecular mechanisms underlying CC progression and metastasis.



Ovarian Cancer

Ovarian cancer (OC) is currently regarded as a “silent killer” of women’s life and health, due to its late diagnosis and high recurrence rate. Although the combination of platinum and paclitaxel analogs is the first-line regimen for treating patients with ovarian cancer, chemoresistance is a key factor constraining the improvement of ovarian cancer cure rates. miR-484 was found to be closely associated in OC biology and chemoresistance by Andrea Vecchione et al. (46) through the analysis of 198 ovarian plasmacytoma tissue specimens. VEGFB- VEGFR1 axis is recognized as an important signaling pathway involved in OC neoangiogenesis. Interestingly, miR-484 in OC cells directly regulates VEGFB protein on tumor cells or inhibits the receptor VEGFR2 targeting VEGF signaling pathway on tumor-associated endothelial cells in a paracrine manner to control angiogenesis, leading to normalization of tumor microenvironment and enhanced drug sensitivity (46) (Table 3).

The late diagnosis of OC is partly due to the absence of reliable non-invasive tests to help early identification of the pathological nature of the tumor. Free cell or plasma miRNAs have been shown to be effective in both normal and cancerous tissue classification and cancer prognosis. Plasma miR-484 has potential in differentiating benign from malignant ovarian tumors. miR-484 was significantly upregulated in serum of OC patients (118). Yet another study (119) detected a dramatic decrease in serum exosome miR-484 levels in OC patients, accompanied by an exacerbation of the malignant phenotype and a reduction in overall and progression-free survival. The above two reports on circulating miR-484 expression in OC showed distinctly opposite results. Notably, the composition of miRNAs and their abundance in plasma exosomes is different from that in the overall blood. Some miRNA differential expression is evident in exosomes, but miRNA expression in overall blood is masked by other complex and diverse molecules. Moreover, miRNAs were detected in exosomes and plasma samples with divergent changes, implying that distinct mechanisms are used to regulate miRNA packaging in exosomes or other vectors (134). Since there are relatively few studies related to the involvement of miR-484 in OC development, whether miR-484 plays a pro-oncogenic role, an oncogenic role or a dual role in OC is unclear. In spite of the fact that the mechanism is not yet clear, it is undeniable that the sensitizing effect of miR-484 on chemotherapeutic drugs may hold promise for OC patients in the future.



Other Tumor Diseases

The circulating two-miRNA classifier (miR-484/miR-148b-3p) has a degree of advantage in differentiating thyroid tumors (sensitivity of 89% and specificity of 87%) (120). However still further validation in histology is needed to better compensate and improve the clinical uncertainty of mutation-negative fine needle aspiration test. In addition, low miR-484 expression in serum of patients with osteosarcoma is closely associated with clinical malignant phenotype, poor prognosis, and has been initially confirmed as a promising biomarker (121).

Yi et al. (47) unveiled that the combination of low miR-484 and high MAP2 levels is associated with the best prognosis of glioma. Further in-depth exploration revealed that miR-484 promotes tumor initiation properties by activating ERK1/2 and Myc signaling through MAP2-mediated interaction between Grb2 and SOS (Table 3). Interestingly, miR-484 is regulated by c-Myc in glioma cells, so that c-myc-miR-484- ERK1/2 constitutes a closed positive feedback loop exacerbating the gliomagenesis process. Notably, the stem cell nature of tumors is closely related to the resistance to tumor therapy. Therefore, it remains to be further confirmed whether miR-484 occurs by the same mechanism in different types of tumors presenting a high degree of chemotherapy insensitivity.

A recent study revealed a significant upregulation of hsa-miR-484 in pleural tissue of patients with malignant pleural mesothelioma (MPM) compared to benign asbestos-associated pleural effusion (BAPE), indicating that miR-484 could be a new potential biomarker for the diagnosis of mesothelioma (114). Meanwhile, Zhao et al. (43) searched and analyzed publicly available microarray data and found that miR-484 was remarkably up-regulated in radiation-resistant nasopharyngeal carcinoma (NPC) samples accompanied by decreased expression of miR-484-targeted genes and verified the negative regulation of miR-484 with OLA1 by qRT-PCR method (Table 3). Similarly, miR-484 was also upregulated by RT-qPCR in NUT midline carcinoma (NMC) specimens located in the nasal cavity and maxillary sinus (broadly classified as NPC) (115) (Table 3). Although the mechanism of miR-484 expression upregulation is unclear, these data may provide a basis for future studies on the molecular mechanisms of treatment and radiation resistance in NPC.




Perspective

In recent years miRNAs have greatly enriched the clinical understanding of diseases, including tumors, as key regulators of different human diseases. Based on the data reported so far, it is clear that miR-484 is expressed in multiple types of cells and tissues and targets multiple mRNAs. In this review, the development of many diseases accompanied by miR-484 overexpression or inhibition is to some extent predictive of disease outcome. It is noteworthy that the way of regulating miR-484 expression and miR-484 targeting regulatory molecules are different in different types of tissues or even different injury factors in the same tissues (Figures 3, 4). The reasons for differential miR-484 expression, however, could be mutations in miR-484 seed sequences, altered promoter methylation levels, blocked miR-484 maturation processes and competitive repression by accepting non-partial lncRNAs, among others (Figure 4). Moreover, miR-484 targets different mRNAs in different cellular settings which may result from differential expression of miR-484 basal or competition with RNA-binding proteins. To our surprise, miR-484 directly targets amino acid coding sequences that block the translation process of proteins such as Fis1.




Figure 3 | Effects of miR-484 target genes in apoptosis, tumorigenesis, and tumor drug resistance. miR-484 inhibits the tumorigenic process by suppressing the expression of ZEB1, SMAD2, HNF1A, MMP14, MAP2, PSMG1, SMAD9, MAGI1, and TBL1X. miR-484 targets SMAD7, YAP1, Fis1 BCL2L13, CD137L, Apaf-1, CCL18 and Wnt8a to affect the level of apoptosis. In addition, miR-484 regulates chemoresistance of cancer cells by targeting CDA, KLF-4, VEGFB and VEGFR1. Potential targets are screened and predicted through a database.






Figure 4 | Role of miR-484 and its target genes on cancer cell biology. Different cell types or tissues regulate miR-484 mainly by LncRNA competitive repression and epigenetic mechanisms. miR-484 exerts oncogenic or pro-carcinogenic effects in different cancers by targeting genes related to cell proliferation and apoptosis.



We outlined some of the biological functions and target genes of miR-484 to elucidate the multiple potential mechanisms of miR-484 (Figure 3). Considering that most common disease screening methods fail to accurately screen tumors at early stages of disease, detecting miR-484 expression in serum and tissues may become an effective target for tumor diagnosis, prognosis and treatment, providing a promising application for miRNA in tumor therapy. However, many questions remain to be clarified, such as the specific regulatory mechanism of miRNA-484 in tumors (Figure 4). Given that miR-484 can act as both a proto-oncogene and an oncogene, how to develop precise therapeutic strategies based on the biological properties of miR-484 still needs to be explored. Further research on the above issues will help to explore the mechanism of tumorigenesis and promote the development of tumor-related clinical diagnostic methods and new therapeutic targets. At the same time, the improvement of RNA molecular delivery technology has also made miRNA-based disease treatment options more realistic.
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Circulating-free RNAs (cfRNAs) have been regarded as potential biomarkers for “liquid biopsy” in cancers. However, the circulating messenger RNA (mRNA) and long noncoding RNA (lncRNA) profiles of lung cancer have not been fully characterized. In this study, we profiled circulating mRNA and lncRNA profiles of 16 lung cancer patients and 4 patients with benign pulmonary nodules. Compared with benign pulmonary nodules, 806 mRNAs and 1,762 lncRNAs were differentially expressed in plasma of lung adenocarcinoma patients. For lung squamous cell carcinomas, 256 mRNAs and 946 lncRNAs were differentially expressed. A total of 231 mRNAs and 298 lncRNAs were differentially expressed in small cell lung cancer. Eleven mRNAs, 51 lncRNAs, and 207 canonical pathways were differentially expressed in lung cancer in total. Forty-five blood samples were collected to verify our findings via performing qPCR. There are plenty of meaningful mRNAs and lncRNAs that were found. MYC, a transcription regulator associated with the stemness of cancer cells, is overexpressed in lung adenocarcinoma. Transforming growth factor beta (TGFB1), which plays pleiotropic roles in cancer progression, was found to be upregulated in lung squamous carcinoma. MALAT1, a well-known oncogenic lncRNA, was also found to be upregulated in lung squamous carcinoma. Thus, this study provided a systematic resource of mRNA and lncRNA expression profiles in lung cancer plasma.






Keywords: lung cancer, high-throughput sequencing, plasma RNA, cell-free RNAs, expression profiles



Introduction

As the leading cause of cancer deaths, lung cancer is a serious threat to human health, accounting for over 1.8 million deaths in 2020 (1). Lung cancer consists of two histological subtypes: non-small cell carcinoma (NSCLC) and small cell lung carcinoma (SCLC) (2). As the mainly subtype, NSCLC, accounting for approximately 80% lung cancer, includes lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), and large cell carcinoma. Although the relevant therapeutic strategies of surgery, chemotherapy, and target therapy for lung cancer have been improved over the past years, the prognosis is still unsatisfied (3). Due to the advanced stage of lung cancer at diagnosis, the early detection of the disease is most important for the promotion of patients’ prognosis.

The promising non-invasive method for early detection of lung cancer is the examination of specific biomarkers in blood (4). In 1948, cell-free nuclear acids [cfNA, such as DNA, messenger RNA (mRNA), and noncoding RNA] were described by Mandel and Metais for the first time (5). During the past decades, studies revealed that there are plenty of cfNAs in the blood of cancer patients (6). Interest is growing in the detection of cfRNAs in several cancers, such as hepatocellular carcinoma (7), breast cancer (8), and prostate cancer (9). During the progression of tumor, the cfRNA molecules in blood may be shed by the apoptosis and necrosis of cancer cells (6). In recent years, the cfRNA in plasma was thought to be a “liquid biopsy” for cancer diagnosis and prognosis (10). Although a series of studies have described the different expression panels of miRNAs (11, 12), few studies focused on the mRNA and lncRNA features in the plasma of lung cancers.

A further insight into the molecular characteristics can help us gain a better understanding of lung cancer and discovery of some novel biomarkers for early diagnosis and prognosis. High-throughput RNA sequencing provides a platform to analyze transcriptome comprehensively in various diseases, especially in cancers.

In our study, the mRNA and lncRNA expression profiles in the plasma of lung cancer patients were compared with those of lung hamartoma patients by whole transcriptome sequencing. Analysis of RNA-seq data revealed that a set of mRNAs and lncRNAs are differentially expressed in subtypes of lung cancer. Moreover, these results provide novel information on the comparation of lung cancer with benign lesion, which might be beneficial to search circulating candidates for early diagnosis of lung cancer.



Materials and Methods


Patients and Blood Samples

This study was approved by the Ethics Committee of the Peking University People’s Hospital, and informed consent was obtained from each participant. Blood samples were obtained from 20 patients that included patients with LUAD (lung adenocarcinoma, n=11), LUSC (lung squamous cell carcinoma, n=3), SCLC (small-cell lung cancer, n=2), and LUH (lung hamartoma, n=4) who underwent surgery in 2020 at the Department of Thoracic Surgery of Peking University People’s Hospital. Peripheral blood was collected before any treatment, and the 20 patients were confirmed by pathological diagnosis. Forty-five blood samples, including LUAD (15 samples), LUSC (15 samples), and healthy donor (15 samples), were collected to validate the results of differentially expressed mRNAs and lncRNAs.



Sample Preparation, RNA Isolation, and Quantitative Real-Time PCR

Peripheral blood of each participants was collected before surgery using ethylenediaminetetraacetic acid (EDTA) tubes and immediately processed to isolate plasma. Blood samples were centrifuged at 1,600×g for 10 min, and then, supernatants were centrifuged at 16,000×g for 10 min. Plasma samples were stored at −80°C. Total RNA was isolated from the plasma using Trizol LS reagent (Invitrogen, CA, USA) separately. The RNA quality was checked for the RNA integrity number (RIN) by Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) and stored at −80°C. The procedure of reverse transcription followed the manufacturer’s protocol (TaKaRa, Shiga, Japan). Each quantitative polymerase chain reaction was performed in Applied Biosystem with a total reaction volume of 10 μl (Thermo Fisher, Waltham, MA, USA). Moreover, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. The expression of mRNAs and lncRNAs were calculated using 2−ΔΔCt methods. Relative fold change of each sample was calculated using the mean GAPDH expression of healthy donor group as reference. The primers used in this study are showed in Supplementary Table S1.



Library Construction and RNA Sequencing

The libraries were constructed following the manufacture’s instruction of SMARTer Stranded Total RNA-Seq Kit v2(TaKaRa Bio USA, Mountain View, CA, USA) with 1–10 ng input RNA. In brief, (1) the purified RNA were fragmented at 94°C for 4 min in the first step of the cDNA synthesis. (2) The addition of Illumina adapters and indexes to single-stranded cDNA was finished by the first round PCR. (3) AMPure Beads was used to purify the amplified RNA-seq library. (4) Ribosomal cDNA was depleted with ZapR v2 and R-Probes v2. (5) The second round of PCR of 15 cycles was performed for the final RNA-seq library amplification. (6) The amplified RNA-seq library was purified again by immobilization onto AMPure beads. (7) Libraries were quantified with Qubit 3.0 (Thermo Fisher Scientific, Waltham, MA, USA). A yield >2 ng/μl was considered as sufficient material for further library validation and sequencing. Library size distribution was evaluated by running samples on the Agilent 2100 Bioanalyzer, with a local maximum at ~300–400 bp.



RNA-Sequencing Data Mapping

The reads were first mapped to the UCSC Genome Browser database using Bowtie2 version 2.1.0 (13), and the gene expression level was further obtained by RSEM v1.2.15 (14). LNCipedia (http://www.lncipedia.org) was performed for lincRNA annotation, and Cufflinks was used to identify the different expression lncRNAs (15). Trimmed mean of M-values (TMM) was implemented to normalize the gene expression. Then, the edgeR program (16) was used for further differential expression analysis. Genes with p < 0.05 and more than 1.5-fold changes were considered to be differentially expressed.



Functional Analysis of mRNAs and lncRNAs

The Gene Ontology (GO) category analyses (GO, http://www.geneontology.org/) (17) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) molecular pathway analyses (KEGG; http://www.genome.ad.jp/kegg/) (18) were performed to understand the biological functions of differentially expressed mRNAs and lncRNAs. GO analysis for biological processes, cellular components, and molecular function were implemented using clusterProfile with p<0.05 as the cut-off value. Besides, a pathway enrichment analysis of the differentially expressed genes was performed using the pathways from Reactome database (19). To identify the functional roles of differentially expressed gene related to canonical pathways and upstream regulators, Ingenuity Pathway Analysis (IPA, www.ingenuity.com/) was performed, and Fisher’s exact test with false discovery rate (FDR) was used to identify the significance (p<0.05).



Statistical Analysis

Comparisons between groups were analyzed with Student’s t-tests. The results were regarded as statistically significant at p < 0.05. The statistical analysis was performed using the SPSS 23.0 (IBM‐SPSS Inc., Chicago, IL, USA). All graphs were built using GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, USA).




Results


Baseline Clinical Characteristics

Based on the histopathological verification, a total of 20 plasma samples consisting of 16 lung cancers (including 11 adenocarcinoma, 3 squamous cell carcinoma, and 2 small cell lung cancer samples) and 4 matching negative control samples (lung hamartoma) were detected in this study. The detailed clinical characteristics of the four subgroups are summarized in Supplementary Table S2.

The overall data analysis flow of our study is shown in Supplementary Figure S1. Total RNA of four subgroups was extracted and subjected to library construction and RNA sequencing. After quality control, reads were mapped to genome to analyze the expression of mRNAs and lncRNAs using TopHat. Function enrichment analyses were used to predict potential biological functions of the differentially expressed genes.



Expression Profiles of mRNAs and lncRNAs in Plasma of LUAD

Using edgeR to identify the aberrantly expressed mRNAs based on the following criteria: ≥1.5−fold change (FC) upregulation or <1.5−fold change downregulation in expression plus p<0.05. A number of 5,685 mRNAs were detected, and a total of 806 differentially expressed mRNAs were identified in the peripheral blood (Supplementary Table 3), of which 459 mRNAs were upregulated and 347 mRNAs were downregulated (Figure 1). To visualize the differentially expressed mRNAs, the heatmap (Figure 1A) and volcano plot (Figure 1B) were analyzed.




Figure 1 | Expression profiles of mRNAs in plasma between LUAD patients and LUH negative controls. (A) Heatmap of differentially expressed mRNAs in LUAD patients and controls (group 1, LUAD plasma; group 3, LUH plasma). (B) Volcano plot of differentially expressed mRNAs (read, upregulated genes; green, downregulated genes). (C) Enrichment analysis of GO terms and pathways of the differentially expressed mRNAs, comprising biological process (BP), molecular function (MF), and cellular component (CC). (D) The top 10 KEGG terms for the differentially expressed mRNAs between two groups. (E) Reactome pathway analysis was performed to evaluate the underlying pathway. (F) Ingenuity pathway analysis predicted MYC as a major activation of transcription regulator in LUAD.



Using Gene Oncology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis to investigate the gene functions. The different expressed mRNAs were significantly enriched in 637 biological processes (BP) terms, 92 molecular function (MF) terms, and 100 cellular component (CC) terms. The results showed that differentially expressed mRNAs were related to various biological processes, such as synapse organization, regulation of lipid metabolic process, post-translational protein modification, and extracellular structure organization signaling pathways (Figure 1C). GO analyses suggested that these genes were associated with molecular functions of cell adhesion molecule binding, antioxidant activity, lipoprotein particle receptor binding, and other important functions (Figure 1C). The top 3 CC terms were cytoplasmic vesicle lumen, endoplasmic reticulum lumen, and platelet alpha granule lumen, suggesting that these genes were mainly localized in the cytoplasm (Figure 1C). KEGG pathway analyses demonstrated that complement and coagulation cascades, human T-cell leukemia virus 1 infection, and proteoglycans in cancer were most enriched among the differentially expressed genes (Figure 1D). Reactome pathway analysis was performed to evaluate the underlying pathway, and platelet activation relevant pathways, regulation of insulin-like growth-factor binding proteins (IGFBPs), and post-translational protein phosphorylation were most enriched (Figure 1E).

To further understand the underlying molecular roles, IPA revealed the involvement of differentially expressed genes in several canonical pathways, including coagualtion system, epithelial adherens junction signaling, and phosphatase and tensin homolog (PTEN) signaling. IPA upstream regulator analysis revealed significant inhibition of several regulators involved in transcription regulator (NFE2L2 and STAT3), cytokine (OSM and IL6), growth factor (EGF and NRG1). The analysis also predicted a major activation of transcription regulator, MYC, which is a classical oncogene in LUAD, and MYC expression has been shown to be associated with the stemness of cancer cells (20). The network analysis showed that MYC could regulate 52 terms, including BRCA1, SLC1A1, and ITM2B (Figure 1F). The co-expression analysis revealed the relationship between these differentially expressed mRNAs and RN7SK and CPS1were the core genes (Supplementary Figure S2A).

LncRNA expression profiles were normalized by TMM, and following criteria were employed for the differential expression analysis: p<0.05 and ≥1.5−fold upregulation or <1.5−fold downregulation in expression was performed. A total of 8,578 lncRNAs were characterized between LUAD plasma and LUH plasma and 1,762 lncRNAs (688 upregulation, 1,074 downregulation) were differentially expressed (Supplementary Table S4) and (Figures 2A, B). RAB23, UGDH, and LINC01322 were the top 3 downregulated lncRNA; IDH2-DT, CALML3, and LINC00982 were the top 3 upregulated lncRNA in LUAD plasma compared with LUH group. Previous studies have reported that the low expression of LINC00982 was associated with pathway alteration and poor patient survival of LUAD (21). The roles of LINC01322 and CALML3 in cancers were also revealed by previous studies (22, 23).




Figure 2 | Expression profiles of lncRNAs in plasma between LUAD patients and LUH controls. (A) Heatmap of differentially expressed lncRNAs in LUAD patients and controls (group 1, LUAD plasma; group 3, LUH plasma). (B) Volcano plot of differentially expressed lncRNAs. (C) Enrichment analysis of GO terms and pathways of the differentially expressed lncRNAs. (D) KEGG pathway analysis of the differentially expressed mRNAs between two groups.



The functions of differentially expressed lncRNAs were predicted by GO and KEGG pathway annotations of their cis-regulated genes. GO analysis indicated that targets were enriched in 10 biological process (BP) terms and five molecular function (MF) terms. The top 3 BP terms were regulation of DNA-binding transcription factor activity, sensory organ morphogenesis, and negative regulation of myeloid cell differentiation. The CC terms reminded that these targets were localized to the cytoplasm. Besides, the enrichment of MF terms mainly associated with DNA-binding transcription activator activity (Figure 2C). According to KEGG pathway analyses, the differentially expressed lncRNAs are involved in some cancer-related pathways, and cAMP signaling pathway, pathogenic Escherichia coli infection, and fluid shear stress and atherosclerosis were most enriched (Figure 2D). The co-expression analysis revealed the relationship between these differentiallyexpressed lncRNAs, and lnc-IDS-8:1 and LINC00887:4 were the core genes (Supplementary Figure S2B).



Expression Profiles of mRNAs and lncRNAs in Plasma of LUSC

With thresholds of log2 FC>1.5 and p<0.05, a number of 3,907 mRNAs were detected, and a total of 170 downregulated (such as CTAGE8, WDFY3, and LSM8) and 86 upregulated mRNAs (such as SLC38A10, FAM120A, and PRR12) between LUSC and LUH were identified in the peripheral blood (Supplementary Table S5). The different mRNAs are displayed in a heatmap (Figure 3A) and volcano plot (Figure 3B), and the results indicated that mRNAs were obviously distinguishable between the two groups.




Figure 3 | Expression profiles of mRNAs in plasma between LUSC patients and LUH negative controls. (A) Heatmap of differentially expressed mRNAs in LUSC patients and controls (group 2, LUSC plasma; group 3, LUH plasma). (B) Volcano plot of differentially expressed mRNAs (read, upregulated genes; green, downregulated genes). (C) Enrichment analysis of GO terms and pathways of the differentially expressed mRNAs. (D) The top 10 KEGG terms for the differentially expressed mRNAs between two groups. (E) Reactome pathway analysis was performed to evaluate the underlying pathway. (F) Ingenuity pathway analysis predicted TGFB1 as a major activation of transcription regulator in LUSC.



With the cutoff as p<0.05, the differentially expressed mRNAs were significantly enriched in 125 GO terms (78 in BP terms, 36 in MF terms, and 11 in CC terms). GO BP terms showed coenzyme metabolic process, regulation of histone methylation, and regulation of vascular endothelial growth factor production were most related (Figure 3C). CC terms indicated that products of these genes were mostly located at contractile fiber part and myofibril (Figure 3C). As for MF terms, the cellular activities were related to DNA-binding transcription activator activity, ion channel binding, and nuclear receptor activity (Figure 3C). KEGG pathway analyses showed that differentially expressed mRNAs were significantly involved in 23 pathways, and Th17 cell differentiation, central carbon metabolism in cancer, and synaptic vesicle cycle were most enriched among them (Figure 3D). Reactome pathway analyses indicated that these targets were significantly enriched in platelet degranulation relevant pathways, regulation of pyruvate metabolism, and recruitment, and ATM-mediated phosphorylation of repair and signaling proteins at DNA double-strand breaks pathways were most enriched (Figure 3E). Using IPA, the most significant canonical pathways on the differentially expressed genes were revealed, such as DNA double-strand break repair, oncostatin M signaling, and Wnt pathway. Besides, the analysis of the upstream regulators indicated that several significant inhibition regulators involved in transcription regulator (TP53 and EOMES), miRNA (mir-155, mir-25), and ligand-dependent nuclear receptor (NR3C2). A biological network predicted a major activation of growth factor, Transforming growth factor beta (TGFB1) (Figure 3F) is an important member of the transforming growth factor beta (TGF-β) family and plays pleiotropic roles in cancer progression (24). The co-expression analysis revealed the relationship between these differentially expressed mRNAs, and ZNF629 was the core gene (Supplementary Figure S2C).

Based on the above screening criteria in Section 2.1, the expressed lncRNAs detected by edgeR in matched LUSC and LUH plasmas showed distinct expression patterns. A total of 7,462 lncRNAs were characterized, and 946 were differentially expressed (242 upregulation and 704 downregulation) in plasmas with LUSC compared with negative controls (p<0.05, fold change≥1.5 or <1.5) (Supplementary Table S6). Heatmap and volcano plots for the expression of these lncRNAs are shown in Figures 4A, B. The top 3 downregulated lncRNAs in LUSC were H2BFWT, MBTD1, and MALAT1, and the top 3 upregulated lncRNAs were Linc01663, TFF3, and SNRNP35. MALAT1, as a highly conserved lncRNA in mammals (25), is related to cancer development and progression (26). In addition, Weber et al. have reported MALAT1 could be detected in peripheral blood and serve as a promising biomarker for early diagnosis of NSCLC (27).




Figure 4 | Expression profiles of lncRNAs in plasma between LUSC patients and negative controls. (A) Heatmap of differentially expressed lncRNAs in LUSC patients and LUH patients (group 2, LUSC plasma; group 3, LUH plasma). (B) Scatter plot of differentially expressed lncRNAs. (C) Enrichment analysis of GO terms and pathways of the differentially expressed lncRNAs. (D) KEGG pathway analysis of the differentially expressed mRNAs between two groups.



In the GO and KEGG processes, the enrichment analysis was performed on the function of lncRNA aided by its regulated gene. As shown in Figure 4C, the top rank of differentially expressed lncRNAs functions is listed. The impact on BP, such as regulation of DNA demethylation, transferrin transport, and pyroptosis process involved in development, indicated that these lncRNAs have potential biological functions, especially in tumor progression (28, 29). The top 3 MF terms were methylation-dependent protein binding, RNA polymerase II activating transcription factor binding, and protein tyrosine kinase binding, and the CC terms reminded these targets were localized to the cytomembrane and endoplasmic reticulum. In terms of KEGG pathway analyses, the results suggested that viral carcinogenesis signaling pathway, phagosome and parathyroid hormone synthesis, section, and action were most enriched among the differentially expressed genes (Figure 4D). The co-expression analysis revealed the relationship between these differentially expressed lncRNAs, and lnc-SRGAP2C-16:1 and lnc-FAM86B2-58:12 were the core genes (Supplementary Figure S2D).



Expression Profiles of mRNAs and lncRNAs in Plasma of SCLC

The RNA-seq results showed that a number of 3,284 mRNAs were detected, and 231 mRNAs in the SCLC group were significantly different from those in the LUH group (thresholds of log2 FC>1.5 and p<0.05) (Supplementary Table S7), of which 38 mRNAs were upregulated and 193 mRNAs were downregulated (Figures 5A, B).




Figure 5 | Expression profiles of mRNAs in plasma between SCLC patients and LUH negative controls. (A) Heatmap of differentially expressed mRNAs in SCLC patients and controls (group 4, SCLC plasma; group 3, LUH plasma). (B) Volcano plot of differentially expressed mRNAs (read, upregulated genes; green, downregulated genes). (C) Enrichment analysis of GO terms and pathways of the differentially expressed mRNAs. (D) The top 10 KEGG terms for the differentially expressed mRNAs between two groups. (E) Reactome pathway analysis was performed to evaluate the underlying pathway. (F) Ingenuity pathway analysis predicted RUNX3 as a major activation of transcription regulator in SCLC.



Gene Ontology (GO) analyses revealed that the top 3 associated pathways of molecular functions were structural constituent of ribosome, cell adhesion molecule binding, and cadherin binding (Figure 5C). GO cellular component analyses indicated that products of these genes were mainly associated with cell adhesion. In terms of GO biological processes, differentially expressed mRNAs functions affected the protein targeting to membrane, protein localization to endoplasmic reticulum, and nuclear-transcribed mRNA catabolic process. The KEGG pathway analysis results are shown in Figure 5C. For the target genes of differentially expressed mRNAs, Hippo signaling pathway, ferroptosis, and Apelin signaling pathway were the most significant pathways for enrichment (Figure 5D). Reactome analyses showed that eukaryotic translation elongation pathways, peptide chain elongation and L13a-mediated translational silencing of Ceruloplasmin expression were most enriched (Figure 5E).

We further explored the canonical pathway analysis by IPA. The result revealed the involvement of several canonical pathways, including EIF2 signaling, mTOR signaling, and iron homeostasis signaling pathway. IPA upstream regulator analysis predicted a series of regulators involved in transcription regulator (MYCN and NFE2L2), growth factor (TGFB1 and NRG1), and transporter (SYVN1). In the network analysis, it can be observed that a major activation of transcription regulator, RUNX3, has a close interaction with a series of factors, such as CCND1, LIFR, COL12A1 (Figure 5F). The co-expression analysis revealed the relationship between these differentially expressed mRNAs, and RNA28S5 was the core gene (Supplementary Figure S2E).

As for lncRNA expression profiles, the screening criteria are listed in Section 2.1. A total of 298 differentially expressed lncRNAs were finally characterized in the plasma of patients with SCLC, of which 104 lncRNAs were upregulated and the remaining lncRNAs were downregulated (Supplementary Table S8). Heatmap (Figure 6A) and volcano plot (Figure 6B) were used to analyze the statistical significance of differently expressed lncRNAs between the two groups. Several significant differently expressed lncRNAs have been reported in previous studies. The downregulation of LINC01537 and TMEM106A was observed in lung cancer development, which was involved in tumor metabolic reprogramming or EMT (30, 31).




Figure 6 | Expression profiles of lncRNAs in plasma between SCLC patients and negative controls. (A) Heatmap of differentially expressed lncRNAs in SCLC patients and LUH patients (group 4, SCLC plasma; group 3, LUH plasma). (B) Volcano plot of differentially expressed lncRNAs. (C) Enrichment analysis of GO terms and pathways of the differentially expressed lncRNAs. (D) KEGG pathway analysis of the differentially expressed mRNAs between two groups. Venn diagram showed the common significant mRNAs (E), lncRNAs (F), and canonical pathways (G) in three groups (LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; SCLC, lung small cell cancer; LUH, lung hamartoma).



The functional enrichment of GO and KEGG analysis is shown in Figures 6C, D. In BP terms, regulation of embryonic organ development, regulation of DNA-binding transcription factor activity, and regulation of bone mineralization involved in development were most enriched. The cis-regulated genes of differently expressed lncRNAs were mainly associated with intercellular bridge and sarcoplasm, according to the cellular component analysis. In addition, the most enriched MF terms, such as chromatin binding, ubiquitin−protein transferase activity, and activating transcription factor binding indicated that these lncRNAs may participate in ubiquitination or protein binding in post-transcription control. In terms of KEGG pathway analyses, the results suggested that RNA transport, PD-L1 expression, and PD-1 checkpoint pathway in cancer were most enriched among the differentially expressed genes. The co-expression analysis revealed the relationship between these differentially expressed lncRNAs, and lnc-CCNB1IP1-1:4 and lnc-WDR38-1:1 were the core genes (Supplementary Figure S2F).



Common Dysregulated mRNAs and lncRNAs in Lung Cancer

We further investigated the common mRNAs of differential genes among three groups above. There are 11 common mRNAs in total (Figure 6E), including CEP250 (centrosomal protein 250 kDa), ZNF891 (zinc finger protein 891), NFAT5 (nuclear factor of activated T cells 5, tonicity-responsive), SLC2A1 (solute carrier family 2 member 1), TRIM38 (tripartite motif containing 38), PDE4A (phosphodiesterase 4A, cAMP-specific), GLYCTK (glycerate kinase), AFF2 (AF4/FMR2 family, member 2), WNK3 (WNK lysine-deficient protein kinase 3), BRWD3 (bromodomain and WD repeat domain containing 3), and ZCCHC2 (zinc finger, CCHC domain containing 2).

Then, we found the common lncRNAs among these three groups, and there are 51 lncRNAs in total (Figure 6F). Intriguingly, some lncRNAs were generated from common mRNAs above, such as lnc-TRIM38-2:2. Finally, we investigated the common canonical pathways, and 207 pathways were found (Figure 6G). The result of several canonical pathways includes molecular mechanisms of cancer, role of tissue factor in cancer, STAT3 pathway, PI3K/AKT signaling, and so on, which are vital for the progression of cancers.



Validation of mRNAs and lncRNAs in LUAD and LUSC

We chose ZNF891, ERCC4 (excision repair cross-complementation group 4), ZNF33A (zinc finger protein 33A), AFF2 (AF4/FMR2 family, member 2), and lnc-ALB-1:6, lnc-DPH5-1:6, and LINC01376:1 to verify our findings in LUAD. The results of ZNF891, ZNF33A, ERCC4, and lnc-DPH5-1:6 were in accordance with the findings (Figure 7). However, the expression of AFF2, lnc-FBXO33-2:3, and LINC01376:1 was opposite to the previous findings, which may be due to the relatively small number of validation samples. Furthermore, no significant difference was observed for lnc-ALB-1:6.




Figure 7 | Validation of the differentially expressed mRNAs and lncRNAs in LUAD. (A) Validation of the differentially mRNAs (ZNF891, ERCC4, ZNF33A, and AFF2), (B) validation of the differentially lncRNAs (lnc-FBXO33-2:3, lnc-ALB-1:6, lnc-DPH5-1:6, and LINC01376:1) (LUAD, lung adenocarcinoma; ZNF891, zinc finger protein 891; ERCC4, excision repair cross-complementation group 4; ZNF33A, zinc finger protein 33A; AFF2, AF4/FMR2 family, member 2; relative fold change of each sample was calculated using the mean GAPDH expression of control group as reference).



Moreover, ZNF891, EIF3I (eukaryotic translation initiation factor 3, subunit I), TRIM13 (tripartite motif containing 13), USP27X (ubiquitin specific peptidase 27, X-linked), lnc-SLC9A3-6:1, lnc-GPR27-5:1, lnc-PFKP-38:1, and lnc-PGS1-1:12 were selected to verify our findings in LUSC. ZNF891, EIF3I, TRIM13, lnc-SLC9A3-6:1, lnc-PFKP-38:1, and lnc-PGS1-1:12 were downregulated as we supposed (Figure 8). However, no significant difference was observed for USP27X or lnc-GPR27-5:1.




Figure 8 | Validation of the differentially mRNAs and lncRNAs in LUSC. (A) Validation of the differentially expressed mRNAs (ZNF891, ERCC4, ZNF33A and AFF2), (B) validation of the differentially expressed lncRNAs (lnc-FBXO33-2:3, lnc-ALB-1:6, lnc-DPH5-1:6, and LINC01376:1) (LUSC, lung squamous cell carcinoma; ZNF891, zinc finger protein 891; EIF3I, eukaryotic translation initiation factor 3, subunit I; TRIM13, tripartite motif containing 13, USP27X, ubiquitin specific peptidase 27, X-linked; relative fold change of each sample was calculated using the mean GAPDH expression of control group as reference).






Discussion

In the present study, the expression profiles of mRNAs and lncRNAs in plasma samples from lung cancer patients and benign pulmonary disease patients were compared based on RNA sequencing. The results indicated the different types of lung cancer presented distinguishing features of mRNAs and lncRNAs in the plasma of patients. Using a series gene function analysis, these different expression RNAs may be involved into various physiological processes, especially in cancer progression, which suggested the potential value of “liquid biopsy” in cancer diagnosis.

Tumor-derived mRNAs exist abundantly in blood and other biological fluids, which are related to tumorigenesis and progression (32). March-Villalba et al. found the that hTERT mRNA levels in plasma were associated with clinicopathological parameters of prostate cancer, which performed a better diagnostic and prognostic accuracy than the PSA assay (33). MiRNAs are a class of single-stranded non-coding RNAs, which are 18–23 nt in size and widely expressed in eukaryotes. The biological function of miRNAs is involved in the regulation of downstream target genes at the post-transcriptional level. Previous studies have proved the close relationship between miRNA abnormal expression patterns and tumorigenesis (34). Moreover, different panels of miRNAs in blood and other biological fluids presented specific expression in some cancers (35). Ying et al. described a five-miRNA panel for early detection of lung cancer with a 90.7% specificity (36). Compared with miRNAs, lncRNA is a novel type of non-protein coding transcripts, which is longer than 200 nucleotides (37). Emerging evidence indicated that lncRNAs are not “transcriptional noise” and play a crucial role in regulating chromatin dynamics, gene expression, growth, differentiation, and development (38). A large number of lncRNAs are involved in oncogenic process and tumor metastasis, which implied the potential promise for lncRNAs as novel biomarkers in cancers. Studies found that miRNAs and lncRNAs were stably presented in blood, and they showed a closed expression pattern relationship between primary tumors and plasmas of patients (32).

In our study, compared with lung hamartoma, 806 mRNAs and 1762 lncRNAs were significantly differentially expressed in patients with LUAD; 256 mRNAs and 946 lncRNAs were significantly differentially expressed in patients with LUSC. SCLC, accounting for 15% of lung cancers, is aggressive at early stage with a tendency of widespread metastases (39). SCLC is rarely resected by surgery, and the tissue is insufficient for further molecular investigation. Thus, exploring SCLC serological characteristics is needed. Our analysis indicated the expression features of mRNAs and lncRNAs in the plasma of SCLC patients.

eIF3i, also called p36 and eIF3β, is located at chromosome 1p35.2 as a putative subunit of eIF3 (eukaryotic initiation factor 3) (40). It has been reported that eIF3i plays an important role in pre-initiation complex formation and mRNA translation initiation (41). Ahlemann et al. demonstrated that in vitro eIF3i overexpression activated the mTOR signals and promoted the mRNA translation process and protein synthesis (42). Importantly, studies indicated that eIF3i is a proto-oncogene, and its expression has been proven to be upregulated in a series of cancers (43–45). The ectopic eIF3i overexpression is associated with the transformation of intestinal epithelial cells, and its level contributes to colon oncogenesis by upregulating the synthesis of cyclooxygenase-2 and activating the Wnt/β-catenin signaling pathway (45). In this study, eIF3i was significantly upregulated in the plasma of LUSC patients. Previous studies have not reported the role of eIF3i in lung cancer; the results of this study may remind that eIF3i serves as a potential biomarker for LUSC.

PDE4 enzymes are members of cyclic nucleotide phosphodiesterases (PDEs) family, and PDE4A is a subtype of PDF4 that regulates the cAMP level by promoting the degradation of cAMP to AMP (46). PDE4A has been reported to be involved in the regulation of tumor suppressor genes in tumors and hematological malignancies (47, 48). In line with previous observation, our finding revealed that PDE4A was overexpressed in SCLC plasma. This may be caused by the regulation of PDE4A in VEGF-mediated epithelial-to-mesenchymal transition (EMT) during tumor progression (49).

MALAT1 (metastasis associated lung adenocarcinoma transcript 1) is more than 8,500 nt and located at chromosome 11q13 (50). It was first characterized in NSCLC and played an important role in the prediction of metastasis (51). The highly conserved MALAT1 attracted the attention of researchers, and a series of studies have shown that MALAT1 was associated closely with tumor proliferation and invasion by interacting with several famous cancer-related signaling pathways (26, 52). Considering our results, we provide further evidence that overexpression of MALAT1 in plasma of LUSC patients may serve as a potential biomarker for diagnosis or treatment evaluation of LUSC.

In conclusion, our study performed a systematic description of mRNA and lncRNA profiles from the plasma of lung cancer patients and elucidated their functional modes based on a series of analysis. The current results suggest the potential value of cell-free RNAs for non-invasive “liquid biopsy.” These significant plasma biomarkers could be further explored for the diagnosis and prognosis of lung cancers.
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Long non-coding RNA (lncRNA) plays a significant role in the pathogenesis of many human malignant tumors, including oral cancer. LncRNA can act as a gene regulator in a variety of cancers. It regulates the growth of malignant cells via many cellular signal pathways such as the PI3K (phosphoinositide 3-kinase)/AKT (α-serine/threonine-protein kinase) pathway. In this review, we have analyzed the role of lncRNAs, such as lncRNA X inactive specific transcript (XIST), in oral cancer, including its effects on the proliferation, apoptosis, invasion, migration, and resistance to chemotherapy of oral cancer. We have also focused on the role of lncRNA XIST as the core of X chromosome inactivation. Here, we provide a brief overview of the role of many kinds of lncRNAs, including XIST, which provides a theoretical basis for the study of the role of XIST in oral cancer. Our review may provide a new direction for the study of the occurrence, development, and prognosis of oral cancer and provide a new target for its treatment.
Keywords: gene expression, long non-coding RNA, oral cancer, pathogenesis, XIST
INTRODUCTION
Oral cancer is the 11th most common carcinoma around the globe that has attracted global attention (D'Souza and Addepalli, 2018). There were 377,713 new cases and 177,757 new deaths of oral cancer in 2020 (Sung et al., 2021). Most patients are diagnosed with oral cancer at an advanced stage (Bagan et al., 2010). It is characterized by a poor prognosis and a high rate of lymphatic metastasis (Okura et al., 2009; Noguti et al., 2012). Surgical resection in combination with radiotherapy and chemotherapy is currently the main treatment for oral cancer. However, this treatment regimen has not helped in significantly improving the five-year survival rate (Alkhadar et al., 2021). There is mounting evidence that has demonstrated that lncRNAs play a crucial role related to the survival rate in oral cancer (Zhang et al., 2018a; Momen-Heravi and Bala, 2018; Gao et al., 2020; Chen et al., 2021). Moreover, the expression pattern of lncRNAs plays a role in the diagnosis and therapy of oral cancer (Momen-Heravi and Bala, 2018). LncRNA MALAT1 can be used as a biomarker and therapeutic target for oral squamous cell carcinoma (OSCC) (Zhou et al., 2015).
With the in-depth study of the human genome, it has been found that most of the genome can be transcribed into RNA, yet only 1%–2% of the protein-coding genes encode proteins involved in various cellular life activities (Beermann et al., 2016). Compare to the coding RNAs, non-coding RNAs were initially considered to be the “junk DNA,” which were produced during the process of gene transcription (Doolittle, 2013). However, it has been found that non-coding RNA plays a critical regulatory role in gene expression and other biological processes (Anastasiadou et al., 2018). Non-coding RNAs include microRNAs, circRNAs, intron RNAs, and long non-coding RNAs (Morris and Mattick, 2014). Long non-coding RNAs (lncRNAs) are defined as any non-protein-coding RNA >200 bp in length (Morris and Mattick, 2014; Qian et al., 2019). LncRNAs help to protect the integrity of the genome and regulate gene expression by interacting with DNA, RNA, and proteins (Mercer et al., 2009; Chen, 2016). Moreover, lncRNA can play multiple roles in pathogenesis of tumors via different mechanisms (Figure 1). A recent study has shown that lncRNA XIST is one of the lncRNAs that play a key role in the pathogenesis of OSCC (Tao et al., 2021). Results from this study demonstrated that XIST inhibited apoptosis, and promoted cell proliferation, invasion, and migration to promote the growth of oral cancer (Tao et al., 2021). The findings of this study provide a new direction for the study of XIST in oral cancer.
[image: Figure 1]FIGURE 1 | Roles of lncRNAs in cancer.
THE ROLE OF LNCRNA IN ORAL CANCER
Studies have shown that there is a variety of abnormal expression patterns of lncRNAs in oral cancer, and they have a critical role in the pathogenesis of cancer (Momen-Heravi and Bala, 2018). Different lncRNAs have a variety of different effects on oral cancer (Fang et al., 2020; Ghafouri-Fard et al., 2020; Sur et al., 2020). H19, the first lncRNA to be discovered, is considered to be closely related to embryonic development and tumorigenesis (Raveh et al., 2015; Zhang et al., 2017; Wang et al., 2019a; Kou et al., 2019; Zhang et al., 2020). H19 is abnormally expressed in oral cancer and plays a role as a “sponge molecule” (Kou et al., 2019). It regulates the expression of the high mobility group A2 (HMGA2) protein through miRNA let-7 to promote the migration and invasion of tongue squamous cell carcinoma (TSCC) (Kou et al., 2019). In addition to H19, there are many lncRNAs that aggravate the development of oral cancer by promoting the migration and invasion of cancer cells, such as lncRNA FGD5-AS1 (Liu et al., 2020a), lncRNA MYOSLID (Xiong et al., 2019), and lncRNA HOTAIR (Tao et al., 2020). In addition, lncRNAs such as lncRNA CASC9 can also promote the growth of cancerous cells by suppressing autophagy-mediated cell apoptosis in oral cancer (Yang et al., 2019). It has been reported previously that lncRNA CASC9 plays a vital role in the pathogenesis of OSCC and inhibits apoptosis and autophagy via the AKT (Protein kinase B)/mTOR (mammalian target of rapamycin) signal pathway (Yang et al., 2019). LncRNA HIFCAR can be used as a co-activating factor of hypoxia-inducible factor HIF-1α for regulating the hypoxia signal pathway in oral cancer (Shih et al., 2017). It also plays a role in the pathogenesis of oral cancer, thereby suggesting that it could be a new therapeutic target for the treatment of oral cancer (Shih et al., 2017). It has also been reported that lncRNA HAS2-AS1 was abnormally expressed in oral cancer, which was closely related to the anoxic state of oral cancer (Zhu et al., 2017).
Resistance to chemotherapeutic drugs is a major challenge in the treatment of cancer (Cui et al., 2018; Bukowski et al., 2020). One of the key research focus areas in oncology research is to identify the mechanisms by which resistance is developed by the cancer cells to chemotherapeutic drugs (Li et al., 2020a). Studies have found that lncRNA UCA1 was highly expressed in cisplatin-resistant OSCC (Fang et al., 2017). There is also mounting evidence that lncRNA UCA1 can promote the proliferation of OSCC cells and inhibit the sensitivity of OSCC cells to cisplatin (Fang et al., 2017). Meanwhile, the aforementioned results suggested that lncRNA UCA1 also can regulate the growth of OSCC via miR-184 (Fang et al., 2017). This suggested that an interaction between lncRNA and miRNA might be able to regulate the pathogenesis of oral cancer (Zhou et al., 2019).
XIST is an lncRNA located in the XIST gene, which plays a key role in dose compensation of the X chromosome and embryonic development (Sahakyan et al., 2018). As a key regulator of chromosome dose compensation, XIST can achieve dose compensation by randomly inactivating the X chromosome (Payer and Lee, 2008; Chen and Yen, 2019). XIST may recruit chromatin modification enzymes to participate in the regulation of chromatin structure, thereby leading to changes in the expression of oncogenic or anti-oncogene genes regulated by XIST (Cerase et al., 2015).
There is an abnormal expression of lncRNA XIST in a variety of cancers, such as thyroid cancer (Liu et al., 2018), colorectal cancer (Chen and Shen, 2020), breast cancer (Soudyab et al., 2016), and oral cancer (Tao et al., 2021). A previous study by our group demonstrated that there was an abnormal expression of lncRNA XIST in TSCC (Tao et al., 2021). Knocking down the expression of XIST significantly inhibited the proliferation, migration, and invasion of TSCC and induced their apoptosis (Tao et al., 2021). The role of XIST in oral cancer has been investigated, and the potential mechanism has been elaborated (Table 1 and Figure 2). In addition, possible methods, such as RNA-seq and fluorescence in situ hybridization (FISH) assay, can be performed to determine the expression of XIST to provide a potential implication in oral cancer (Shiura and Abe, 2019; Tao et al., 2021; Wang et al., 2021). This suggested that many lncRNAs, especially XIST, are abnormally expressed in a variety of cancers, including oral cancer, and play a key role in their pathogenesis via the regulation of different pathways (Figure 3).
TABLE 1 | Potential role of XIST in oral cancer.
[image: Table 1][image: Figure 2]FIGURE 2 | Role of XIST in oral cancer.
[image: Figure 3]FIGURE 3 | Role of H19, CASC9, HIFCAR, UCA1, and XIST in oral cancer.
REGULATORY MECHANISM OF XIST AND ITS EXPRESSION PATTERN IN CANCER
LncRNA XIST is the earliest discovered lncRNA (Loda and Heard, 2019). It mainly plays a role in regulating X chromosome inactivation in cells and can silence most genes on the inactivated X chromosome (Cerase et al., 2015). There are about 1,000 genes present on the X chromosome, which can cause a variety of diseases such as cancer and hemophilia (Lee and Bartolomei, 2013). Therefore, the role of XIST in X chromosome inactivation is important in mammals (Figure 4).
[image: Figure 4]FIGURE 4 | Mechanisms of X chromosome inactivation in mice and humans.
There are two X chromosomes that are present in the somatic cells of female mammals, while there is only one X chromosome present in the male mammalian cells (Wang et al., 2016). To maintain the balance of gene expression between female and male mammals in embryo development, female mammals achieve X chromosome dose compensation via X chromosome inactivity (Sahakyan et al., 2018). X chromosome inactivation (XCI) needs the activation of the X chromosome inactivation center (Dixon-McDougall and Brown, 2016). The X chromosome inactivation center (XIC) is located in the region from 100 to 500 kb on the X chromosome (Dixon-McDougall and Brown, 2016). The core of XIC is long non-coding RNA XIST, which is only expressed in the female inactive X chromosome (Gendrel and Heard, 2014). XCI includes two forms, the random XCI and the imprinted XCI (Sahakyan et al., 2018). Two forms of imprinted XCI and random XCI occur during the embryonic development of mice (Sahakyan et al., 2018). The imprinted XCI first occurs in the female mouse pre-embryonic stage, silencing the patrilineal X chromosome (Sahakyan et al., 2018; Chen and Yen, 2019). Subsequently, following blastocyst formation, the imprinted XCI remains unchanged in trophoblast ectoderm cells, while the cells in blastocyst ectoderm reactivate the paternal X chromosome, and random XCI occurred before and after implantation (Sahakyan et al., 2018). However, the dose compensation of the X chromosome is realized by random XCI in human (Sahakyan et al., 2018). XIST wraps around the X chromosome on which it sits, recruits heterochromatin factors, and silences gene expression (Figure 5). The expression of XIST only plays a role in the initiation of X chromosome inactivation. There is a need for other supporting factors to maintain the inactivation of the X chromosome (Fatica and Bozzoni, 2014).
[image: Figure 5]FIGURE 5 | XIST mediates X chromosome inactivation and silences genes.
During the process of X chromosome inactivation (XCI), the entire X chromosome is permanently silenced and transformed into Barr bodies (Dixon-McDougall and Brown, 2016). Studies have found that the expression of histone markers on the chromosome increased, such as H3K27me3, H3K9me3, and ubH2A, once XIST was enriched on the X chromosome (Mermoud et al., 2002; Plath et al., 2003; Fang et al., 2004; Brinkman et al., 2006; Dixon-McDougall and Brown, 2016). Meanwhile, the corresponding gene expression in the histone-rich region was silenced (Mermoud et al., 2002; Plath et al., 2003; Fang et al., 2004; Brinkman et al., 2006; Dixon-McDougall and Brown, 2016). XIST can recruit and bind Polycomb-repressive complex 2 (PRC2) to the transcriptional site of XIST gene, cause histone modification in this region, and mediate X chromosome inactivation (Wutz, 2011). This suggested that histone modification plays a key role in XCI. High DNA methylation also plays a role in stabilizing the inhibitory state of silent genes, thereby suggesting that DNA methylation plays an important role in maintaining the stability of XCI (Dixon-McDougall and Brown, 2016).
The link between XCI and cancer was proposed more than 50 years ago (Pageau et al., 2007). They found that there was a lack of Barr bodies in some breast cancer cells, thereby suggesting that the inactivation of the X chromosome may be related to cancer (Pageau et al., 2007). As a specific expression of lncRNA in female cells, a large number of studies have shown that XIST is closely related to the high incidence of cancer in women, such as breast cancer (Schouten et al., 2016), cervical cancer (Zhu et al., 2018), thyroid cancer (Liu et al., 2018), and ovarian cancer (Zuo et al., 2019). XIST acts as an oncogene to promote the development of cancer via multiple pathways. The abnormal expression of XIST has been observed in human oral cancer, and it has been found that XIST plays a major role in the pathogenesis of oral cancer (Tao et al., 2021). The aforementioned results suggested that the abnormal expression of XIST may lead to the abnormality of X chromosome inactivation, lead to a gene mutation on it, and then promote the occurrence of many diseases including cancer. These results suggested that XIST and XCI have a close connection with cancers including oral cancer.
XIST ACTS AS A SPONGE MOLECULE
The “competitive endogenous RNA” (ceRNA) hypothesis was proposed in 2011 (Salmena et al., 2011). It was believed that the ceRNA mechanism formed a large-scale regulatory network in transcriptome and plays an important role in diseases such as cancer (Salmena et al., 2011). Major elements such as microRNAs (miRNAs), protein-coding genes, and lncRNAs are included in the mechanism of ceRNAs (Salmena et al., 2011). LncRNA can further regulate the expression of mRNA via competitive binding with microRNAs in a variety of cancers. Studies conducted in breast cancer have shown that lncRNA BCRT1 acts as a molecular sponge of miR-1303, negatively regulates the expression of miR-1303, and upregulates the expression of PTBP3 via exocrine, which, in turn, promotes the development of breast cancer (Liang et al., 2020). In colorectal cancer, miR-181a-5p can be used as a target for lncRNA CRNDE to competitively combine with lncRNA CRNDE for promoting the growth of colorectal cancer (Han et al., 2017). XIST also can act as a sponge molecule for miRNA in cells. For instance, XIST upregulates Fus (fused in sarcoma) via competitive binding with miR-200a, which in turn acts as a ceRNA in the development of cervical cancer (Zhu et al., 2018). XIST and MET protein compete for the combination of miR-34a, which in turn leads to the progression of thyroid cancer (Liu et al., 2018). The aforementioned data indicate that XIST regulates the expression of target mRNA and target genes. A key role is played by lncRNA XIST in X chromosome inactivation. It also acts as a sponge molecule of microRNAs to participate in the ceRNA regulatory network in the development of oral cancer. Previous research by our group suggested that XIST is abnormally expressed in TSCC and acts as a sponge molecule to compete with miR-29b to stimulate the growth of TSCC (Tao et al., 2021).
XIST regulates the expression of miRNAs via the ceRNA mechanism and downstream signaling pathway to impact the growth of cells. Studies have found that XIST can act as the sponge molecule of miR-34a to participate in ceRNAs in thyroid carcinoma cells and further inhibit the growth of thyroid cancer cells via its downstream signal pathway MET (hepatocyte growth factor receptor)-PI3K (phosphoinositide 3-kinase)-AKT (α-serine/threonine-protein kinase) signal pathway (Liu et al., 2018). Abnormal glucose metabolism is very important for the progression of cancer. It has been previously demonstrated that lncRNA XIST can control the growth and glucose metabolism in glioblastoma cells via the insulin receptor substrate 1 (IRS1)/the phosphoinositide 3-kinase (PI3K)/protein kinase B(Akt) pathway (Cheng et al., 2020). To summarize, studying the mechanism and signal pathway of XIST in other cancer cells may provide a theoretical foundation for the future study of XIST in oral cancer. XIST, as a molecular sponge, plays important role in oral cancer by regulating miRNA and competitively binding with target mRNA.
THE ROLE OF XIST IN OTHER CANCERS
As mentioned previously, a link between the X chromosome and cancer has been found (Pageau et al., 2007). XIST, which is the core of XCI, plays a key role in many cancers (Zhang et al., 2018b; Liu et al., 2019; Li et al., 2020b; Liu et al., 2020b). High expression of XIST can be used to identify BRCA1-like breast cancer and has a worse prognosis than BRCA1-like breast cancer patients with low expression of XIST (Schouten et al., 2016). XIST can also upregulate the expression of the Polycomb group protein RING1 mRNA via competitive binding with miR-744 and further promote the occurrence and development of non-small cell lung cancer (NSCLC) via the Wnt (Wingless/Integrated)/β-catenin signal pathway (Wang et al., 2019b).
The tumor microenvironment plays a key role in the occurrence and development of cancer (Chanmee et al., 2014; Zhao et al., 2021). Previous studies have reported that tumor-associated macrophages (TAMs) in the tumor microenvironment are closely related to tumor proliferation, migration, and angiogenesis (Zhao et al., 2021). XIST can regulate the polarization of tumor-associated macrophages through miR-101-3p and then promote the proliferation and migration of breast and ovarian cancer cells (Zhao et al., 2021). It also promotes the development of colon cancer via the miR-34a-mediated Wnt/β-catenin signaling pathway (Sun et al., 2018). Thus, the expression of XIST is upregulated in a variety of cancers that promotes the occurrence and development of cancer via different mechanisms. To summarize, XIST is abnormally expressed in a variety of cancers, including oral cancer. It can affect the occurrence and development of cancer by inhibiting apoptosis and promoting proliferation, invasion, and migration of cancer cells.
DISCUSSION
Oral cancer is a common malignant tumor of the oral and maxillofacial region. It has a surgical injury and a high fatality rate. Multiple factors are involved in the pathogenesis of oral cancer (Gharat et al., 2016). External factors including smoking (Huang et al., 2019), drinking (Varoni et al., 2015), and chewing betel nut (Su et al., 2020), and internal factors like gene mutation (Ali et al., 2017), the human papillomavirus (HPV) (Jiang and Dong, 2017), and abnormal gene expression also play a major role in the development of oral cancer. As a class of gene regulatory factors, lncRNA plays an important role in oral cancer cells. It can be used as a gene target in the study of oral cancer gene therapy. The expression pattern of lncRNA XIST is particularly important in oral carcinoma. XIST binds competitively with miRNA and affects apoptosis, proliferation, cycle, and migration and also influences other related genes of cancer cells, such as cyclinD1 (Wang et al., 2019b), p53 (Hu et al., 2019), and E-cadherin (Shi et al., 2020).
Some epigenetic modifications are closely related to a variety of human diseases including cancer (Villanueva et al., 2015). XIST is regulated by some epigenetic modifications, such as DNA methylation and M6A modification. For example, the expression of M6A “writer” protein methyltransferase-like 14 (METTL14) is downregulated in colorectal cancer, and it has been found that XIST is downregulated by METTL14 in a YTHDF2-dependent way, which is responsible for inhibiting the growth of colorectal cancer (Yang et al., 2020).
Studies found that targeted regulation of the expression of XIST in oral cancer, and some other cancers can inhibit the occurrence and development of tumors (Li et al., 2020b; Shi et al., 2020; Tao et al., 2021). The expression of lncRNA XIST is increased in non-small cell lung cancer (Wang et al., 2019b). A decrease in the expression level of XIST in lung cancer cells significantly reduced their proliferation and invasion (Wang et al., 2019b). In glioblastoma cells, knocking down the expression of XIST also significantly reduced the glucose uptake of glioblastoma cells and helped to inhibit tumor growth (Cheng et al., 2020). Similarly, studies have shown that knocking down the expression level of XIST can significantly inhibit the proliferation and promote the apoptosis of oral cancer cells (Tao et al., 2021). The abnormal expression of XIST was shown in oral cancer. Moreover, knockdown expression of XIST has the ability to induce apoptosis and inhibit cell growth, migration, and invasion (Ma et al., 2020; Tao et al., 2021; Gao et al., 2022). Moreover, TCGA (http://ualcan.path.uab.edu/analysis.html) database showed that XIST was closely associated with the rainfall of HNSCC, and patients with higher XIST expression levels had a worse prognosis.
Some drugs can inhibit the expression of XIST and induce cell apoptosis. Platycodon grandiflorum saponin D (PD) is a saponin extracted from Platycodon grandiflorum (Chen et al., 2020). Studies have demonstrated that PD reduced the expression of XIST and inhibited the growth of bladder cancer cells (Chen et al., 2020). Research carried out by our group has shown that cucurbitacin B effectively inhibited the proliferation of oral cancer and significantly reduced the expression of XIST in oral cancer cells (Tao et al., 2021). XIST can regulate the progression of oral cancer via multiple mechanisms. This suggested that XIST can potentially be an important target for the diagnosis and treatment of oral cancer.
CONCLUSION
Many different lncRNAs have been found in the human genome, which are involved in various biological processes of cells. They are important regulatory factors in these biological processes. XIST is an important initiator of X chromosome inactivation and a gene regulator like other lncRNAs in many cancers, including oral cancer. An abnormal expression of XIST is seen in a variety of cancers, including oral cancer. XIST promotes proliferation, invasion, and migration, and inhibits apoptosis. Moreover, XIST can increase the drug resistance of cancer cells; this may seriously increase the difficulty of chemotherapy treatment for oral cancer. This indicated that the abnormal expression of XIST is closely related to the occurrence, development, and treatment of oral cancer. Therefore, XIST can be a potential new target for the treatment of oral cancer.
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Pancreatic carcinogenesis is a complicated and multi-step process. It is substantially assisted by N6-methyladenosine (m6A) RNA modification, especially when mutations of driver genes (KRAS, TP53, CDKN2A, and SMAD4) occur. However, the underlying mechanism remains obscure. In this research, we identified m6A regulators as potential biomarkers when mutations of driver genes occur, and investigated the role of these m6A candidates in pancreatic ductal adenocarcinoma (PDA). We first estimated the abnormal expression patterns of potential m6A regulators when all the driver genes are mutated, using The Cancer Genome Atlas and Gene Expression Omnibus databases. METTL16, an m6A“writer,” was chosen as a unique candidate of PDA, owing to its markedly differential expression under mutations of all driver genes (KRAS, TP53, CDKN2A, and SMAD4) and its favorable prognostic value. Moreover, METTL16 was under-expressed in PDA tissues and cell lines. Consistently, gain- and loss-of-function experiments indicated that it had a tumor suppressor role in vitro and in vivo. Further, Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analyses revealed that METTL16 may have an effect on the tumor microenvironment. Notably, a markedly positive association between METTL16 expression and infiltration of B cells and CD8+ T cells was observed according to the CIBERSORT and TIMER databases. Enhanced expression of immune checkpoints and cytokines was elicited in patients with over-expression of METTL16. Notably, decreased expression of PD-L1 was observed when upregulation of METTL16 expression occurred in MIA PaCa-2 cells, while increased expression of PD-L1 existed when downregulation of METTL16 happened in HPAF-II cells. Collectively, these findings highlight the prognostic value of METTL16, and indicate that it is a potential immunotherapy target that could be used to regulate the tumor microenvironment and promote antitumor immunity in PDA.
Keywords: pancreatic ductal adenocarcinoma, METTL16, prognostic biomarker, tumor microenvironment, N6-methyladenosine
INTRODUCTION
Pancreatic ductal adenocarcinoma (PDA) is one of the most harmful neoplasms worldwide. It is the fourth most common cause of cancer deaths, and has the lowest 5-year survival rate among malignancies in the USA (Siegel et al., 2020). A similar situation occurred in 2015 in China (Chen et al., 2016). Surgical resection remains the only potentially curable treatment modality; however, this is feasible in only 10%–20% of PDA patients (Vincent et al., 2011). Chemotherapy shows little promise (de Sousa Cavalcante and Monteiro, 2014). Emerging evidence has demonstrated promising effects of immunotherapy on many malignancies (Barretina et al., 2012; Motzer et al., 2015; Sharma et al., 2016); however, it is less useful in the “cold” immune subtype of PDA (O'Reilly et al., 2019). Thus, it is imperative to explore the molecular mechanisms of tumorigenicity in PDA and identify novel therapeutic targets.
Pancreatic carcinogenesis is complex and consists of multiple processes, with important contributions from driver gene mutations. Certain important genes (KRAS, TP53, CDKN2A, and SMAD4) have been shown to be the most frequently mutated in PDA and to characterize various steps in carcinogenesis (Vincent et al., 2011). KRAS mutations, recorded as the earliest genetic disruptions, lead to chromosomal abnormalities (Buscail et al., 2020). Mutations of TP53, CDKN2A, and SMAD4 result in gene inactivation, and occur in the advanced stage of pancreatic neoplasia. However, the underlying molecular mechanism remains unclear. The basal subtype and classical subtype are two important types in PDA. Interestingly, they are characterized by the differential expression of transcription factors and downstream targets known to be important in lineage specification and differentiation during pancreatic development and regeneration. The classical subtype has high expression of adhesion-associated and epithelial genes, whereas the basic subtype shows high expression of mesenchymal genes (Collisson et al., 2011; Bailey et al., 2016).
N6-methyladenosine (m6A), methylation of adenosine at the N6 position, is regarded as the most prevalent and conserved internal chemical modification in eukaryotic mRNA (Desrosiers et al., 1974). Emerging evidence has indicated that m6A makes contributions to carcinogenesis (Wang et al., 2014; Chen et al., 2015; Geula et al., 2015; Xiang et al., 2017; Deng et al., 2018; Weng et al., 2018; Huang et al., 2020a). The deposition of m6A is mediated by a range of homologous factors, including methyl-transferases (also called “writers”), binding proteins (“readers”), and demethylases (“erasers”). The “writers” catalyze the formation of m6A. Then, the information contained in m6A codes can be deciphered, and a functional signal can be generated by “readers.” The methyl groups of target mRNAs can be selectively removed by “erasers.” The “writers” consist of METTL3, METTL5, METTL14, METTL16, RBM15, VIRMA, WTAP, and CBLL1. The “readers” include IGF2BP1, IGF2BP2, IGF2BP3, HNRNPC, HNRNPA2B1, YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, and RBMX. There are two “erasers,” FTO and ALKBH5 (Chen and Wong, 2020). Recent studies have found that abnormal m6A expression leads to tumorigenesis, such as METTL14 and ALKBH5 (Li et al., 2017b; Zhang et al., 2017; Weng et al., 2018). However, the potential role and molecular mechanism of m6A regulators in pancreatic tumorigenicity have not been well defined.
In this study, we explored the functional role of m6A regulators in the carcinogenesis of PDA. We first focused on the aberrant expression of potential m6A regulators under conditions when mutations of driver genes (KRAS, TP53, CDKN2A, and SMAD4) are present. METTL16 was selected uniquely for further study owing to its markedly differential expression and favorable prognostic value. In vitro and in vivo experiments indicated that METTL16 served as a tumor suppressor in PDA. Moreover, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were conducted to explore the potential mechanism of METTL16 in PDA. We further evaluated the relationship between immune cell patterns or immune checkpoints and METTL16 expression. Collectively, these findings highlight the prognostic value of METTL16 and its potential underlying mechanism in the tumor microenvironment in PDA.
MATERIALS AND METHODS
Pancreatic ductal adenocarcinoma patients and clinical tissues
Seven pairs of PDA specimens and their counterpart nontumor clinical tissues were collected from 2019 to 2020 at Sun Yat-sen Memorial Hospital, Sun Yat-sen University (Guangzhou, China). Patients underwent no other treatment, including chemotherapy, immunotherapy, or radiological treatment before surgery. All the clinical specimens were frozen immediately and preserved at −80°C. Histological diagnosis was confirmed by two pathologists. Informed consent was obtained. This research was performed with the approval of the local ethics committee at Sun Yat-sen Memorial Hospital, Sun Yat-sen University.
M6A dot blot experiment
Total RNA isolated from four PDA patients tumors specimens and adjacent nontumor tissues was extracted using RNAiso Plus (Takara, Japan, #9019) and diluted into a gradient concentration of 500 ng/μl, 250 ng/μl, and 125 ng/μl. Samples (500 ng, 250 ng, or 125 ng) that degenerated under 70°C for 2 min were deposited on an Hybond-N+ membrane (Beyotime, China, #FFN10). Then, the membrane was crosslinked by ultraviolet rays for 2 min and stained with 0.02% methylene blue (Sigma-Aldrich, USA, # M9140-25G) and washed with 75% ethanol for 30 min. The membrane was incubated with primary m6A antibody (1:5,000, Synaptic System, #202003) overnight at 4°C. Dot blots were visualized by autoradiography imager G: Box Chemi XT4 System (Syngene, Cambridge, United Kingdom) after incubation with secondary antibody (CST, USA, #7074S).
Data retrieval and processing
Transcriptome data, somatic mutation data, and clinical information were collected from The Cancer Genome Atlas (TCGA) PAAD cohort (Cancer Genome Atlas Research Network. Electronic address and Cancer Genome Atlas Research Network, 2017) (https://portal.gdc.cancer.gov/). Masked somatic mutation data and expression data in FPKM format for the TCGA-PAAD cohort were obtained. Two independent Gene Expression Omnibus (GEO) datasets (GSE16515 (Pei et al., 2009) and GSE28735 (Zhang et al., 2012)) were used to detect METTL16 and ALKBH5 mRNA expression levels in PDA.
Analysis of targeted gene expression
The expression levels of m6A regulators in various tumor specimens and matched normal control datasets were determined based on the ONCOMINE database (https://www.oncomine.org) (Rhodes et al., 2007). p < 0.05 and fold change ≥ 1.5 were used as thresholds for the ONCOMINE analysis. The “maftools” R package (version: 2.6.5) (Mayakonda et al., 2018) was used for estimation and visualization of mutation data. The expression levels of METTL16 and ALKBH5 in pancreatic cell lines were analyzed based on data from the Cancer Cell Line Encyclopedia (CCLE) (https://portals.broadinstitute.org/ccle), which includes both genomic and transcriptomic profiles for more than 1,000 cell lines (Barretina et al., 2012). The protein expression of METTL16 between healthy control and PDA tissues was compared using the HPA database (https://www.proteinatlas.org/) (Uhlen et al., 2015).
Cell culture and transfection
Six PDA cell lines (Capan-2, MIA PaCa-2, PANC-1, SW1990, BxPC-3, and HPAF-II) and the immortalized pancreatic cell line hTERT-HPNE were purchased from the Cell Bank of the Chinese Academy of Sciences. Mycoplasma contamination tests were negative, and short tandem repeat assays were performed to authenticate the cell lines. MIA PaCa-2, PANC-1, and hTERT-HPNE cells were seeded in high-glucose Dulbecco’s modified Eagle medium (DMEM; Gibco, USA). HPAF-II cells were plated in minimal essential medium (Boster, USA). SW1990, Capan-2, and BxPC-3 cells were grown in RPMI-1640 (Gibco, USA). The media were supplemented with 10% fetal bovine serum (FBS, Gibco, USA), and cells were cultured at 37 °C under 5% CO2.
The METTL16 overexpression (OE) vector was purchased from Genechem (Shanghai, China). Short hairpin RNAs (shRNAs) against METTL16 were constructed by Genechem (Shanghai, China). For stable transfection, 2 × 105 cells per well were plated in six-well plates 24 h in advance, then transfected with a 2E+6TU overexpression or shRNA plasmid using polybrene (Solarbio, China), followed by selection with puromycin (Solarbio, China). The shRNA sequences are listed in Supplementary Table S1.
Quantitative PCR detection
Total RNA was isolated using RNAiso Plus (Takara, Japan) following the manufacturer’s instructions; then, reverse transcription was carried out using PrimeScript™ RT Master Mix (Takara, RR036A). Subsequently, qPCR was performed with TB Green™ Premix (Takara, Japan). The cycling conditions were 95°C for 30 s, 95°C for 5 s, and 60°C for 30 s for 40 cycles, with a 10 μl sample volume, using CFX Connect (Bio-Rad, USA). β-Actin was used as an endogenous control. The 2−ΔΔCt method was used to evaluate expression levels (Livak and Schmittgen, 2001). The primer sequences are listed in Supplementary Table S1.
Cell proliferation detection
The cell counting kit-8 (CCK-8; APExBIO, USA) assay was performed to estimate the cell growth capacity. A total of 2 × 103 cells per well were seeded in 96-well plates in 100 µl medium. Afterward, the culture medium and CCK-8 were blended at a ratio of 10:1, and 100 µl of the resulting mixture was added to each well at different time points (24, 48, 72, and 96 h) after seeding. After incubation for 4 h, the relative absorbance was assessed at 450 nm with a Multiskan Mk3 microplate reader (Thermo Fisher, USA).
Wound healing assay
A total of 5 × 105 cells were grown with complete medium in a six-well plate. When the culture reached 90% confluency, scratches were made in the cell layer using the tip of a 10-μl sterile pipette. Afterward, cells were washed with phosphate-buffered saline, which was then replaced with serum-free culture medium, followed by incubation for another 24 h. Images of the plates were acquired using an inverted microscope, Olympus IX73 (Olympus, Japan) at two time points (0 and 24 h). The migration rate was analyzed by calculating the width by ImageJ software. It was calculated as follows: migration rate (%) = (A0–A24)/A0 × 100%, where A0 exerted as the area of the wound area at 0 h, A24 represented the remaining area of wound at 24 h.
Transwell assays
Cell migration evaluation was estimated using transwell inserts (8-μm pore, Costar, USA). DMEM with 10% FBS (800 µl in total) was used to fill the lower insert. Cells were re-suspended, gathered, and seeded in serum-free DMEM. The DMEM (200 μl, serum-free) with cells (4 × 104) was seeded into the upper insert. Cells were cultured for 24 h at 37°C before being fixed. The non-migrated cells were removed. Cells were fixed with paraformaldehyde and dyed with crystal violet. Migration potential was assessed by calculating the number of dyed cell nuclei from three stochastic fields using an imaging microscope (Nikon NI-U, Japan).
In vivo experiments
Animal experiments were performed with the approval of the Institutional Animal Care and Use Committee, Sun Yat-sen University (Guangzhou, China). The female BALB/c-nu mice (4 weeks old, three per group) were acquired from the Laboratory Animal Center of Sun Yat-sen University. MIA PaCa-2 cells with stable overexpression of METTL16 expression (OE-METTL16) and its counterpart (OE-NC) MIA PaCa-2 cells were selected for animal experiments. A total of 5 × 106 cells per mice were injected into the dorsal flanks. After 5 weeks, mice were sacrificed, and xenografts were collected and weighed.
Hematoxylin and eosin staining
Paraffin-embedded tumors isolated from mice were sliced in 4-µm thickness and stained with hematoxylin for 10 min. Slides were rinsed in running water until they turned blue, and immersed in 1% acid alcohol until they turned pink. The slides were rinsed in tap water again until they turned blue and then dehydrated using an EtOH gradient. Slides were rinsed in tap water again and then counterstained with eosin solution for 1 min before being dehydrated with an EtOH gradient. Slides were placed under a coverslip with rubber and left overnight at room temperature. Specimen images were captured using an upright microscope NIS-Elements F system of Nikon NI-U (Nikon, Japan).
Immunohistochemistry
The tumors isolated from mice were embedded in paraffin and sliced into 4 µm for further IHC staining. The slides were incubated with Ki67 antibody (diluted at 1:100) (ab92742, Abcam) overnight at 4°C, and then incubated with secondary antibodies (PV-6000, ZSGB-BIO) at room temperature for 2 h. Then, the slides were stained with the DAB kit (ZLI-9018, ZSGB-BIO), counterstained with hematoxylin and differentiated with 1% hydrochloric acid. Specimen images were captured for three photos at random using the NIS-Elements F system of an upright microscope (Nikon NI-U, Japan) (400×), and quantified the rate of positive cells using ImageJ software.
Survival analysis
The prognostic values of METTL16 and ALKBH5 were detected using the online database Gene Expression Profiling Interactive Analysis (GEPIA2: http://gepia2.cancer-pku.cn) (Tang et al., 2019). Patients in the TCGA-PAAD cohort were stratified according to the median of METTL16 expression in GEPIA2. Log-rank test and univariate Cox proportional hazard regression were used to generate log-rank P-values and hazard ratios (HR) with 95% confidence intervals (CI), which can be generated via “survival” R package (version 3.2-10) (Liu et al., 2018) and shown by the “forestplot” R packages (version 2.0.1) (Gordon, 2017). Factors that were significant at the 0.1 level in the univariable analysis were included in the multivariable analysis.
Functional enrichment analysis
METTL16-related differentially expressed genes (DEGs) were screened using the “limma” package (version: 3.40.2) (Ritchie et al., 2015). The patients were divided into two groups according to high and low METTL16 expression levels, separated by the median value. Limma powers differential expression analyses for RNA-sequencing and microarray studies. Limma returned empirical Bayes moderated-t p-values and adjusted P-values (Q-value) to correct for multiple-comparison testing using the Benjamini–Hochberg method to control the false discovery rate (FDR). Genes with an FDR less than 0.05 and |log2 (fold change)| > 1.0 were defined as significant DEGs. To investigate the main functional mechanisms of METTL16 and related genes, GO and KEGG analyses were both performed using the “clusterProfiler” R package (version: 3.18.0) (Yu et al., 2012). GO results with respect to biological processes, cellular components, and molecular functions, and KEGG pathways were illustrated using bubble plots.
Analysis of Immune Cell Signatures Correlated with METTL16 Expression.
CIBERSORT (https://cibersortx.stanford.edu/) was also used to quantify the percentages of tumor-infiltrating leukocyte subsets (Newman et al., 2015). To further enhance the power of the algorithm, only samples with p < 0.05 were used for subsequent analysis, and 1,000 permutations were performed for estimating the immune cell populations. Tumor Immune Estimation Resource (TIMER) (http://timer.cistrome.org/), an online database (Li et al., 2017a) for analysis and visualization of tumor-infiltrating immunocyte levels, was also used to verify the correlations between METTL16 and the abundance of immune infiltrates in the TCGA-PAAD cohort.
Statistical analysis
Data were shown as mean ± standard deviation (SD). GraphPad Prism 8 software (San Diego, CA, United States), and RStudio (RStudio Team, 2020) were used for statistical analyses. The Shapiro-Wilk test was conducted for normality of data distribution. The Student’s t-test (two-tailed) was used for the comparison of continuous variables with Gaussian distribution, and Wilcoxon rank sum test was used without Gaussian distribution; categorical variables were analyzed by the chi-squared test or Fisher’s exact test. The correlation between METTL16 and PD-L1 was analyzed by Spearman’s rank correlation test. A p-value less than 0.05 was considered to indicate statistical significance.
RESULTS
Screening of potential m6A RNA methylation genes
To determine the role of m6A regulators in the carcinogenesis of PDA, we first evaluated the global level of m6A modification in four PDA tissues and adjacent normal tissues using a dot blot assay. Interestingly, enhanced m6A levels were observed in PDA tissues (Figures 1A,B). Then, the ONCOMINE database was used to obtain an overall landscape of the expression of 21 RNA methylation regulators in diverse cancer types. Low expression levels of METTL16, WTAP, and ALKBH5 were observed in PDA, whereas VIRMA, METTL3, METTL5, IGF2BP2, and IGF2BP3 were highly expressed (Figure 1C). As important driver genes (KRAS, TP53, CDKN2A, and SMAD4) are frequently mutated in PDA (Supplementary Figure S1) and characterize various steps in carcinogenesis (Ryan et al., 2014; Johnson et al., 2018), we wondered whether m6A regulators with differential expression when these four driver genes mutation occurred would make greater contributions to pancreatic carcinogenesis. First, we identified the differentially expressed m6A regulators when the important driver gene (KRAS, TP53, CDKN2A, and SMAD4) mutation occurred. Only METTL16 and ALKBH5 were expressed aberrantly when the driver genes that characterize PDA were mutated. Downregulation of METTL16 and ALKBH5 was observed in mutant tissues compared with wild-type tissues (p < 0.05, Figures 1D,E), while other m6A regulators showed no differential expression when driver genes mutated (Supplementary Figures S2–S4).
[image: Figure 1]FIGURE 1 | Global m6A levels in PDA tissue samples and transcription levels of m6A regulators in different cancer types. (A) Global m6A level of RNA extracted from PDA tissues (N = 4) and adjacent normal tissues (N = 4) was detected via m6A dot blot assays. RNAs were serially diluted and loaded equally with the amount of 500, 250, and 125 ng. Methylene blue staining (left) served as a loading control. (B) Histogram of m6A dot blot analysis indicated that an enhanced m6A level was observed in PDA tissues. (C) Analysis of transcription levels of 21 m6A regulators in different cancer types vs. matched normal tissues. A darker color indicates a higher number. The numbers in the colored cells represent the numbers of datasets meeting the criteria (p-value, 0.05; fold change, 1.5). The red pattern indicates upregulation, and the blue one indicates downregulation of genes in different analyses. Only METTL16 (D) and ALKBH5 (E) were expressed aberrantly when one of the driver genes that characterize PDA was mutated. Downregulation of METTL16 and ALKBH5 was observed in mutant tissues compared with wild-type tissues. *p < 0.05, ***p < 0.001.
Under-expression and favorable prognostic value of METTL16 in pancreatic ductal adenocarcinoma
To further consolidate the results on the expression of METTL16 and ALKBH5 in PDA, the GEO dataset (GSE16515 and GSE28735) was used. Marked downregulation of METTL16 was observed in PDA tissues compared with adjacent nontumor tissues in both GEO datasets (p < 0.05, Figures 2A,B), whereas repression of ALKBH5 occurred only in GSE28735 (p < 0.05, Figures 2C,D). Moreover, consistent with the results for mRNA expression, protein levels of METTL16 were markedly reduced in PDA tissues according to HPA data (Figure 2E). Assessment of METTL16 and ALKBH5 in PDA cell lines was also conducted using CCLE data. Analysis of the genetic expression data from CCLE indicated that METTL16 (Figure 2F) and ALKBH5 (Supplementary Figure S5) expression levels were lower in PDA cell lines than in most other cancer cell lines.
[image: Figure 2]FIGURE 2 | Under-expression of METTL16 and ALKBH5 in PDA. (A,B) Differential METTL16 expression between PDA and normal tissues in the GSE16515 (A) and GSE28735 (B) datasets (mean ± SD). (C,D) Differential ALKBH5 expression between PDA and normal tissues in the GSE16515 (C) and GSE28735 (D) datasets (mean ± SD). (E) Immunohistochemistry staining of METTL16 protein in normal pancreatic tissues and PDA in the HPA database. (F) Expression of METTL16 in various cancer cell lines, analyzed using the CCLE dataset.*p < 0.05.
To further evaluate the biological roles of METTL16 and ALKBH5, their prognostic value in PDA was assessed using GEPIA2. Notably, taking the median METTL16 as the cutoff value, PDA patients with higher METTL16 expression had prolonged overall survival (OS) compared with those with lower expression (p < 0.001, Figure 3A). Similarly, disease-free survival (DFS) was found to be significantly prolonged in the higher METTL16 expression group (p = 0.0098, Figure 3B). Furthermore, the correlation between METTL16 expression and survival was examined in two PDA subtypes. No significant correlation between METTL16 expression and survival was found in the basal subtype (Figures 3C,D). However, significantly longer OS (p = 0.0078) and DFS (p = 0.0018) were observed in the higher METTL16 expression group for the classical subtypes (Figures 3E,F). Meanwhile, there was no significant association between ALKBH5 expression and survival time in PDA patients (Supplementary Figure S6). Taken together, these results indicate that METTL16 is downregulated in PDA, and show a favorable prognostic biomarker in PDA patients.
[image: Figure 3]FIGURE 3 | Favorable prognostic value of METTL16 in PDA. (A,B) Overall survival (OS) (A) and disease-free survival (DFS) (B) of all PDA patients in the TCGA cohort according to METTL16 expression. The red line represented the METTL16 high-expression group in the TCGA-PAAD cohort. The blue line showed the METTL16 low-expression group. The dotted line indicated 95% CI of the survival curves. (C,D) There was no significant difference in OS (C) or DFS (D) between the METTL16 high- and low-expression groups of PDA patients with basal subtype. (E,F) Longer OS (E) and DFS (F) were observed for PDA patients with classical subtype in the METTL16 high-expression group. (G) Univariate and multivariate Cox regression analyses of associations between METTL16 expression and clinicopathological characters in PDA patients.
To comprehend the biological function of METTL16 in more detail, the correlations between METTL16 expression and clinical information in the TCGA PAAD cohort were investigated (Supplementary Table S2). Correlations of METTL16 expression with pathologic stage (p = 0.001) and histologic grade (p = 0.014) were observed. Moreover, univariate and multivariate Cox regression analyses were conducted. These indicated that tumor site in the head of the pancreas (p = 0.004, HR: 2.396, 95% CI: 1.327–4.326) and severe T (p = 0.03, HR: 2.023, 95% CI: 1.072–3.816) and N (p = 0.004, HR: 2.154, 95% CI: 1.282–3.618) stage were risk factors for PDA patients, whereas upregulation of METTL16 (p = 0.01, HR: 0.576, 95% CI: 0.378–0.877) showed protective potential in the univariate Cox regression analysis. Consistently, tumor site in the head of the pancreas (p = 0.019, HR: 2.111, 95% CI: 1.133–3.934) and severe N stage (p = 0.046, HR: 1.74, 95% CI: 1.010–2.999) were independent prognostic factors in PDA according to the multivariate Cox regression. Although METTL16 showed no significance (HR: 0.683, 95% CI: 0.445–1.049, p = 0.081), a role as an independent prognostic factor could emerge if a larger sample size was used (Figure 3G).
Tumor suppressor role of METTL16 in PDA in vitro and in vivo
As described above, METTL16 was found to be under-expressed in PDA tissues and to be a potential favorable prognostic biomarker based on analysis of various databases. We further explored the expression of METTL16 in PDA cell lines. It was shown that METTL16 expression was downregulated in most of the cell lines (SW 1990, Capan-2, BxPC-3, and MIA PaCa-2) compared with the immortalized pancreatic cell line hTERT-HPNE (Figure 4A). Accordingly, MIA PaCa-2 was selected for use in the gain-of-function assay owing to its lowest expression of METTL16, whereas HPAF-II was chosen for the loss-of-function experiment. Effective inhibition (Figure 4B) and overexpression (Figure 4C) systems for METTL16 were established. As expected, suppression of METTL16 expression augmented the growth and metastatic potential of PDA cells in vitro, whereas upregulation of METTL16 expression attenuated their proliferation and invasion capacity (Figures 4D–G). More importantly, overexpression of METTL16 also suppressed the growth of MIA PaCa-2 cells in vivo (Figure 5). These data indicate that METTL16 has a tumor suppressor role in PDA.
[image: Figure 4]FIGURE 4 | Tumor suppressor role of METTL16 in PDA in vitro. (A) Expression levels of METTL16 in PDA cell lines determined by qPCR. (B,C) Effective inhibition (B) and overexpression (C) systems for METTL16 were established. (D) Inhibition of METTL16 expression triggered cell growth (upper), whereas enhanced expression of METTL16 suppressed proliferation capacity (lower) in PDA cell lines. (E,F) Scratch healing assay (E) and transwell assay (F) indicated that suppression of METTL16 expression augmented migration potential, whereas upregulation of METTL16 expression attenuated migration capacity of PDA cells. (G) Reduction of METTL16 expression induced invasion, whereas over-expression of METTL16 inhibited invasive potential. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
[image: Figure 5]FIGURE 5 | Tumor suppressor role of METTL16 in PDA in vivo. (A) Xenograft experiment revealed that enhanced METTL16 expression suppressed the proliferation capacity of MIAPaCa-2 cells. (B) Tumor weights for the overexpression of METTL16 (OE-METTL16) and OE-NC group (N = 3). (C) Representing immunohistochemistry staining with hematoxylin and eosin and Ki-67 staining. (D) Weaker Ki-67 staining was observed in the OE-METTL16 group than in the control group. Scale bar: 50 µm. Data are presented as mean ± SD. *p < 0.05.
Functional enrichment analysis of METTL16 in pancreatic ductal adenocarcinoma cohort
To investigate how METTL16 contributes to carcinogenesis in PDA, we conducted functional enrichment analysis in the TCGA-PAAD cohort. A total of 222 upregulated and 83 downregulated DEGs were identified with the thresholds of |log2 (fold change)| > 1.0 and FDR < 0.05 (Figures 6A,B). Subsequently, GO and KEGG enrichment analyses were performed. In the GO analysis, METTL16 and its DEGs were correlated with lymphocyte differentiation (biological process), the external side of the plasma membrane (cellular component), and receptor ligand activity (molecular function), with the lowest q value and highest gene expression difference (Figure 6C). The KEGG analysis showed that these genes were abundantly enriched in several pathways, including the chemokine signaling pathway, cytokine–cytokine receptor interaction, hematopoietic cell lineage, and primary immunodeficiency (Figure 6D). Collectively, these results suggest an important role of METTL16 in cancer immune response.
[image: Figure 6]FIGURE 6 | Gene enrichment analysis of METTL16 in PDA. (A) Volcano plots showing upregulated (red) and downregulated (blue) DEGs between METTL16-high and METTL16-low in TCGA-PAAD samples. (B) Heat map representation of the top 50 upregulated (red) and top 50 downregulated (blue) DEGs correlated with METTL16 in PDA. (C) GO analysis of DEGs between METTL16-high and METTL16-low in PDA. (D) Enriched KEGG pathways for DEGs between METTL16-high and METTL16-low in PDA. The X-axis represents the proportion of DEGs, and the Y-axis represents different categories. Colors indicate properties, and sizes represent the number of DEGs.
Landscape of tumor-infiltrating immune cells in low- and high-METTL16 groups
As the abovementioned results indicated that METTL16 may contribute to cancer immunity in PDA, we paid particular attention to cancer immunology when exploring its molecular mechanism. Immune cells are key players in tumor immunogenicity. Therefore, immune cell profiles were first evaluated between METTL16 high-expression and low-expression groups in the TCGA-PAAD cohort. The relative proportions of 22 immune cell components in each PDA sample were quantified using CIBERSORT (Figure 7A); these showed marked variation. Enhanced abundance of native B cells and CD8+ T cells was observed in the METTL16 high-expression group, whereas the abundance of M0 macrophages was reduced (p < 0.05, Figure 7B). Analysis using the TIMER database also showed that METTL16 expression was associated with infiltration levels of B cells, CD8+ T cells, and macrophages in PDA (Figures 7C–E).
[image: Figure 7]FIGURE 7 | Correlation of METTL16 with tumor-infiltrating immune cells in PDA. (A) Immune cell infiltration profiles in the TCGA-PAAD cohort for different METTL16 expression groups. (B) Analysis of differential tumor-infiltrating immune cells between the METTL16 low- (blue) and high-expression groups (red) using CIBERSORT. (C–E) Subsequent confirmation of the relationship between METTL16 expression and tumor-infiltrating B cells (C), CD8+ T cells (D), and macrophages (E) via the TIMER database.
Enrichment of immune checkpoints and effector cytokines in the METTL16 high-expression group
In addition to immune cells, immune checkpoints play a crucial part in immunotherapy. Targeting immune checkpoints has revolutionized cancer treatment strategies and effectively improved the prognosis of patients with many types of cancer. Disappointingly, however, responses to immunotherapy in PDA remain poor. To explore the relationships between METTL16 and immune checkpoint treatments, the expression levels of METTL16 and eight classical immune checkpoint genes, CTLA4, PD-1, PD-L1, PD-L2, LAG3, Tim-3, TIGIT, and SIGLEC15, were analyzed in the TCGA-PAAD cohort. Expression of seven immune checkpoint genes (CTLA4, PD-1, PD-L1, PD-L2, LAG3, Tim-3, TIGIT) showed marked elevation in the METTL16 high-expression group compared with that in the low-expression group (p < 0.001, Figure 8A). Cytokines are among the most crucial effectors in the immune system; therefore, the correlations between METTL16 expression levels and those of cytokines were assessed. Markedly enhanced expression of IFN-γ (IFNG), IL-2, IL-6, and granzyme B (GZMB) was observed in the METTL16 high-expression samples (p < 0.001, Figures 8B–E), suggesting METTL16 may prime robust cytotoxicity activity. As we know, PD-L1 is one of the most important immune checkpoint genes; thus, we wanted to further demonstrate the relationship between METTL16 and PD-L1. The qPCR experiment we performed showed that the expression of METTL16 had a positive correlation with the expression of PD-L1 in PDA clinical specimens (R = 0.9286, p = 0.0067, Figure 9A). Interestingly, decreased expression of PD-L1 was observed in the OE-METTL16 stable MIA PaCa-2 cell line (p < 0.001, Figure 9B), while increased expression of PD-L1 was detected in the sh-METTL16 stable HPAF-II cell line (p < 0.01, Figure 9C). Collectively, it was implied that METTL16 may play a role in regulating the expression of PD-L1 in PDA cells. In summary, these results further indicate that METTL16 may contribute to immune activity in the PDA TME.
[image: Figure 8]FIGURE 8 | Enrichment of immune checkpoints and effector cytokines in the METTL16 high-expression group. (A) Expression distribution of immune-checkpoint–relevant transcripts in METTL16 high- and low-expression groups. (B–E) Analysis of effector cytokines IFN-γ (B), IL-2 (C), IL-6 (D), and GZMB (E) in METTL16 high- and low-expression groups in PDA. The line within the bar marks the median, bars indicate the first and third quartiles, and whiskers above and below the box indicate the 90th and 10th percentiles. ***p < 0.001.
[image: Figure 9]FIGURE 9 | Relationship between METTL16 and PD-L1 in PDA. (A) A positive correlation between METTL16 and PD-L1 was observed in PDA clinical specimens by qPCR (N = 7). (B) Suppression of PD-L1 expression was observed when upregulation of METTL16 expression occurred in MIA PaCa-2 cells. (C) Decreased expression of METTL16 contributed to enhanced expression of PD-L1 in HPAF-II cells. Data are shown as mean ± SD. **p < 0.01,. ***p < 0.001.
DISCUSSION
Increasing evidence suggests that abnormal expression of m6A regulators as well as gene mutations have key roles in various malignancies, including breast cancer (Zhang et al., 2020), hepatocellular carcinoma (Zhao et al., 2018), lung cancer (Weng et al., 2018; Zhuang et al., 2020), and esophageal cancer (Zhao et al., 2021). M6A modification modulates almost every aspect of mRNA metabolic processes, including mRNA stability and splicing, through interactions with various reader proteins and associated complexes (Huang et al., 2020b). Dysfunction of these m6A regulators may cause them to function as oncogenes or tumor suppressors in malignancies including PDA. Aberrant METTL3 expression has been linked with the promotion of tumorigenesis and progression in smoking-related PDA via the Akt signaling pathway, which promotes cell proliferation, migration, and invasion (Zhang et al., 2019). METTL3-depleted cells exhibited increased sensitivity to anticancer chemoradiotherapy (Taketo et al., 2018). ALKBH5 restrained tumorigenesis in PDA by reducing methylation levels of WIF-1 and mediating Wnt signaling (Chen et al., 2017; Tang et al., 2020). YTHDF2 can accelerate the epithelial–mesenchymal transition and proliferation of PDA cells (Chen et al., 2017).
Certain important genes (KRAS, TP53, CDKN2A, and SMAD4) are most frequently mutated in PDA and characterize various steps of carcinogenesis (Li et al., 2004). Based on our results, we identified m6A writer METTL16 as a unique candidate that is differentially expressed among tissue samples that carry the most frequently mutated genes that characterize PDA and has potential as a favorable prognostic biomarker. METTL16 is an RNA methyltransferase that can methylate some of the adenosine residues at the N (6) position of RNAs and participates in S-adenosyl-L-methionine homeostasis by regulating the expression of MAT2A transcripts (Pendleton et al., 2017). The expression level of METTL16, together with those of other m6A regulators, affects the prognosis of colorectal cancer patients (Liu et al., 2019). Copy number variations of several m6A regulatory genes, including METTL16, are related to the OS time of patients with soft tissue sarcoma (Hou et al., 2020). Poor prognosis has been observed owing to downregulation of METTL16 in patients with hepatocellular carcinoma (Wang et al., 2020) and endocrine system tumors (Li et al., 2020). Therefore, METTL16 is considered a protective gene that can suppress the development of hepatocellular carcinoma and endocrine system tumors. However, the prognostic value of METTL16 in PDA and its potential mechanism are still unclear.
In the present study, we attempted to methodically assess the expression, prognostic value, relevance to the TME, and underlying mechanism of METTL16 in PDA. We found that METTL16 was downregulated at the transcriptional and protein levels in PDA tissues. Moreover, higher expression of METTL16 was intrinsically correlated with better prognosis in PDA patients, which may indicate that METTL16 could function as a protective factor and prognostic biomarker in PDA. GO term and KEGG pathway analyses revealed that METTL16 and associated co-expression genes mainly participated in lymphocyte differentiation, receptor ligand activity, signaling receptor activator activity, cytokine–cytokine receptor interaction, and the PI3K/Akt signaling pathway. These results suggest that METTL16 is an important player in tumorigenesis and tumor progression, with a particular role in the TME.
According to CIBERSORT analysis, the expression levels of METTL16 in PDA showed positive correlations with the abundance of naive B cells and CD8+ T cells and a negative correlation with that of M0 macrophages. Similarly, in our TIMER analysis, we found positive correlations between B cells, CD8+ T cells, and METTL16 expression. Accumulating evidence suggests that infiltration of B cells, especially naive B cells, is associated with favorable prognosis (Wang et al., 2019). Variations in T cell differentiation stage and T cell signatures would lead to different clinical outcomes. CD8+ T cells are believed to be the most important killer cells in antitumor immunity. They can directly kill tumor cells through specific killing of tumor cell components or by secreting IFN-γ, TNF-β, etc., to activate natural killer cells and macrophages to indirectly kill tumor cells. CD8+ T cells are regarded as protective against tumors, and a higher CD8+ T cell proportion in the PDA TME is associated with favorable outcomes (Ene-Obong et al., 2013). Previous experiments suggest that M0 macrophages accumulate in tumor tissues and can significantly increase the relative risk of death (Xu et al., 2020). These findings are consistent with our results.
In addition to adequate immune cell infiltration of the tumor, sufficient expression of immune checkpoints is required for the efficacy of immunotherapy (Hui et al., 2017). We found elevated expression of immune checkpoints, including CTLA4, PD-1, PD-L1, PD-L2, LAG3, Tim-3, and TIGIT, in the TME in the METTL16 high-expression group, which may imply that tumors with METTL16 enrichment of the TME are more likely to respond to immunotherapy with a greater level of sensitivity.
In tumor tissues, CD8+ T cells can be observed in unequal states of depletion, resulting in impaired antitumor cytotoxic effector function, known as T-cell exhaustion (Blank et al., 2019). Considering that the “cold” immune subtype of PDA is characterized by T-cell exhaustion, we also investigated the levels of critical effector cytokines, which can contribute to cytotoxic T lymphocyte differentiation and function. Surprisingly, we found that the classical cytokines in CD8+ T-cell differentiation and antitumor immunity were significantly augmented, such as IFNG, IL-2, IL-6, and GZMB (Williams and Bevan, 2007; Chen and Mellman, 2013; Johnson et al., 2018; Sledzinska et al., 2020). These findings indicate that METTL16 is a potential immunotherapy target that could be used to regulate TME and promote antitumor immunity in PDA.
CONCLUSION
In summary, we found that METTL16 was downregulated in PDA tissues. Over-expression of METTL16 predicted better survival of PDA patients. In vitro and in vivo experiments indicate that it has a tumor suppressor role. Functional enrichment and dataset analysis revealed that METTL16 may participate in priming antitumor immunity in PDA.
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YTHDF1 drives hypoxia-induced autophagy and
malignancy of HCC by promoting ATG2A and ATG14
translation
YTHDF1 promotes HCC progression via activating
PIBK/AKT/mTOR signaling and inducing EMT
YTHDF1 faciltates the progression of HCC by promoting
FZD5 mRNA translation
YTHDF1 promote the HCC cell aggressive phenotypes by
facitating EMT and activating Akt/glycogen
GSK-3p/p-catenin signaling
YTHDF2 processed the decay of IL11 and SERPINE2
mMRNAS responsible for the inflammation-mediated
malignancy and disruption of vascular normalization in HCC
YTHDF2 promotes the liver cancer stem cell phenotype and
cancer metastasis by regulating OCT4 expression
YTHDF2 suppresses cell prolferation and growth via
destabilizing the EGFR mRNA in HOC
circ_KIAA1429 accelerates HCC advancement through
MBA-YTHDF3-Zeb1
KDMSB promotes self-renewal of HCC cells through the
microRNA-448-mediated YTHDF3/ITGAS axis
Aberrant NSUN2-mediated m(5)C modification of H19
IncRNA is associated with poor differentiation of HCC
NSUN2 promotes growth of HCC cells by regulating FZR1
invitro and in vivo
miR-29a down-regulates anti-metastatic SOCS1 by directly
targeting the TET family
METTL1 overexpression is correlated with poor progosis
and promotes HOC via PTEN
WDR4 promotes proliferation, metastasis, and sorafenib
resistance by inducing CCNBH translation in HCC
snoRNA24 guided pseudouridine modifications increased
translational miscoding and stop codon readithrough
frequencies in HCC
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Tumor type Targets/Regulators and Cell line Function References
signaling pathways
Non-small cell lung cancer miR-577, HMGBH1, A549, H1299, H460, A DSCAM-AST: | proliferation, | Qiu et al., 2020

Breast cancer

Colorectal cancer

Osteosarcoma

Hepatocellular carcinoma

Melanoma

Cervical cancer

Wnt/B-catenin pathway
BCL11A

miR-122-5p, FSTL3
miR-204-5p, RRM2
hnRNPL

miR—137, EPS8
miR—382, miR—183,
miR—99

DCTPP1, QPRT,
miR-3173-5p, miR-874-3p,

miR-874-3p, miR-150-5p
and miR-2467-3p

miR-216b

miR-384, AKT3
miR-137, Notch-1
miR-204, SOXx4
miR-101

miR-101-3p, USP47,
Wnt-g-catenin signaling
pathway

miR-186-5p, GPRC5A
miR-338-3p, CyclinD1,

SMO
miR-136

miR-877-5p, ATXN7L3

BEAS-2B

SPCA1, A549, PC-9,
H1975, 16HBE

16HBE, A549, NCI-H460,
H1299, L9981, NCI-H292

HCC1937

MCF-7, SK-BR-3

MCF7, T47D, SK-BR-3,
MDA—-MB-31

MCF—7, T-47D

MCF-7, TA7D

MCF10A, MDA-MB-231
WiDr, HT-29

NCM460, LOVO, PKO,
SW480, HT29

HT29, LOVO, SW480,
PKO, NCM460

HT29, HCT8, SW480,
LOVO, NCM460

hFOB, U20S, SAOS2, HOS

LO2, HepG2, Hep3B,
Huh7, SMMC7721
1205Lu, CHL-1, A-375,
UACC903, SK-MEL-2,
HEMa-LP

H8, SiHa, Hela, C-33A,
CaSki

migration, | invasion, 1 apoptosis
1+ DSCAM-AST: ¢

migration, tinvasion
+DSCAM-AS1:4 proliferation, t
migration
+DSCAM-AS1:tproliferation, t
migration, tinvasion,t metastasis,
| apoptosis

A DSCAM-AST: | proliferation,
significant changes in isoform
switching events

A DSCAM-AST: | proliferation, |
tamoxifen resistance,1G0/G1
phase arrest

A DSCAM-AST: | proliferation, |
colony formation,tG1/S phase
arrest

A DSCAM-AST: | proliferation, |
migration, | invasion,t apoptosis

4+ DSCAM-AS1:4 migration,t
invasion, did not significantly
affect proliferation

A DSCAM-AST: | proliferation, |
migration, | invasion

A DSCAM-AST: | proliferation, |
migration

A DSCAM-AST: | proliferation, |
migration

A DSCAM-AS1: | viability, |
invasion + DSCAM-AS1:4
viability, 1 invasion

A DSCAM-AST: | proliferation, |
migration, | invasion,t apoptosis

A DSCAM-AST: | proliferation, |
migration, | EMT process

A DSCAM-AST: | proliferation, |
migration, | invasion

A DSCAM-AST: | proliferation, |
migration, | invasion,t apoptosis

A DSCAM-AST: | proliferation, |
migration, |, invasion

Liao and Xie, 2019

Gao et al., 2020

Liang et al., 2019

Elhasnaoui et al., 2020

Ma et al., 2019

Sun et al., 2018

Yue et al., 2020

Yin et al., 2021

Liu et al., 2019

Lietal., 2020

Xu et al., 2020

Luetal., 2020

Yu et al., 2020

Zhang et al., 2020a

Ning and Bai, 2021

Jietal., 2019

Huang et al., 2019

Liang et al., 2020
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Tumor type

Non-small cell lung cancer

Breast cancer

Colorectal cancer

Hepatocellular carcinoma

Animal models

male BALB/c nude mice

female BALB/c nude mice

female nude mice

female BALB/c nude mice
male BALB/c nude mice
male athymic nude mice

male BALB/c nude mice

Results

A DSCAM-AS1: | tumor
volume, | tumor weight
A FSTL3: | tumor weight,
| metastasis

4+ DSCAM-AST:1 tumor
volume, 1 tumor weight A
DSCAM-AS1: | tumor
volume, | tumor weight

A DSCAM-AS1: | tumor
volume, | tumor weight
A FSTL3: | tumor weight,
| tumor size, | tumor
growth

References

Qiu et al., 2020

Gao et al., 2020

Liang et al., 2019

Ma et al., 2019
Yue et al., 2020
Li et al., 2020

Jietal, 2019
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Human
System

Tumor type Upstream
regulator

Reproductive Breast cancer NA

Digestive

Respiratory

Urinary

Endocrine
Circulatory
Nervous

Motor

NA
Circ_0072995
NA
Ovarian NA
cancer
Circ_CELSR1
PVT1
Cervical Hsa_circ_0075341
cancer
Endometrial Hsa_circ_0061140
carcinoma
Prostate NA
carcinoma NA
GC CircNRIP1
BLACAT1
CircNHSL1
Circ_0044516
HCC LINC00461
PART1
NEAT1
NA
CRC LINC00460
LINC00460
LINC00460
DLGAP1-AS1
Circ5615
CircCTNNA1
Oral cancer NA
CircBICD2
DLEU1
Esophageal DRAIC
cancer
CIRC_0000654
Lung cancer ~ PCAT-1
HNF1A-AS1
MIAT
HOTAIR
CircFOXM1
NA
HOTAIR
LINC00460
NA
NPC LINC00460
RCC NA
BC CircRNA_100146
TC Circ-FLNA
NA
Leukemia NA
CircADD2
Glioma NA

Osteosarcoma NA

NA, not available.

Target
gene

MyD88
IL-6
SHMT2
CCT3

MST1 and
SAV1
SIK2
FOXM1
AURKA

STAT3

RGS17
CCT3

AKT1
KIF2A
YWHAZ
HuR
LRIG2
MAP2K1
AKT1
MMP9
CUL4A
BGN
Mutant p53
TGFB2
TNKS
FOXM1
TGF B2
IGF2BP1
CDK6
NFIB

IL-6
LRIG2
CDK6
FOXM1
HNRNPA1
ATG5
B3GNT3
DCLK1
IL-6
AMOTL2
L6

FOXM1
RNF2

MMP9
GIT1
FASLG
AKT2
CDK6

Mechanism

Reverse PTX resistance

Reverse Trastuzumab resistance

Suppress cell malignant properties and anaerobic glycolysis
Unbalancing the homeostasis in intracellular ROS and the profile of free
amino acids in energy metabolism to spur apoptosis

Enhance Cisplatin resistance

Reverse PTX resistance
Suppress ovarian cancer cell viability and migration
Weaken the proliferation and invasion of cervical cancer cells

Suppress tumorigenesis

Weaken the malignant degree of PCa cells

Unbalancing the homeostasis in intracellular ROS and the profile of free
amino acids in energy metabolism to spur apoptosis
Inhibit the progression of GC

Inhibit the proliferation, migration and invasion of GC cells
Inhibit the progression of GC

Inhibit the progression of GC

Inhibit the progression of HCC

Inhibit proliferation, migration and invasion of HCC cells
Reverse Sorafenib resistance

Inhibit the progression of HCC

Inhibit cell proliferation and promote apoptosis

Prevent the metastasis of CRC cells

Reverse Oxaliplatin resistance

Improve the sensitivity of 5-FU

Inhibit the proliferation of CRC cells

Inhibit CRC progression

Enhance the chemosensitivity of OSCC cells to cisplatin
Inhibit OSCC progression

Inhibit the tumorigenesis of OSCC

Inhibit the proliferation and invasion as well as promote apoptosis and
autophagy of esophageal cancer cells.

Inhibit the progression of esophageal cancer

Inhibit the development of NSCLC

Inhibit NSCLC progression

Inhibit NSCLC progression

Inhibit the Cell Growth, Migration and Invasion in NSCLC
Suppress NSCLC development

Antagonize the tumorigenicity

Reverse Cisplatin resistance

Reverse EGFR-TKI resistance

Promoted the growth and inhibited the apoptosis of tumor cells
Inhibit the proliferation of NPC cells

Inhibit the proliferation, migration and invasion of renal cancer cells.
Inhibit the proliferation, migration and invasion of BC cells

Inhibit the invasion and migration of PTC cells

Inhibit the proliferation and invasion of MTC cells

Inhibit apoptosis of AML cell

Promote proliferation and inhibit apoptosis

Inhibit the proliferation of glioma cells and enhance the killing effect of
temozolomide on glioma cells

TNFRSF12A  Suppress osteosarcoma cell growth

Role

Tumor
suppressor

Controversy

Tumor
suppressor
Tumor
suppressor
Tumor
suppressor

Tumor
suppressor

Tumor
suppressor

Tumor
suppressor

Tumor
suppressor

Tumor
suppressor

Controversy

Tumor
suppressor
Tumor
suppressor
Tumor
suppressor
Tumor
suppressor
Oncogene

Tumor
suppressor
Tumor
suppressor
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Method Result Potential mechanism Reference

RT-qPCR XIST expression is upregulated in OSCC tissues, cell lines, and cisplatin-resistant oral cancer cell LncRNA XIST/miR-27b-3p ~ Ma et al. (2020)
CCK-8 Promote proliferation and enhances resistance to cisplatin of OSCC

RT-qPCR The expression of XIST is upregulated in patients LncRNA XIST Gao et al. (2022)
CCK-§ Promote proliferation /miR-124/JAG1

Wound healing assay  Promote cell migration

RT-qPCR The expression of XIST is upregulated in patients

CCK-8 Promote proliferation

Flow cytometry Inhibit apoptosis LncRNA XIST/miR29b/P53  Tao et al. (2021)

Wound healing assay  Promote cell migration

Transwell Promote cell invasion
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Gene name

FEZF1-AS1

p21

Cyclin D1

ATGS

B-Actin

Primer sequences (5'-3’)

F: TTAGGAGGCTTGTTCTGTGT

R: GCGCAGGTACTTAAGAAAGA

F: AGGTGGACCTGGAGACTCTCAG
R: TCCTCTTGGAGAAGATCAGCCG
F: TCTACACCGACAACTCCATCCG
R: TCTGGCATTTTGGAGAGGAAGTG
F: GCAGATGGACAGTTGCACACAC
R: GAGGTGTTTCCAACATTGGCTCA
F: CATGTACGTTGCTATCCAGGC

R: CTCCTTAATGTCACGCACGAT
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High risk
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Stage
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ShRNA1
shRNA2
shRNA3
shRNA-NC

Sequence 5'-3'

5'-GGGCAAGATGTCCGCTTATGC-3'
5'-GGAAGACGATGTCCGGGAAAG-3
5'-GGAAAGTTTGATGGTGCAAAG-3'

Empty vector
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Gene

HMGB3
TPX2
CCNB2
CDCA2
MCM10
BUB1B
NCAPH
CENPE
RNASEH2A
GINS2
ACTB

Forward

CCAAGAAGTGCTCTGAGAGGTG
TTCAAGGCTCGTCCAAACACCG
CAACCAGAGCAGCACAAGTAGC
GAGGCAGGAAAAGAGTCCGAGA
TCAAGGAACTGATGGACCTGCC
GTGGAAGAGACTGCACAACAGC
CCTCAATGTCTCCGAAGCAGATC
GGAGAAAGATGACCTACAGAGGC
GCCGTGAAGAAATGGCAGTTCG
AGCCAAACTCCGAGTGTCTGCT
CACCATTGGCAATGAGCGGTTC

Reverse

CTTCTTGCCTCCCTTAGCTGGT
GCTCTCTTCTCAGTAGCCAGCT
GGAGCCAACTTTTCCATCTGTAC
CTCCGACGTTTGGAGGACAACA
CTCCAACATCCGCTGCTTCTGT
TCAGACGCTTGCTGATGGCTCT
TGTAGTCCTGGCAGTGGAGAGT
AGTTCCTCTTCAGTTTCCAGGTG
GTGCTCCTTCAACCACGCTTTTG
CTTGTGTGAGGAAAGTCCCGCT
AGGTCTTTGCGGATGTCCACGT
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Data collected from TCGA data: 535
cases of lung adenocarcinoma and 59
cases of control lung tissue, 502 cases
of lung squamous cell carcinoma and
45 cases of control lung tissue, that is,
1037 cases of lung cancer and 108
cases of control data.

Survival package performs

Diff analysis of 23 meA
RNA methylation
regulator genes of lung
cancer in each group
using “Limma” package.

survival analysis on the two Clean all kinds of lung cancer data.
clusters of lung cancer in Select survival time and survival
each group, and then draws status for specific analysis.

a cluster survival plot.

Clean the
clinical
pathological
characteristics
of lung cancer.

Univariate and multivariate Cox
regression analysis was used to
explore the clinical pathological
features and verify which one
could be used as an independent
prognostic indicator.

Analyze and draw a heatmap to
demostrate the expression level of
mP®A RNA methylation regulators
and the relationship of overall
survival between two clusters.

Draw a heatmap to analyze the
gene expression levels related to
survival in the high-risk group and
the low-risk group, as well as the
clinical pathological characteristics
of the two groups that are
significantly different.

Draw sigPeatmap difference
heatmap, “vioplot” chart and
correlation chart to show the
correlation between the
expression level of regulator and
the expression between genes.

Consensus Cluster

PCA analysis verifies Plus divides each

the correctness of group of lung

classification. cancer into two
clusters.

LASSO Cox regression algorithm
calculates the coefficient. The risk
score is figured out according to
the coefficient and two groups are
divided—high risk group and low
risk group.

Draw ROC curve and
calculate AUC value
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LU AD pvalue Hazard ratio
age 0.929 1.001(0.8982-1.020)
gender 0.996  1.001(0.899-1.434)
stage <0.001  1.645(1.397-1.937)
T <0.001  1.623(1.310-2.011)
M 0.089  1.681(0.924-3.060)
N <0.001 1.783(1.465-2.194)
riskScore  <0.001  1.682(1.308-2.183)

LU Sc pvalue Hazard ratio
age 0.015 1.024(1.004=1.043)
gender 0.099 1.360(0.944-1,958)
stage 0.025 1.230(1.026-1.474)
T 0.053 1.218(0.998-1.487)
M 0.080 2.432(0.898-6.501)
M 0.311 1.118(0.901-1.387)
riskScore 0.004 13.286(2.288-77.153)

Pan-cancer
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Group Number of adenomas (x+ s)

1~3mm >3mm
Control 0.00 0.00
ADH 5.18+1.60** 1.95+1.02"#

P < 0.05 VS ADH : #P > 0.05 VS ADH: **P < 0.05 V'S Control.
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Group Adenoma size (x+ s)

small intestine (mm) colon (mm)
Control 0.00 0.00
ADH 1.42+£0.25" 2.25+1.9%

*P < 0.05 VS Control: P> 0.05 VS ADH.
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Number proteome transcriptome Target Up or down regulation
1 ENSMUSP00000034590.2 ENSMUSG00000032085 TAGLN up
2 ENSMUSP00000025561.7 ENSMUSG00000055114 ANXA1 down
3 ENSMUSP00000031840.7 ENSMUSG00000029816 GPNMB up
4 ENSMUSP00000061062.7 ENSMUSG00000046733 GPRC5A up
5 ENSMUSP00000141344.1 ENSMUSG00000022995 ENAH Up
6 ENSMUSP00000021822.5 ENSMUSG00000021390 OGN Up
7 ENSMUSP00000021918.8 ENSMUSG00000021464 ROR2 Up
8 ENSMUSP00000079689.5 ENSMUSG00000022150 DAB2 Up
9 ENSMUSP00000067779.4 ENSMUSG00000029094 AFAP1 Up
10 ENSMUSP00000016638.2 ENSMUSG00000016494 CD34 up
1 ENSMUSP00000066927.3 ENSMUSG00000021944 GATA4 down
12 ENSMUSP00000034026.8 ENSMUSG00000031613 HPGD down
13 ENSMUSP00000113126.1 ENSMUSG00000032081 APOC3 down
14 ENSMUSP00000033241.5 ENSMUSG00000030946 LHPP down
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Tumor Type Samples Distinguishing potential Area Sensitivity Specificity Accuracy References

Under (%) (%) (%)
Curve
Cervical cancer (CC) 100 pairs of CC tissues and cervical cancer tissues vs 0.741 78.3 63.6 _ (36)
ANCTs ANCTs
Melanoma 70 cases of malignant melanoma  patients with malignant 0.813 722 82.4 _ 37)
and 79 normal subjects melanoma vs healthy controls
Esophageal squamous cell 147 ESCC patients and 123 ESCC patients vs healthy 0.800 48.2 _ _ (40)
carcinoma (ESCC) healthy controls controls

ANCTs, adjacent non-cancerous tissues.
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Tumor type Samples Expression Kaplan-Meier analysis Univariate/Multivariate Association of SPRY4-IT1  Reference
(Tumor vs. (impact of SPRY4-IT1 cox regression expression with
Normal) up-regulation) Clinicopathologic
characteristics
Colorectal cancer 72 CRC up poorer OS . ) ®)
(CRC) tissues and
normal tissues
106 CRC up poorer OS SPRY4-IT1 levels are independent  tumor bulk, depth of invasion, (23)
tissues and factors for CRC prognosis. lymph node positivity, distant
ANCTs invasion, and tumor stage
96 pair of CRC  up _ _ tumor size (34)
tissues and
ANCTs
84 pair of CRC  up worse OS SPRY4-IT1 level is an advanced TNM stage, depth (24)
tissues and independent prognostic indicator  of invasion, and metastasis
ANCTs for OS.
88 CRC serum up _ = =
samples and
98 healthy
controls
88 pair of CRC  up - e tumor size )
tissues and
ANCTs
113 CRC up shorter OS and DFS _ lymph node metastasis and ®)
tissues advanced-stage disease
Breast cancer 101 breast up worse OS and DFS o - ©®)
cancer
patients
TCGA analysis: up in patients with _ _
CD44+/CD24-
102 pairs of up poorer OS and DFS SPRY4-IT1 level is an large tumor size, high TNM (35)
tumor tissues independent prognostic factor for  stage, and lymph node
and ANCTs both OS and DFS. metastasis
48 pairs of up _ _ larger tumors with a higher 7)
tumor tissues tumor burden, and more
and ANCTs advanced tumors
101 breast up shorter OS and DFS _ lymph node metastasis and ®)
cancer tissues advanced stage
Ovarian cancer 96 ovarian up shorter OS and DFS _ lymph node metastasis and ®)
cancer tissues advanced-stage disease
15 pairs of down higher OS and DFS _ _ (26)
tumor tissues
and ANCTs
Gastric cancer (GC) 68 pairs of GC  up _ _ larger tumor size and ®)
tissues and advanced TNM stage
ANCTs
61 pairs of GC  down higher OS and DFS = Decreased expression of ©)
tissues and SPRY4-IT1 is correlated with
ANCTs greater tumor bulk, advanced
pathological stage, greater
depth of invasion, and
lymphatic metastasis.
Osteosarcoma 56 pairs of up _ _ metastases, recurrence, and 27)
tumor tissues tumor maximum diameter
and ANCTs
Lung cancer TCGA analysis: up shorter OS = - (13)
412 LUAD
patients
88 pairs of up poorer prognosis Levels of SPRY4-IT1 and larger tumor size, and high
tumor tissues histological grade were histological grade
and ANCTs independent prognostic factors
for OS.
121 pairs of down higher OS Low levels of SPRY4-IT1 were tumor size, advanced (12)
NSCLC tissues independent predictors of poor pathological stage, and lymph
and ANCTs survival for NSCLC. node metastasis
Cervical cancer 100 pairs of up shorter OS Expression of SPRY4-IT1 was an  tumor size, FIGO stage, SCC- (36)
cervical cancer independent prognostic factor for ~ Ag, and lymph node
tissues and OS of cervical cancer patients. metastasis
ANCTs
Testicular germ cell 13 TGCTs and  up _ _ _ (15)
tumor (TGCT) 11 normal
testis samples
Melanoma 70 cases of up poorer prognosis SPRY4-IT1 was found to be an tumor site and TNM stage @37)
malignant independent prognostic factor for
melanoma and OS in patients.
79 normal
controls
Glioma 64 glioma up - = - (17)
specimens and
9 normal brain
tissue
specimens
163 glioma up poorer OS Expression of SPRY4-IT1 and WHO grade, and tumor size (38)
tissues and WHO grade were independently
ANCTs significant prognostic factors.
18 pairs of up _ _ _ (18)
glioma tissues
and ANCTs
Pancreatic ductal 46 pairs of up worse 5-year OS SPRY4-IT1 was an independent  advanced tumor stages and (28)
adenocarcinoma PDAC tissues predictor of poor OS. poor differentiation grade
(PDAC) and ANCTs
Cholangiocarcinoma 70 pairs of up worse OS and PFS SPRY4-IT1 was an independent late tumor stage and (29)
(CCA) CCA tissues predictor of poor PFS and OS. advanced TNM stage
and ANCTs
Gallbladder 38 pairs of up _ _ tumor sizes and tumor status, (30)
carcinoma (GBC) GBC tissues lymph node metastasis
and ANCTs
Bladder cancer 60 pairs of up _ _ high tumor grade, lymph (20)
bladder cancer node involvement and distant
tissues and metastasis
ANCTs
68 pairs of up shorter OS Expression of SPRY4-1T1, advanced tumor stage, higher 31)
UCB tissues histological grade, cancer stage histological grade, and
and ANCTs and lymph node involvement were  positive lymph node
found to be independent metastasis
prognostic factors for patients
with UCB.
Hepatocellular 87 pairs of up - - differentiation, tumor size, and (39)
carcinoma (HCC) HCC tissues TNM stage
and ANCTs
Plasma of 60 higher in pre- _ _ -
HCC cases, operation than that
85 hepatitis B at post-operation,
and cirrhosis hepatitis B and
patients, and  cirrhosis, and the
63 controls control groups
82 pairs of up poor 5-year OS rate TNM stage and metastasis (21)
HCC tissues
and ANCTs
Esophageal 92 pairs of up shorter OS SPRY4-IT1 expression, lymph tumor differentiation, T (32)
squamous cell ESCC tissues node metastasis, and TNM stage ~ classification, lymph node
carcinoma (ESCC) and ANCTs were found to be independent
prognostic factors for OS of involvement, and clinical
ESCC patients. stage
50 pairs of up _ _ advanced clinical stages (22)
ESCC tissues
and ANCTs
48 pairs of up - - - (40)
ESCC tissues
and ANCTs
plasma of 24 up _ _ _
clinical
samples and
24 normal
controls
92 pairs of up shorter OS and PFS _ tumor differentiation, T 41)
esophageal classification, lymph node
cancer tissues metastasis, and pathological
and ANCTs stage
Clear cell renal cell 98 pairs of up shorter OS SPRY4-IT1 expression histological histological grade, tumor (33)
carcinoma (ccRCC)  ccRCC tissues grade, tumor stage, lymph node  stage, lymph node
and ANCTs metastasis and distant metastasis metastasis, and distant

were found to be independent
prognostic factors for OS of
ccRCC patients.

metastasis

ANCTs, adjacent non-cancerous tissues; OS, Overall survival; TNM, tumor-node-metastasis; DFS, disease-free survival; LUAD, lung adenocarcinoma; NSCLC, non-small-cell lung
cancer; PFS, progression free survival.
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Tumor Type Animal models Results Reference
Breast cancer 3- to 4-week-old female BALB/c(nu/nu) mice 1 SPRY4-IT1: 1 tumor size, 1 tumor 6)
Mice were divided into the four groups (n = 6 per group): NC-cDNA with MCF-7; SPRY4-  weigh, 1 stemness, 1 self-renewal
IT1-cDNA with MCF-7; sh-NC with MCF-7 CSCs; and sh-SPRY4-IT1 with MCF-7 CSCs  capacity
Gastric cancer 3- to 4-week-old male BALB/c nude mice A SPRY4-IT1: | tumor weight, | tumor 8)
Mice injected with BGC823 cells transfected with sh-SPRY4-IT1 or sh-NC growth, | tumor size
5 weeks female athymic BALB/c nude mice 1 SPRY4-IT1: | tumor weight, | tumor ©)
Mice injected with BGC-823 cells transfected with pCDNA-SPRY4-IT1 or empty vector size, | metastasis
Osteosarcoma BALB/c nude mice A SPRYA4-IT1: | tumor volume, | tumor (10)
24 nude mice were divided into 4 groups (n=6/group); MG-63/shNC (control), MG-63/ weight
shSPRY4-IT1 (treatment), U20S/shNC (control) and U20S/shSPRY4-IT1 (treatment).
Mice were injected with MG-63 or U20S cells transfected with shNC or shSPRY4-IT1.
Lung cancer 4-week old female athymic BALB/c nude mice 1 SPRY4-IT1 + DDP Treatment: | (11)
10 Mice (n = 5 per group) were injected with A549/DDP cells transfected with pCDNA- tumor volume, | tumor weight
SPRY4-IT1 and empty vector.
4-week old female athymic BALB/c nude mice 1 SPRY4-IT1: | tumor volume, | tumor (12)
Mice were injected with SPC-A1 cells transfected with pPCDNA-SPRY4-T1 and empty weight, | metastasis
vector.
4-week old male athymic mice
9 mice were injected with A549 cells transfected with pPCDNA-SPRY4-IT1 or empty
vector.
Cervical cancer 4-week old female BALB/c nude mice A SPRY4-IT1: | tumor volume, | tumor (14)
Mice (n=6 per group) were injected with HeLLa and CaSki cells transfected with SPRY4-IT1  weight, | metastasis
shRNA or negative control.
Pancreatic ductal 6-week old female nude mice A SPRY4-IT1: | tumor weight (28)
adenocarcinoma Mice (n=4 per group) were injected with PANC1 cells transfected with control shRNA or
SPRY4-IT1
shRNA.
Cholangiocarcinoma  6-week old female BALB/c nude mice A SPRY4-IT1: | tumor weight, | tumor (29)
Mice (n=6 per group) were injected with HUCCT1 cells transfected with shSPRY4-IT1 or growth
the scrambled control.
Bladder cancer 4-week old female BALB/c nude mice A SPRY4-IT1: | tumor volume, | tumor (20)
Mice (n=6 per group) were injected with T24T cells transfected with SPRY4-IT1 shRNA or  weight
negative control.
Esophageal 4-week old male BALB/c nude mice A SPRYA4-IT1: | tumor weight, | tumor (32)
squamous cell Mice (n=5 per group) were injected with KYSE-30 cells transfected with si-SPRY4-IT1 or  growth
carcinoma si-NC.

A, knock-down or deletion.
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Tumor type

Colorectal cancer

Breast cancer

Ovarian cancer

Gastric cancer

Osteosarcoma

Lung cancer

Cervical cancer

Testicular germ cell
tumor
Melanoma

Glioma

Pancreatic cancer

Pancreatic ductal
adenocarcinoma
Cholangiocarcinoma

Gallbladder
carcinoma

Bladder cancer

Hepatocellular
carcinoma
Esophageal
squamous cell
carcinoma

Clear cell renal cell
carcinoma

Targets/Regulators and
Signaling Pathways

PDK1

miR-101-3p

TCEBT1, HIF-10. signaling
pathways, NF-kB/p65
miR-6882-3p, TCF7L2
SDF-10/CXCR4 axis,
NT21MP, SKA2
ZNF703

TCEBH1, HIF-1a signaling
pathways, NF-xB/p65
TCEB1, HIF-10. signaling
pathways, NF-kB/p65

miR-101-3p, AMPK

DNMTH1

miR-101, ZEB1, ZEB2

MPZL-1

EZH2

miR-101-3p, ZEB1
PI3K/Akt signaling pathway
miR-22-3p, MAPK pathway

SKA2

Cdc20

SP1, miR-101-3p, KLF2,
LATS2, EZH2, LSD1,
DNMT1

miR-101-3p, EZH2

ERRu

ZNF703

Cell line

NCM460, T84, HT-29, SW480

HCT116, LoVo, RKO, SW620, SW480,
293T

HT-29, HCT-116, and SW-480, FHC
LoVo, RKO, SW620, and SW480

HCT 116, Caco-2, HT-29, SW480, SW620

MCF-7, T47D
SKBR-3, MCF-7, MDA-MB-231

MD-MB-231, MD-MB-435S, MCF-10A,
MCF-7

MCF-7, T-47D, MDA-MB-231

Caov-3, SK-OV-3, HEK293T, OVCAR-3
SKOV3, HO8910, ES-2, CAOV3, IOSE80
GES-1, MKN28, SGC7901, BGC823
SGC7901, BGC823, MGC803, AGS,
MKN45, MKN28, HCG-27, GES-1

hFOB 1.19, U20S, MG-63, Saos-2, 293
HOS, Saos-2, U20S, MG-63, NHOst
A549/DDP, A549

H23, H1299, A549, SPC-A1, HLF
A549, SPC-A1, NCI-H1975, NCI-H1299,
NCI-H1650, (SK-MES-1

Hela, CaSki

NT2-D1, 833K

A375, A875, TE 353.SK

astrocytoma U251
U251, SF295, NHA

BxPC-3, PANC-1
BxPC3, Capan-2, PANC1, SW1990

RBE and HCCC-9810, HIBEC, CCLP-1,
HUCCT1, Huh-28, KMBC, QBC939

EH-GB1, GBC-SD, SGC-996, NOZ, 293T

SV-HUC-1, EJ, UMUCS, T24T

J82, T24, SW780, SV-40, SV-HUC-1
HL7702, MHCC97L, MHCC97H, HepG2,
SMMC7721

KYSE-450, KYSE-510, KYSE-150, KYSE-
180, KYSE-30, KYSE-70s, and KYSE-140
TE-13

786-0O, ACHN, Caki-1, Caki-2, HK-2

Function

A SPRYA4-IT1: | growth, | viability, | colony formation,
1 glycolysis

A SPRY4-IT1: | proliferation, | growth, | invasion, |
EMT process, 1 GO/G1 phase arrest, 1 apoptosis

A SPRY4-IT1: | proliferation, | migration, | invasion, |
EMT process, 1 GO/G1 phase arrest

A SPRYA4-IT1: | proliferation, | invasion, | EMT
process

1 SPRY4-IT1: 1 migration, 1 invasion

A SPRYA4-IT1: | stemness

A SPRY4-IT1: | proliferation, | migration, | invasion, 1
GO/G1 phase arrest, 1 apoptosis

A SPRY4-IT1: | proliferation, 1 GO/G1 phase arrest, 1
apoptosis

1 SPRY4-IT1: 1 migration, 1 invasion

1 SPRY4-IT1: 1 migration, 1 invasion

1 SPRY4-IT1: | proliferation, | migration, | invasion, |
EMT process, 1 cell cycle arrest, 1 apoptosis

A SPRY4-IT1: | proliferation, | migration, | invasion, |
self-renewal, 1 GO/G1 arrest, 1 apoptosis

A SPRYA4-IT1: 1 proliferation, 1 migration, 1 invasion, 1
EMT process

1 SPRY4-IT1: | proliferation, | migration, | invasion, |
EMT process

A SPRY4-IT1: | proliferation, | migration, | invasion, 1
apoptosis

A SPRY4-IT1: | proliferation, | migration, | invasion, |
self-renewal, 1 GO/G1 arrest, 1 apoptosis

1 SPRY4-IT1: | proliferation, | EMT process, | DDP
resistance, 1 apoptosis

A SPRYA4-IT1: | migration, | invasion

1 SPRY4-IT1: | proliferation, | migration, | invasion, |
EMT process, 1 apoptosis

A SPRY4-IT1: 1 migration, 1 invasion

A SPRY4-IT1: | proliferation, | migration, | invasion, |
EMT process

A SPRYA4-IT1: | proliferation, | migration, | invasion

A SPRY4-IT1: | proliferation, | migration, | invasion, |
EMT process

A SPRY4-IT1: | proliferation, | migration, | invasion

A SPRY4-IT1: | proliferation, | migration, | EMT
process

A SPRY4-IT1: | growth, | migration, | invasion, 1 GO/
G1 arrest, 1 apoptosis

A SPRY4-IT1: | proliferation, 1 apoptosis

A SPRY4-IT1: | proliferation, | EMT process, 1
apoptosis

A SPRY4-IT1: | proliferation, | migration, | EMT
process,

1 SPRY4-IT1: 1 proliferation, 1 migration, t EMT
process,

A SPRYA4-IT1: | proliferation, | migration, | invasion, 1
apoptosis

A SPRY4-IT1: | proliferation, | migration, | invasion
A SPRY4-IT1: | proliferation, | migration, | invasion, |
colony formation, 1 GO/G1 arrest, 1 apoptosis

A SPRY4-IT1: | proliferation, | migration, | invasion

A SPRY4-IT1: | proliferation, | viability
A SPRY4-IT1: | proliferation, | migration, | invasion

Reference

@
(@3)
(@4)

)

(15)

®2)

(@2)
89)

A, knock-down or deletion; DDP, cisplatin.
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miRNA Effect on autophagy Cancer type Resistant to Targets Ref
miR-1301 Inhibition Ovarian cancer Cisplatin ATG5 and Beclin1 (184)
miR-487b-5p Lung cancer Temozolomide LAMP2 (185)
miR-155 Osteosarcoma Adriamycin PTEN (192)
miR-221/222 Multiple myeloma Dexamethasone ATG12 (186)
miR-3127-5p NSCLC Cisplatin STAT3 (194)
miR-15a-5p Acute myeloid leukemia Daunorubicin ATG9a, ATG14, GABARAPL1, SMPD1 (187)
miR-21 Inhibition Breast cancer Tamoxifen, Fulvestrant PTEN (188)
HCC Sorafenib PTEN/AKT (191)

Gastric cancer Cisplatin PIBK/AKT/mTOR (190)

Leukemia Etoposide, Doxorubicin Bcl-2 (193)

Promotion Colorectal cancer Topoisomerase proteasome pathway (195)

miR-138 Promotion Glioblastoma Temozolomide BIM (196)
miR-140-5p Osteosarcoma Doxorubicincisplatin IP3K2 (197)
miR-155 Doxorubicincisplatin (198)
miR-338-3p P53 mutant colon cancer 5-Fu mTOR (199)
miR-7-5p Cervical cancer Cisplatin PARP-1, Bel-2 (200)
miR-223 NSCLC Cisplatin FBXW7 (201)
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miRNA Effect on autophagy Cancer type Resistant to Targets Ref
miR-541 Inhibition HCC Sorafenib ATG2A, RAB1B (134)
miR-375 Sorafenib ATG7 (121)
miR-223 Doxorubicin FOXO3a (159)
miR-26a/b Doxorubicin ULK1 (155)
miR-375 Sorafenib ATG14 (122)
miR-125b Oxaliplatin EVA1A (163)
miR-153-3p Inhibition NSCLC Gefitinib ATG5 (119
miR-142-3p Adriamycin, Cisplatin HMGB1 (149)
miR-1 Cisplatin ATG3 (136)
miR-129-5p Inhibition Breast cancer Taxol HMGB1 (150)
miR-451a Tamoxifen (164)
miR-214 Tamoxifen, Fulvestrant ucP2 (165)
miR-27a Paclitaxel, Doxorubicin (166)
miR-489 Doxorubicin ULK1 (157)
miR-24-3p Inhibition SCLC Etoposide, Cisplatin ATG4A (135)
miR-30a-5p Beclin-1 (131)
miR-495-3p Inhibition Gastric cancer Multidrug GRP78 (167)
miR-23b-3p Multidrug ATG12 and HMGB2 (83)
miR-30 Multidrug Beclin-1 (129)
miR-874 Multidrug ATG16L1 (138)
miR-181a Cisplatin ATG5 (116)
miR-148a-3p Cisplatin AKAP1 and RAB12 (154)
miR-29¢ Inhibition Pancreatic cancer Gemcitabine usP22 (168)
miR-137 Doxorubicin ATG5 (115)
miR-101 Inhibition Osteosarcoma Doxorubicin (169)
miR-22 Cisplatin, Doxorubicin HMGB1, MTDH (146, 170, 171)
miR-199a-5p Cisplatin Beclin-1 (127)
miR-30a Doxorubicin Beclin-1 (130)
miR-140-5p Multidrug HMGNS (152)
miR-17 Inhibition Lung cancer Paclitaxel Beclin-1 (125)
miR-106a Saracatinib, Dasatinib ULK1 (156)
miR-17-5p Paclitaxel Beclin-1 (126)
miR-200b Docetaxel ATG12 (137)
miR-26a Inhibition Melanoma Dabrafenib HMGB1 (151)
miR-216b Vemurafenib Beclin-1, UVRAG, ATGS (117)
miR-409-3p Inhibition Colon cancer Oxaliplatin Beclin-1 (124)
miR-22 Inhibition Colorectal cancer 5-FU BTG1 172
miR-218 Multidrug YEATS4 (173)
miR-34a Oxaliplatin Smad4 (174)
miR-199a/b-5p Inhibition Chronic myeloid leukemia Imatinib WNT2 (162)
miR- 30A Beclin-1, ATG5 (118, 128)
miR-153-3p Bal-2 (120)
miR-17 Inhibition Glioblastoma Temozolomide ATG7 (175)
miR-93 (176)
miR-218 Inhibition Endometrial carcinoma Paclitaxel HMGB1 (148)
miR-30a Inhibition Renal cell carcinoma Sorafenib Beclin-1 77
miR-30a Inhibition Various types of cancer cis-DDP, Taxol Beclin-1 (132
miR-34a Inhibition Prostate cancer Topotecan, Doxorubicin ATG4B (139)
miR-29¢c-3p Inhibition Ovarian cancer Cisplatin FOXP1/ATG14 (140)
miR-199a-5p Inhibition Acute myeloid leukemia Adriamycin DRAM1 (178)
miR-34A Inhibition Retinoblastoma Vincristine, Etoposide, Carboplatin HMGB1 (147)
miR-15a/16 promotion Cervical carcinoma Camptothecin Rictor (179
miR-181 promotion NSCLC Cisplatin PTEN/PIBK/AKT (180)
miR-193b promotion Oesophageal cancer 5-FU Stathmin 1 (181)
miR-519a promotion Glioblastoma Temozolomide STAT3/Bcl2 (182)
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Tumor types

Lung adenocarcinoma

Low mutation burden of colorectal
cancer

Melanoma

Melanoma Non-small cell lung cancer
Melanoma
Melanoma

Lung adenocarcinoma

Melanoma Colon cancer

Lung squamous cell carcinoma

Colon cancer

ccRCC

Kidney renal clear cell carcinoma

Pancreatic cancer

Colorectal cancer

Regulators

METTL3
METTL3 METTL14

METTL3

FTO
FTO
ALKBH5

ALKBH5 RBM15 YTHDC1
YTHDF1 YTHDF2
YTHDF1

HNRNPC

mBAscore

mBAscore

mPAscore

mPAscore

“Writer” score

Immunotherapy

Lower expressions of METTL3 is more sensitive to immunotherapy
Loss of METTL3 and METTL14 increase response to anti-PD-1

treatment

Ablation of METTL3 in myeloid cells impairs anti-PD-1 therapeutic

efficacy

Knockdown of FTO synergizes with anti-PD-L1 treatment

Knockdown of FTO sensitizes melanoma to anti-PD-1

Melanoma patients harboring ALKBHS deletion/mutation are correlated
with more sensitive to anti-PD-1 therapy

Lower expressions of ALKBH5, RBM15, YTHDC1, YTHDF1, and
YTHDF2 are more sensitive to immunotherapy

The therapeutic effect of anti-PD-L1 is elevated in YTHDF1 deficient

mice

Lower expressions of HNRNPC and VIRMA are more sensitive to

immunotherapy and chemotherapy

Lower mPAscore showed a better clinical benefits to anti-PD-1,

anti-CTLA-4, and anti-PD-L1 therapies

Low mBAscore group presents a apparently prolonged survival in the

anti-PD-1ccRCC patient

Low m®Ascore indicates an inflammatory phenotype and more sensitive

to anticancer immunotherapy

mPBAscore-low pancreatic cancer patients have higher response rates
to anti-PD-1and anti-CTLA-4 treatments

Low “writer” score present significant clinical benefits and have a
dramatically prolonged OS in anti-PD-L1 cohort
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Xu et al., 2020a
Wang et al., 2020b
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Xu et al., 2020a

Han D. et al., 2019
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Chong et al., 2021
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Abbreviations: ALKBH: ALKB homolog; ccRCC: clear cell renal cell carcinoma; CTLA-4: cytotoxic T cell lymphocyte-associated protein 4, FTO: fat mass and obesity-
associated protein; HNRNP: heterogeneous nuclear rivonucleoprotein; m8A: N8-methyladenosine; METTL: methyltransferase-like; OS: overall survival; PD-1: programmed
death receptor 1; PD-L1: programmed death receptor ligand 1; RBM: RNA-binding motif; VIRMA: vir-like m6A methyltransferase associated; YTHDC: YTH domain-
containing protein; YTHDF: YTH domain-containing family.
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Variables

Training set (n = 246)
Age
Gender
Grade
Stage
GlLncSig riskScore

Testing set (n = 245)
Age
Gender
Grade
Stage
GlLnesig riskScore

TCGA-HNSC set (n = 491)
Age
Gender
Grade
Stage
GILncSig riskScore

Univariable model

Multivariable model

HR

1.017
0931
1.148
1225
1.453

1.020
0618
1.036
1.560
1012

1019
0.757
1.095
1.365
1071

HR.95L

0.996
0.569
0.815
0.952
1221

1.000
0.388
0.732
1.163
0.902

1.006
0.541
0.859
1.128
0.990

HR.95H

1.039
1.525
1.618
1577
1.728

1.041
0.985
1.466
2110
1.136

1.034
1.059
1.396
1.652
1.158

p-value

0.115
0777
0.429
0114
0.000

0.053
0.043
0.841
0.004
0.837

0.009
0.104
0.462
0.001
0.086

HR

1.453

0.536

1.635

1.024

1412

HR.95L

1201

0.334

1.209

1.008

1.163

HR.95H

1.728

0.859

2211
1.039

1715

p-value

0.000

0.010

0.001
0.003

0.000
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ID

AC023310.4
AC091729.1
LINCO1564

MIR3142HG

Genomic location

Chromosome 15q11.2
chromosome 7
chromosome 6p12.1
chromosome 5q33.3

Coefficient

0.12366
-0.54962
0.125032
-0.57480

HR

1.13164
057717
1.13318
0.66282

HR.95L

1.01812
0.36924
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0.31928

HR.95H

1.25781
0.90218
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0.99211
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Covariates

Gender

Grade

Stage

Type

<65
>65
FEMALE
MALE
G
G2
a3
G4
ax
unknown
Stage I
Stage lIHV
unknown
To
T2
T34
™
unknown
Mo
M
MX
unknown
No
N1-3
unknown

Total

321 (65.38%)
170 (34.62%)
130 (26.48%)
361 (73.52%)
60 (12.22%)
293 (59.67%)
117 (23.83%)
2(0.41%)
16 (3.26%)
3(0.61%)
94 (19.14%)
329 (67.01%)
68 (13.85%)
1(0.2%)
173 (35.23%)
262 (53.36%)
33 (6.72%)
2 (4.48%)
181 (36.86%)
1(0.2%)
60 (12.22%)
249 (50.71%)
167 (34.01%)
300 (61.1%)
24 (4.89%)

Testing set

164 (66.94%)
81 (33.06%)
63 (25.71%)
182 (74.29%)
32 (13.06%)
140 (57.14%)
59 (24.08%)
0 (0%)

11 (4.49%)
3(1.22%)
43 (17.55%)
170 (69.39%)
32 (13.06%)
0 (0%)

85 (34.69%)
133 (54.29%)
17 (6.94%)
10 (4.08%)
96 (30.18%)
0 (0%)

30 (12.24%)
119 (48.57%)
80 (32.65%)
153 (62.45%)
12 (4.9%)

Training set

157 (63.82%)
89 (36.18%)
67 (27.24%)
179 (72.76%)
28 (11.38%)
153 (62.2%)
58 (23.58%)
2(081%)
5 (2.03%)
0(0%)
51 (20.73%)
159 (64.63%)
36 (14.63%)
1(0.41%)
88 (35.77%)
129 (52.44%)
16 (6.5%)
12 (4.88%)
85 (34.55%)
1(0.41%)
30 (12.2%)
130 (52.85%)
87 (35.37%)
147 (59.76%)
12 (4.88%)
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Characteristics

Age

Gender

Grade

Stage

Alcohol

Diabetes

Radiation

Chemotherapy

Type

<65

>65

Male
Female
G1-2
G3-4
Unknown
T1-2
T3-4
Unknown
NO

N1
Unknown
Stage I-I
Stage IlIHV
Unknown
Yes

No
Unknown
Yes

No
Unknown
Yes

No
Unknown
Yes

No
Unknown

Total

93 (52.54%)
84 (47.46%)
97 (54.8%)
80 (45.2%)
125 (70.62%)
50 (28.25%)
2 (1.13%)
31 (17.51%)
144 (81.36%)
2 (1.13%)
49 (27.68%)
123 (69.49%)
5 (2.82%)
167 (94.35%)
7 (3.95%)
3 (1.69%)
101 (57.06%)
64 (36.16%)
12 (6.78%)
38 (21.47%)
108 (61.02%)
31 (17.51%)
32 (18.08%)
101 (57.06%)
44 (24.86%)
109 (61.58%)
62 (35.03%)
6 (3.39%)

Test

52 (59.09%)
36 (40.91%)
50(56.82%)
38 (43.18%)
66 (75%)
21 (23.86%)
1(1.14%)
10 (11.36%)
77 (87.5%)
1(1.14%)
23 (26.14%)
62 (70.45%)
3(3.41%)
84 (95.45%)
3(3.41%)
1.(1.14%)
51 (57.95%)
32 (36.36%)
5 (5.68%)
21 (23.86%)
51 (57.95%)
16 (18.18%)
18 (20.45%)
48 (54.55%)
22 (25%)
55 (62.5%)
29 (32.95%)
4 (4.55%)

Train

41 (46.07%)
48 (53.93%)
47 (52.81%)
42 (47.19%)
59 (66.29%)
29 (32.58%)
1 (1.12%)
21 (23.6%)
67 (75.28%)
1(1.12%)
26 (29.21%)
61 (68.54%)
2 (2.25%)
83 (93.26%)
4 (4.49%)
2 (2.25%)
50 (56.18%)
32 (35.96%)
7 (7.87%)
17 (19.1%)
57 (64.04%)
15 (16.85%)
14 (15.73%)
53 (59.55%)
22 (24.72%)
54 (60.67%)
33 (37.08%)
2 (2.25%)

P-value

0.1131

0.7004

0.4347

0.1007

0.8244

0.788

0.8447

0.6767

0.6901

0.6287
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Regulators Gene set

Writers(10) METTL3, METTL14, METTL16, CBLL1(HAKAI), ZCCHC4,
ZC3H13, VIRMA (KIAA1429), WTAP, RBM15, and RBM15B
Readers(13) HNRNPC, YTHDF1, YTHDF2, YTHDF3, YTHDC1, YTHDC2,

FMR1 (FMRP), RBMX (HNRNPG), HNRNPA2B1, LRPPRC,
IGF2BP1, IGF2BP2, IGF2BP3

Erasers(2) FTO, ALKBH5
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Univariate analysis

Multivariate analysis

Univariate analysis

Multivariate analysis

Variables HR 95%Clof HR  P-value HR 95%Cl of HR  P-value HR 95%Cl of HR  P-value HR 95%Cl of HR  P-value
Training set Validation set
Age 1.08 0.995-1.058 0.095 0.99 0.957-1.020 0.459 1.03 0.986-1.074 0.193 1.06 1.004-1.092 0.031
Gender 1.01 0.502-2.035 0.975 1.46 0.670-3.198 0.339 0.88 0.427-1.771 0.7 0.87 0.314-2.427 0.795
Grade 1.73 1.041-2.879 0.034 1.22 0.671-2.234 0.51 1.1 0.684-1.805 0.671 1 0.515-1.944 0.998
Stage 4.38  1.035-18.552 0.045 224  0.474-10.602 0.308 2.05 0.998-4.224 0.0561 2.24 1.005-4.993 0.049
Smoke 1.38 0.186-10.175 0.751 0.55 0.064-4.822 0.592 1.21 0.284-5.129 0.798 1.91 0.287-12.671 0.505
Alcohol 1.32 0.638-2.749 0.451 0.92 0.391-2.171 0.852 1.19 0.5613-2.775 0.682 1.03 0.326-3.239 <0.001
Diabetes 1.04 0.448-2.402 0.933 1.82 0.721-4.591 0.205 0.86 0.367-2.001 0.72 0.39 0.141-1.071 0.068
Radiation 0.15 0.036-0.627 0.009 0.21 0.040-1.092 0.063 0.67 0.289-1.570 0.36 0.29 0.100-0.845 0.023
Risk score 4.3 2.410-7.684 <0.001 4.29 1.902-9.658 <0.001 273 1.170-6.387 0.02 2.92 1.096-7.755 0.032
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Disease Species and tissue or cell  Alteration of ~ Method for  Target Method for Biological Sample size in clinical studies  Ref
type miR-484 miR- gene target function
expression  484detection validation
1 GC Human gastric tissue down-regulation gRT-PCR N/A N/A Inhibit cell The paired GC tissue and (104)
(China); Gastric cell lines proliferation, matched adjacent normal tissue
(HGC-27, SNU-1, AGS, migration, and specimens(n=124)
NCI-N87, GES-1) invasion
2 GC Human gastric tissue down-regulation gRT-PCR CCL-18 @gRT-PCR, Inhibit cell The GC tissues and (35)
(China); Gastric cell lines WB and proliferation paracancerous tissues
(MGC-803, BGC-823, SGC- Luciferase
7901, MKN-45, MKN-7, assays
GES-1)
3 GC Human gastric tissue (Iran); ~ down-regulation polyA-gPCR ~ N/A N/A N/A The GC(n=40), NG (n=31) and (100)
GD(n=45) samples
4 CRC Human CRC cell lines down-regulation gRT-PCR N/A N/A Suppress cell N/A (28)
(HCT116, SW480, SW620, proliferation and
HT-29 and LOVO) invasion
5 CRC Humam CRC tissues (China) down-regulation gRT-PCR N/A N/A Suppress cell The CRC tissues and adjacent (36)
Human CRC cell lines proliferation and non-tumor tissues (n = 49)
(HCT116, SW480, SW620, invasion
HT-29 and LOVO)
6 CRC Humam CRC tissues (China) down-regulation gqRT-PCR KLF12  gRT-PCR, Suppress cell CRC tissues and matched 37)
Human colon epithelium cell WB and proliferation and adjacent normal tissues(n=63)
line (FHC) Luciferase invasion
Human CRC cell lines assays
(HCT116, SW480, SW620,
DLD-1, HT-29)
7 MSI- Humam CRC tissues (China) down-regulation miRCURY CD137L gRT-PCR, Tumour Divided the CRC specimens into (33)
CRC MSS cell lines (HT29, LNA WB and suppressor; Arrests  a testing set of 54 samples and a
Caco2, SW620, and microRNA Luciferase the production of validation set of 67 samples
SW480) and MSI cell lines array (version assays IL-8
(HCT116, LoVo, and 8.1)
LS174T) gRT-PCR
8 CRC Human BP(China) In stage I-Il qRT-PCR N/A N/A Contribute to early ~ The blood samples of CRC (105)
CRC: down- diagnosis and patients of I-IV stage (n=53) and
regulation surveillance of the  controlled healthy people(n=50)
In stage IlI-IV: progress of CRC.
up-regulation
9 HCC Human HCC tissues (China)  up-regulation Luciferase N/A N/A Promotes HCC primary tumor samples (= (38)
Human HCC cell line PLC/ reporter tumorigenesis 112) and matched peritumor
PRF/5, SK-Hep-1, Hep3B, tissue samples (n = 36), adjacent
HepG2 normal tissue of hepatic
hemangioma patients (n = 10)
10 HCC Human HCC tissues (China)  up-regulation qRT-PCR TUSC5  IHC and Promotes Paired HCC and adjacent normal  (39)
The human HCC cell lines wB tumorigenesis tissue(n=50)
Hep3B and HCCLM3
11 HCC Human HGDN specimen up-regulation H&E staining SAMD9 TargetScan  Induce Al HGDN samples obtained (40)
(HGDN)  (China) and in situ TBL1X  analysis hepatocellular during liver transplantations or
Mouse liver tissue hybridisation pull-down malignant liver resections.
Cell lines: THLE-3, NIH/3T3, assay transformation
HL7702, QSG7701, Luciferase
human-induced hepatocytes reporter
(hiHeps), mouse-induced Immunoblot
hepatocytes (miHeps). analysis
Western
blot assays
12 PC Pancreatic ductal down-regulation DIANA tools ~ YAP WB Suppress cell N/A (30)
adenocarcinoma cell lines: and Luciferase  proliferation
PANC-1, SW1990, CFPAC- TargetScan reporter Predicts a good
1, bxpc-3 qRT-PCR outcome in
patients with PDAC
13 PC N/A down-regulation TCGA N/A N/A N/A N/A (106)
database
GEO
database
14 PC Human BPs (American) up-regulation qRT-PCR N/A N/A N/A Serum samples from PC patients ~ (107)
(normalized (n=19; stage I: 3; stage II: 16)
using miR-16) chronic pancreatitis (n = 10),
TagMan Array healthy controls (n = 10), and
patients with PNETSs (n = 10)
15 PCa Human prostate cell lines: up-regulation qRT-PCR PSMG1 gRT-PCR Promotes N/A 41)
RWPE-1, RWPE-2,22Rv1, Luciferase  recurrence and
LNCaP, DU145 and PC-3 reporter migration
16 PCa Human BP(China) Dwon- qRT-PCR N/A N/A Assess drug Healthy Males(n=34) (108)
regulation therapy PCa Patients (n=72)
17 PCa Human urine (Egypt) Down- qRT-PCR N/A N/A Predict the Healthy Males(n=10) (109)
regulation occurrence, Pca Patients (n=8)
progression, and Benign Prostatic Hyperplasia
prognosis Patients(n=12)
18 RCC Human kidney tissue (China) Down- qRT-PCR ZEB1 TargetScan  Tumor-Suppressive The ccRCC samples and 27)
(ccRCC) Human ccRCC cell lines regulation database matching normal kidney tissue
(786-0, A498, ACHN and The dual- samples(n=40)
aki-1) luciferase
reporter
experiment
gRT-PCR
WwB
19 RCC Human kidney tissue (Czech Respondersto  High- N/A N/A Connected with The mRCC patients treated with ~ (110)
(mRCC)  Republic) sunitinib: Down-  throughput sunitinib resistance  sunitinib after 9 months and
regulation miRNA and failure of the divided into two groups: (a)
Nonresponders ~ analysis mRCC responders to the treatment
to sunitinib: qRT-PCR (n=44) (b) nonresponders with
Up-regulation rapid progression(n=19).
20 RCC Human kidney tissue (Spain) Respondersto  gqRT-PCR N/A N/A Connected with The mRCC patients treated with ~ (111)
(mRCC) sunitinib: Down- sunitinib resistance  sunitinib. Responders to the
regulation and failure of the treatment(n=14) Nonresponders
Nonresponders mRCC with rapid progression(n=6).
to sunitinib:
Up-regulation
21 LC Human BPs (China) Up-regulation qRT-PCR N/A N/A Promotes serum samples from patients with  (112)
(NSCLC) NSCLC cell lines: A549, tumorigenesis NSCLC(n=150) and healthy
NCI-H460, 95D, H358, volunteers(n=50)
16HBE.
22 LC Human lung tissue (China) Up-regulation High- Apaf-1  IF Promotes NSCLC tissues and their matched  (42)
(NSCLC) Human NSCLC cell lines, throughput qRT-PCR tumorigenesis adjacent non-tumor tissues(n=20)
A549, H1650, PC9 and miRNA wB
BEAS-2 B analysis
gRT-PCR
23 LC Exosome from Human BP Up-regulation qRT-PCR N/A N/A Promotes Human BP exosome from LUAD  (113)
(LUDA)  (China) tumorigenesis patients((n=6)) and healthy
controls(n=6)
24 MPM Human pleural tissue Up-regulation qRT-PCR N/A N/A Potential Pleural specimens from MPM (114)
(Turkey) biomarkers patients(n=18) and BAPE patients
(n=6)
25 NPC Human nasopharyngeal cell  NPC GSE4850 OLA1 qRT-PCR Potential N/A (43)
line, HONE1 radioresistant qRT-PCR mirDIP biomarkers
patients: database
Up-regulation
26 NPC Human tumors tissue from  Up-regulation qRT-PCR N/A N/A Potential The tumors of the nasal cavity (115)
(NMC) nasal cavity and maxillary biomarkers (n=2) and the maxillary sinus(n=1).
sinus.
27 BCa Human breast carcinoma Down- 9qRT-PCR KLF4 TCGA Reduce N/A (44)
(ER cell lines (MCF-7 and T-47D)  regulation gRT-PCR  tamoxifen
positive) WB resistance
The dual-
luciferase
reporter
experiment
28 BCa Human breast cancer Up-regulation qRT-PCR CDA qRT-PCR Improves Primary breast cancer samples (116)
tissues (China) WB chemosensitization  (n=193) and noncancerous
Human breast cancer cell The dual- and cell mammary controls(n=36)
lines (MCF7, MDA-MB-231 luciferase proliferation
(MDA-231), MDA-MB-436 reporter
(MDA-436), MDA-MB-468 experiment
(MDA-468), ZR-75-30, and
Hs-578T)
29 CC Human cervical cancer No treatment: ~ gRT-PCR MMP14  gRT-PCR Inhibited cell The cervical cancer tissues (n=20  (32)
tissue (China) and cell lines ~ Down- The luciferase  HNF1A ~ WB adhesion and pairs)
(S12) regulation reporter The dual- tumor growth
5-Aza-CdR assay luciferase
treatment: Genomic reporter
Up-regulation bisulfite experiment
sequencing
30 CC Human cervical cancer Down- qRT-PCR ZEB1 qRT-PCR Inhibits cell growth, Human cervical cancer tissues (45)
tissues (China) and cell lines:  regulation SMAD2 WB cell cycle but and the adjacent noncancerous
HelLa, Caski, ME-180, exacerbates tissues(n=15)
CB33A, SiHa and SW756 apoptosis
31 CC Human BPs (China) Up-regulation qRT-PCR N/A N/A Differential miRNAs ~ Venous blood from cervical (117)
cancer patients(n=13), CINIII
patient(n=1) and normal controls
(n=10)
32 OC Human BPs Up-regulation qRT-PCR N/A N/A Differential miRNAs ~ The plasma samples from age- (118)
(Denmark) matched patients with malignant
(n=95) and benign pelvic mass (n
=95)
33 OC Human BP exosomes Down- qRT-PCR N/A N/A Differential miRNAs ~ The blood samples from OC (119
(China) regulation patients(n=113) and healthy
volunteers(n=60)
34 FTC Human thyroid tissues Down- mMiRNA N/A N/A Differential miRNAs ~ FTC samples(n=19) and FA (120)
(Germany) regulation sequencing samples(n=23)
35 Glioma Human glioma tissues Up-regulation ISH MAP2  gRT-PCR Augment the The glioma tissues(n=153) and 47)
(China) qRT-PCR WB tumor-initiating para-carcinoma tissues(n=30)
Human glioma cell lines: The dual- capability
U87 and U251 luciferase
reporter
experiment
36 OS Human BPs (China) Down- RT-gPCR N/A N/A Differential miRNAs ~ The BP samples from healthy (121)
regulation volunteers, OS patients, and

periostitis patients.

NG, normal gastric tissue; GD, gastric dysplasia; PDAC, pancreas ductal adenocarcinoma; PNET, pancreatic neuroendocrine tumors; ccRCC, clear cell renal cell carcinoma; mRCC,
metastatic renal cell carcinoma; NSCLC, non-small cell lung cancer; LUAD, lung adenocarcinomas; MPM, malignant pleural mesothelioma; NPC, nasopharyngeal carcinoma; NMC,
nuclear protein of the testis (NUT) midline carcinoma; CIN, cervical intraepithelial neoplasia; FTC, follicular thyroid carcinoma; FA, follicular thyroid adenoma; IF, immunofluorescence; ISH, in
situ hybridization; WB, western blotting.
NA, Not answered.
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Disease

1 M/R

2 MI/R

3 MIR

4 AS

5 AS

6 AS

7 SIC

8 DIC

9 16p13.11
microduplication
syndrome

10 Cerebral injury-

related diseases
11 Psoriasis

12 Hepatitis B virus

Hepatitis C virus

Dengue

Tuberculosis

Leprosy

Species and
tissue or cell
type

Rat heart tissue

Mouse heart
tissue

Human BS
(Japan)

Human
postbifurcation
carotid plaques
(Pennsylvania)

Human BS
(American)

Human plasma
and EPCs of
patients with
CAD

Rat
cardiomyocytes
(H9c2)

Rat
cardiomyocytes
(H9c2)

Mouse cortical
progenitor
Mouse cortical
neuron

Mouse brain
tissue

Human
epidermal
keratinocyte
(China)

Human
dendritic cells
(India)

Human BS
(Egyptian)

Vero cells

Human serum-
derived
exosomes (Iran)
Human leprosy
skin lesions
(Brazil)

Alteration
of miR-484
expression

down-
regulation

down-
regulation

up-
regulation

up-
regulation

up-
regulation

up-
regulation

up-
regulation

down-
regulation

up-
regulation

down-
regulation
down-
regulation

up-
regulation

up-
regulation

up-
regulation

down-
regulation

up-
regulation

up-
regulation

Method for Target
miR-484detec- gene
tion
QqRT-PCR SMAD7
qRT-PCR Fis-1
gRT-PCR N/A
Affymetrix DACH1
GeneChip
microRNA Array
and gRT-PCR
QqRT-PCR N/A
smRNA-seq N/A
qRT-PCR
qRT-PCR YAP1
gRT-PCR LINC00339
QqRT-PCR PCDH19
gRT-PCR BCL2L13
LncRNA and MLH3,
mRNA INcSNX10-
microarray and  2:8,
construction of  Inc-MNX1-
the competing 51,
endogenous Inc-1QCD-
RNA (ceRNA) 11
network DCTN3
Lnc-
AGXT2L1-
2:2
qRT-PCR N/A
Unsupervised
hierarchical
clustering and
principal
component
analyses
qRT-PCR N/A
gRT-PCR DENV RNA
qRT-PCR N/A
gRT-PCR FASN

Method for target
validation

gRT-PCR and the
luciferase reporter gene
assay

gRT-PCR, WB and
Luciferase assays

N/A

N/A

N/A

N/A

GRT-PCR, WB and the
luciferase reporter gene
assay

the luciferase reporter
gene assay

the luciferase reporter
gene assay

the luciferase reporter
gene assay
N/A

N/A

N/A

aRT-PCR

The RNAhybrid program
Microlnspector

N/A

The genes selected from
the mIRNA/MRNA analysis
were submitted to
pathway enrichment
analysis by using the
ReactomeFIViz plugin from
the Cytoscape software

Biological
function

Anti-
inflammatory
Anti-
apoptotic
Protection of
mitochondria
Inhibit
mitochondria
fission

High exercise
capacity after
MI/R
Associated
with plaque
fragility after
carotid
bifurcation
Induction of
endothelial
dysfunction
Cannot
inhibit VEGF
expression
and EPC
activity
Promoted
cell viability
Decreased
apoptosis
and
inflammation
Promot
proliferation
Inhibit
apoptosis
promotes
neurogenesis

Inhibit
apoptosis
N/A

N/A

N/A

virus
replication

N/A

N/A

Sample size in clinical
studies

N/A

N/A

AMI patients(n=20) and
healthy control subjects (n=5)

symptomatic (n=9) and
asymptomatic patients (n=9)
with carotid stenosis

patients with CAD (n = 56)
and HCs (n = 10)

N/A

N/A

N/A

N/A

N/A

15 age-matched and gender-
matched (n=15) healthy skin
control

15 patients with progressive
psoriasis vulgaris (n=15)

HBV infection and liver
disease namely, immune
active (IA; n = 20); low
replicative (LR; n = 20);
HBeAg negative (n = 20);
acute viral hepatitis (AVH, n =
20) and healthy controls (n =
20).

Egyptian patients with HCV
liver fibrosis(n=47), HCV-
cirrhosis(n=40), HCV- HCC
(n=41)

Healthy controls(n=40)

Vero cells (CCL-81)

Mosquito C6/36 HT cells

Patients with TB(n=25)
Healthy controls with a
negative history of TB (n=25)
Leprosy lesions (TT = 10,
BT=10,BB=10, BL=10,
LL=4, R1=14, and R2=10)
Healthy control (n=9)

Ref

(26)

(48)

(49)

(73)

(31)

(56)

(34)

(74)

(20)

(25)

(53)

(75)

(76)

(77)

(78)

(79)

BS, Blood sample; CAD, coronary artery disease; EPC, endothelial progenitor cell; IA, immune active; LR, low replicative; AVH, acute viral hepatitis; TT, tuberculoid; BT, borderiine

tuberculoid; BB, borderiine borderiine; BL, borderline lepromatous; LL, lepromatous; R1, type 1 reaction; R2, type 2 reaction.

NA, Not answered.
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28

29

30

31

32

33

miRNAs

bta-miR-
484
pri-miR-
484
mmu-
miR-484
hsa-miR-
484
mmu-
miR-484
mmu-
miR-484
mmu-
miR-484
mo-miR-
484
hsa-miR-
484
hsa-miR-
484
hsa-miR-
484
hsa-miR-
484
hsa-miR-
484
hsa-miR-
484
hsa-miR-
484
hsa-miR-
484
mo-miR-
484
mo-miR-
484
Mmu-
miR-484
Hsa-miR-
484
Hsa-miR-
484
Hsa-miR-
484

Hsa-miR-
484
Hsa-miR-
484
Hsa/mus-
miR-484
Hsa-miR-
484
Hsa-miR-
484
Hsa-miR-
484
Hsa-miR-
484
Hsa-miR-
484
Hsa-miR-
484
Hsa-miR-
484
Hsa-miR-
484
Hsa-miR-
484

Downstream
Target Gene

HSF1

Fis-1

Wnt8a

BCL2L13
SMAD7

ZEB1

MAGH
YAP
eNOs
MMP14
HNF1A
CD137L

YAP1

PCDH19

CCL-18

KLF12

TUSCS
SAMD9
YAP
PSMG1
Apaf-1
OLA1
KLF4
CDA
ZEB1
SMAD2
VEGFB

VEGFR2
MAP2

Upstream
Target Gene

miR-361
MDRL
Foxo3a

IncRNA Ttc3-
209

IncRNA
PCED1B-AS1
IncRNA
PGM5-AS1
IncRNA
TMEM220-AS1
IncRNA
THAPQ-AS1

EZH2
DNMT1

LINC00339

ZFAS1

LINC00239

GircADAMTS13

THAPQ-AS1

c-Myc

Feature

NA-binding transcription factor

Mitochondrial fission

Transcriptional activator which triggers
apoptosis

Transmembrane receptor

LncRNA: ceRNA

Apoptosis facilitator

TGF-B receptor antagonist

Transcriptional repressor

Membrane associated guanylate
kinases

The critical downstream regulatory
target in the Hippo signaling pathway
Nitric oxide synthase

Endopeptidase

Transcriptional activator
Transcriptional repression
Methylates hemimethylated DNA.
Tumor necrosis factor family
Transcriptional coactivator
LncRNA

Potential calcium-dependent cell-
adhesion protein

CC-type chemokine

LncRNA

Transcriptional repression

circRNA

Tumor suppressor

Endosome fusion facilitator,
Transcriptional coactivator

LncRNA

Promotes proteasome assembly
Apoptotic protease-activating factor
Hydrolyzes ATP and GTP

Kruppel family of transcription factors
Key regulator of deoxyuridine
conversion

Promotes cell growth, migration,
invasion, and EMT

Involved in angiogenesis

A-kinase anchoring proteins

Effect

Transcriptional activation of the
heat shock response

Inhibition of mature miR-484
production

Apoptosis

Apoptosis

Apoptosis

Apoptosis

Apoptosis

Proliferation, migration and EMT
Proliferation, migration and EMT
Proliferation, migration and EMT
Promotes THAP9-AS1 transcription
to form a feed-forward circuit
Evokes endothelial dysfunction
Regulates the WNT/MAPK and
TNF signaling pathway

CpG methylation of miR-484
promoter

Attenuated IL-8 production
Apoptosis

Inhibit proliferation

Promotes apoptosis

promotes neurogenesis
Suppress cell proliferation
Suppress cell proliferation and
invasion

Suppress cell proliferation and
invasion

Promotes tumorigenesis
Promotes tumorigenesis
Promotes tumorigenesis
Tumour-suppressive

Promotes recurrence and migration
Promotes tumorigenesis
Potential biomarkers

Reduce

tamoxifen resistance

Improves chemosensitization and
cell proliferation

Suppression of the malignant
behavior

Improves chemotherapy sensitivity

Augment the tumor-initiating
capability

Tissue or cell line

Chinese Holstein cattle

Neonatal mouse
cardiomyocytes

Mouse cardiomyocytes
Human adrenocortical cancer
cells (H295R cel)

Retinal ganglion cells
Retinal ganglion cells
Mouse brain tissue
Rat heart tissue

Human clear cell renal cell
carcinoma

Human colorectal cancer
(SW480 and HCT116 cells)
Human liver tumor tissue

Human pancreatic ductal
adenocarcinoma

Human umbilical endothelial
cells (HUVECSs)

Human cervical cancer tissue

Human cervical cancer tissue
Human colorectal cancer

Rat cardiomyocytes (H9c2)
Rat cardiomyocytes (H9c2)

Mouse cortical progenitor
Mouse cortical neuron
Human GC tissue

Human CRC tissue

Human CRC cell lines
Human CRC tissue

Human colon epithelium cell
line (FHC)

Human CRC cell lines
Human tumor and matched
peritumor tissues

Paired HCC and adjacent
normal tissue

Human HGDN specimen
Mouse liver tissue

Female Balb/C athymic nude
mice

Human prostate cell lines

Human NSCLC tissues
Human NSCLC cell lines
Human nasopharyngeal cell
lines

The human breast carcinoma
cell lines

The human breast carcinoma
cell lines

Human cervical cancer tissue
specimens and cell lines
Human ovary carcinoma
tissues

Human glioma tissues and
cell lines

PMID

(21,
22)
(23)

@3

(@4)
(24)
(25)
(26)
@7)

(28)

33
(34)
(34)
(20)
(35)
(36)

@7)

@8
©9)
0
(30)
@)
“2)
@3
)
(12
(45)
(“6)

(47)
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MicroRNA  Expression in tumor Target

miR-21 Upregulation PTEN
STAT3

TAMs

THBS1
TGFBI, COL4A1
miR-126

Downregulation VEGF

VEGFA
VEGF
VEGFA
LRP6, PIK3R2
miR-93

Upregulation VEGF

EPLIN
LATS2

VEGF, IL-8

Function

Targeting PTEN induces tumor angiogenesis, activates AKT and ERK1/2
signaling pathways, thereby enhancing the expression of HIF-1 and VEGF.
Knockout of STAT3 gene can reduce the level of miR-21 excised body and
reduce the level of VEGF, thereby blocking angiogenesis.

Loss of miR-21 expression results in macrophages (TAMs) biased toward the
pro-inflammatory vascular inhibitory phenotype, reducing tumor formation and
inducing tumor cell death.

Inhibits the expression of angiogenesis inhibitor thrombospondin-1 (THBS1) in
the receptor EC.

Directly targeting and inhibiting TGFBI and COL4A1, increases the formation of
endothelial cells.

Experimental studies of liver cancer cells inoculated in nude mice showed that
the level of VEGF and the positive rate of VEGF were lower in the miR-126
overexpression group, but higher in the miR-126 inhibition group, miR-126
inhibited liver cancer angiogenesis.

miR-126 inhibits the proliferation of MCF7 cells, induces apoptosis, and inhibits
tumor angiogenesis by downregulating the VEGF-A signaling pathway.
Carcinoma interstitial crosstalk induces miR-126 inhibition and promotes
angiogenesis and invasive growth of cervical cancer.

Sponge miR-126-5p promotes the expression of VEGFA, nasal mucus protein
and TWIST, thereby promoting the metastasis of colorectal cancer.
Overexpression of miR-126-3p in vivo inhibits the formation of endothelial cell
capillaries, significantly reducing tumor volume and microvessel density.

It can increase the angiogenesis ability of human umbilical vein endothelial cells
(HUVEGS), thereby improving blood vessel density, increasing proliferation and
migration, and promoting lumen formation and sprouting.

MIR-93 promotes tumor angiogenesis by reducing the expression of EPLIN.
miR-93 promotes tumor angiogenesis and metastasis by inhibiting the
expression of LATS2.

Reversely regulate VEGF and IL-8 gene expression and protein release, MCP-1
and PDGF also have potential regulatory effects.
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Characteristics numbers circLMO1 level p value

Low High

Total cases 31 16 15

Age 0.593
<65 12 7 5
>55 19 10 9

Tumor size (cm) 0.207
<4.0 20 12 8
>4.0 1" 6 5

Histology 0.319
Sguamous 21 12 9
Adenocarcinoma 10 4 6

FIGO stage 0.027
Ib-lla 13 5 8
lb-llla 18 11 7

Lymph node metastasis 0.095
Yes 19 8 i
No 12 5 7

¥2 tests for all the analyses.
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Clinical implications

High level of METTLS is associated with continual
recurrence and poor prognosis

Increased expression of METTL3 correlated with poor
prognosis

High expression of METTL3 in colorectal cancer is positively
correlated with better survival

High level of METTL3 and HNRNPA2B1 are correlated with
poor prognosis

Low level of METTL14 is correlated with poor prognosis

Low level of METTL14 is negatively correlated with the OS
and RFS

High level of METTL14 exhibits as a favorable prognostic
factor

Low levels of ZC3H13 is negatively correlated with the OS
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Over-expressed ALKBHS is correlates with poor prognosis
Up-regulated YTHDF1 is associated with poor OS

Over-expressed YTHDF2 is connection with poor
prognostic clinical outcomes
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Higher expressions of YTHDC?2 is closely associated with
worse outcomes and advanced stage

Up-regulated FTO is correlated with poor clinical outcomes
Low expression of FTO is correlated with poor prognosis
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IGF2BP3, and HNRNPC are closely associated with worse
outcomes and advanced stage

OS for the low mPAscore group was better than the high
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OS of low-grade glioma patients who received
chemotherapy in the low-m®Ascore group is higher than
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Chromosome Gene Name Gene Id Regulation Fold Change Start End P value

chr16 EIF3C ENSG00000184110 up 6.77 28711721 28712060 0.00
chr18 AC105105 ENSG00000276403 up 6.29 58477131 58477425 0.00
chr8 AC100812 ENSG00000272192 up 5.57 65842781 65842955 0.00
chr22 PRAME ENSG00000185686 up 5.39 22559031 22559241 0.00
chr19 DNM2 ENSG00000079805 up 5.34 10755219 10759693 0.00
chr20 GATAS ENSG00000130700 up 5.32 62473503 62475102 0.03
chr12 HSPA8P14 ENSG00000257539 up 5.29 111384576 111384724 0.02
chri GATAD2B ENSG00000143614 up 513 153852106 153852492 0.00
chr TMEM171 ENSG00000157111 up 5.04 73120688 73123386 0.03
chri HIST2H3A ENSG00000203852 up 4.94 149854193 149860230 0.00
chrit RNH1 ENSG00000023191 up 4.91 502587 502707 0.00
chr NBPF26 ENSG00000273136 up 491 120830503 120830563 0.03
chr8 AC107959 ENSG00000284956 up 4.81 23084385 23084532 0.01
chr12 OR7E47P ENSG00000257542 up 4.74 52092513 52104297 0.00
chr4 SLC25A21 ENSG00000183032 up 4.62 36678341 36678580 0.01
chri FLG ENSG00000143631 down -5.91 152314711 1562315402 0.00
chrg FAMBGE ENSG00000225725 down 517 8008396 8008546 0.02
chr16 CESst1 ENSG00000198848 down -56.16 55802851 55806387 0.00
chri SRGAP2 ENSG00000266028 down -4.91 206404975 206405095 0.00
chr16 WFDC1 ENSG00000103175 down -4.67 84325885 84326155 0.02
chrX WASIR1 ENSG00000185203 down -4.64 156015354 156016779 0.00
chr22 AC245452 ENSG00000224086 down -4.58 21955197 21955347 0.02
chr16 NOMO3 ENSG00000103226 down -4.33 16287792 16288639 0.00
chr21 APP ENSG00000142192 down -4.26 25045713 25945922 0.00
chr15 CHRFAM7A ENSG00000166664 down -4.26 30357796 30357976 0.01
chr19 SLC27A1 ENSG00000130304 down -4.15 17468769 17470576 0.01
chr2 COL4A3 ENSG00000169031 down -4.15 227283821 227284324 0.01
chr12 CSRNP2 ENSG00000110925 down -412 51083455 51083515 0.01
chr10 DOCK1 ENSG00000150760 down -4.12 127137756 127137995 0.02

chr2 ciQL2 ENSG00000144119 down -4.11 119156273 119156511 0.02
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Categories Regulators

mOA “writers” METTL3

METTL14

WTAP

RBM15/16B

ZC3H13

VIRMA

METTL16
METTL5S
ZCCHC4

mPA “erasers”  FTO

FTO
ALKBH5
ALKBH3

mBA “readers”  YTHDF1

YTHDF2

YTHDF3

IGF2BP1/2/ 3

YTHDC2

YTHDCH

HNRNPA2B1
HNRNPC/ G

Locations

Nucleus

Nucleus

Nucleus

Nucleus

Nucleus

Nucleus

Nucleus
Nucleus
Nucleus
Nucleus

Cytoplasm
Nucleus
Nucleus/cytoplasm
Cytoplasm

Cytoplasm

Cytoplasm

Cytoplasm

Cytoplasm

Nucleus

Nucleus
Nucleus

Mechanisms

The only catalytic subunit that installs m®A methylation by binding to
SAM and producing SAH

Forming METTL3-METTL14 heterodimer and steadies METTL3
conformation and identifies catalytic substrates; cooperates with the
H3K36me3 to install RNA mPA methylation

Facilitating mBA deposition by recruiting METTL3-METTL14
heterodimer complex localization to nuclear speckles

Assisting METTL3 and WTAP to their target RNA sites for RNA m6A
modification in nuclear speckles

Binding to WTAP and induces the nuclear localization of
ZC3H13-WTAP-Virilizer-Hakai complex

Guiding region-selective mRNA mBA modification in 3'-UTR and near
stop codon

Functioning alone in catalyzing m6A modification on U6 snRNA
Acting alone in catalyzing 18S rRNA m®A modification

Functioning alone in catalyzing 28S rRNA m®A modification
Promoting m®A modification in RNA removed dependent on aKG;
inducing RNA demethylation of m®Am in snRNA and m' A in tRNA
Promoting m®Aq, demethylation as well as tRNA m' A demethylation
Inducing m®A demethylation dependent on Fe (Il)

Promoting demethylation of target mammalian tRNA

Recruiting elF3/ 4E/4G, PABP, and 40S ribosomal subunit to magnify
RNA translation

Recognizing meA-modified RNA degradation sites by its C-terminal
region, and recruiting carbon CCR4-NOT deadenylase complex by its
N-terminal region

Increasing RNA translation in cooperation with YTHDF1 and promoting
RNA degradation by synergy with YTHDF2

Promoting the stability and translation of RNA by binding to
mPA-modified RNA through its K homology domains

Increasing m®A-modified RNA translation by binding to MEIOC and
5'-3'exoribonuclease 1

Promoting RNA splicing and facilitating m®A-methylated RNA
exportation from nucleus to cytoplasm

Acting as “mPA switch” to accelerate primary microRNA processing
Acting as “mPA switch” to change the structure of RNA
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Abbreviations: 3'-UTR: 3’ untranslated region; aKG: a-ketoglutarate; ALKBH: ALKB homolog; CCR4-NOT: carbon catabolite repressor 4-negative on TATA; elF: eukaryotic
translation initiation factor; FTO: fat mass and obesity-associated protein; H3K36me3: histone H3 lysine 36 trimethylation; HNRNP: heterogeneous nuclear ribonucleo-
protein; IGF2BP: insulin-like growth factor-2 mRNA-binding protein; m'A: N'-methyladenosine; méA: N8-methyladenosine; m8Am: N8, 2'-O-dimethyladenosine; METTL:
methyltransferase-like; MEIOC: meiosis-specific coiled-coil domain; PABP: poly(A) binding protein; PD-1: programmed death receptor 1; RBM: RNA-binding motif; rRNA:
ribosomal RNAs; SAH: S-adenosyl homocysteine; SAM: S-adenosylmethionine; SnRNA: small nuclear RNAs; tRNA: transfer RNA; VIRMA: vir-like mBA methyltransferase
associated; WTAP: Wilms’ tumor 1-associated protein; YTHDC: YTH domain-containing protein; YTHDF: YTH domain-containing family; ZC3H13: zinc finger CCCH-type
containing 13; ZCCHCA4: zinc finger CCHC-type containing 4.
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CricRNA

circ-ATXN1

circ-SHKBP1

Hsa-circ-0000515

circ-001971

circ-0056618

circ-PRRC2A

CircRNA-MYLK

circ-DICER1

Expression in tumor

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Targets

MMP2, VEGFA

VEGF

CXCL10

VEGFA

CXCR4, VEGFA

TRPM3

VEGFA/VEGFR2

PIBK/AKT

Functions

Knockout of circ-ATXN1 can significantly inhibit cell viability, migration and tube
formation of gliomas.

SHKBP1 acts as a sponge molecule, adsorbing miR-582-3p to increase the
expression of HUR and enhance the stability of VEGF mRNA.
hSA-circ-0000515 can bind to miR-296-5p and prevent it from inhibiting the
expression of CXCL10.

¢irc-001971 acts as a ceRNA to reduce the inhibition of miR-29¢-3p on
vascular endothelial growth factor, thereby increasing the proliferation, invasion
and angiogenesis of major bowel cancer.

circ-0056618 acts as a sponge molecule, adsorbs miR-206, up-regulates the
expression of CXCR4 and VEGFA in colorectal cancer, and promotes cell
proliferation, migration and angiogenesis.

circ-PRRC2A acts as a sponge molecule, adsorbing miR-514a-5p and
miR-6776-5p to prevent the degradation of the tissue-specific oncogene
TRPM3 mRNA, and promote angiogenesis and tumor metastasis.

circ-MYLK acts as a sponge molecule, adsorbing miR-29a to release its
inhibition of VEGFA, thereby activating the VEGFA/VEGFR2 signaling pathway,
and promoting the proliferation, migration, tubular formation and cytoskeleton
rearrangement of HUVEC.

circ-DICERT acts as a sponge molecule, adsorbs miR-103a-3p/miR-382-5p,
weakens its negative regulation of ZIC4 in GEC, and promotes cell viability,
migration and tube formation of GEC.
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siRNA delivery Content in Targets Functions References

system tumor

Polymeric micelles Upregulation HIF-1a, VEGF Inhibit the expression of HIF-1a and VEGF in RB cells, inhibit the Yang F. et al., 2020
HIF-1a/VEGF/VEGFR signaling pathway, and the proliferation, migration,
invasion of vascular endothelial cells

HA-TAT-TMC-TC NPs Upregulation PD-L1, STAT3 Downregulation of PD-L1 and STATS, inhibit proliferation, migration and Bastaki et al., 2021
angiogenesis of cancer cells, inhibit tumor growth in the body.

CMNPs carrying Upregulation ~ Bax/Bcl-2, caspase-3 Inhibit tumor angiogenesis and promote cell apoptosis by adjusting the ratio of Shan et al., 2020

Ang2-siRNA Bax/Bcl-2 and increasing the lytic expression of caspase-3

CL4H6-LNPs Upregulation STATS, HIF-1a Silencing STAT3 and HIF-1a leads to an increase in the concentration of Shobaki et al., 2020

macrophages (CD11b™ cells) and M1 macrophages that infiltrate the tumor
microenvironment (CD169% cells). It also leads to the reversal of the
tumor-promoting function of TAMs-mainly angiogenesis and tumor cell
activation.
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NcRNAs

The relationship between other
ncRNAs and tumor development

References

piR-1245 (pIRNA)

U1 snRNA (snRNA)

SNORDS50A-
SNORD50B
(snoRNA)

piR-1245 acts as an oncogene and
promotes the development of tumors.
Its direct target is the tumor suppressor
gene ATF3, BTG1, DUSP1, FAS,
NFKBIA, UPP1, SESN2, TP53INP1 and
MDX1.

There is a highly repetitive A > C
mutation at the third base of U1 snRNA.
The mutation leads to the formation of
new splice junctions and changes the
splicing pattern of multiple genes,
leading to abnormal splicing in cancer.
In KRAS mutant tumor cells, the
deletion of SNORD50A and
SNORDS50B promoted tumorigenesis,
and the deletion of SNORD50A and
SNORDS50B and KRAS mutation
coexisted significantly in multiple tumor
types.

Weng et al.,
2018

Shuai et al.,
2019

Siprashuvili
etal., 2016
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LncRNA Expression in tumor Targets

H19 Upregulation VEGF

VASH2

DNMT3B

VASH1

HIF-1a

HOTAIR Upregulation VEGF
VEGFA
VEGFC

MVIH Upregulation VEGF

Kie7

PGK1

Functions

Up-regulate the production and release of VEGF and enhance the ability of
HUVEC cells to arrange tubular structures in vitro.

Proliferation, migration and tubular formation of vascular endothelial cells. After
knockout, the expression of miR-29a is up-regulated to reduce the expression
of VASH2.

Promote the proliferation, invasion and migration of bladder cancer cells,
regulate epithelial-mesenchymal transition (EMT) and rearrange the
cytoskeleton.

Knockout inhibits the ability of the promoter region of VASH1 to recruit methy!
groups, increases the expression of VASH1 and the secretion of HAMSCs,
thereby inhibiting angiogenesis.

Promote tumor cell proliferation, migration, invasion and angiogenesis through
the miR138/HIF1a axis.

Inhibit cell apoptosis, stimulate angiogenesis, accelerate cell cycle progress,
and induce epithelial-mesenchymal transition (EMT).

Promote angiogenesis through GRP78-mediated upregulation of VEGFA and
Ang2 expression.

Promote angiogenesis of breast epithelial cells through transcriptional activation
of VEGF-C, thereby promoting the occurrence of metastasis.

Activate angiogenesis in mouse models to promote tumor growth and
intrahepatic metastasis.

The expression level of MVIH in breast cancer tissue is higher than that in
adjacent tissues, and the high expression of MVIH is closely related to the
expression of Ki67.

The interaction between RPS24¢c mRNA and LncRNA MVIH activates colorectal
cancer angiogenesis by inhibiting the secretion of PGK1.
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