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Background: The N6-methyladenosine (m6A) modification plays a critical role in cancer development. Little is known about the m6A modification in triple-negative breast cancer (TNBC), the most aggressive subtype of breast cancer. Thus, the prognostic value of m6A RNA methylation in TNBC deserves exploration.

Methods: The expression levels of the 13 m6A methylation regulators were compared between the 98 TNBC tumor samples and normal tissue samples based on the transcriptome profiles from The Cancer Genome Atlas (TCGA). The association between the m6A regulators and patients' overall survival was assessed by Kaplan-Meier survival analysis and Cox regression analysis. Lasso regression analysis was conducted to construct a prognostic model based on the m6A methylation system. The prognostic performance of the identified model was validated in GSE88847 and GSE135565 datasets. A nomogram combining the TNM stage and the m6A prognostic model was further constructed for the survival prediction of TNBC patients.

Results: The m6A regulator genes were remarkably dysregulated in TNBC tumor tissues, with ALKBH5, YTHDF2, HNRNPC, KIAA1429, and RBM15 significantly up-regulated and FTO, YTHDC1, YTHDC2, METTL3, METTL14, and ZC3H13 significantly down-regulated (P < 0.01). The expression level of ALKBH5 was an independent unfavorable prognostic factor (HR = 3.327, P = 0.006), while METTL14 (HR = 0.425, P = 0.009) was an independent favorable prognostic factor for TNBC patients. A prognostic model consisting of ALKBH5 and METTL14 was therefore proposed displaying higher accuracy of risk prediction when combined with TNM stage with an AUC of 0.791. The prognostic value of the identified signature remained consistent within the two external validation datasets.

Conclusion: The m6A methylation regulators were significantly dysregulated in TNBC tissues and could constitute a novel prognostic signature for the survival prediction of TNBC patients.
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INTRODUCTION

Breast cancer (BC) is one of the most life-threatening malignancies in females. According to the cancer epidemiological investigation of the American Cancer Society, BC is the most common malignancy and the second leading cause of cancer-related death among women in the United States in 2020 (Siegel et al., 2020). Globally, female BC remains a heavy heath burden in the great majority of regions, including both developing and developed countries (Bray et al., 2018). Based on the heterogeneity of gene expression profiles (i.e., estrogen receptor [ER], progesterone receptor [PR], and human epidermal growth factor receptor 2 [HER2]), BC is typically classified into four main molecular subtypes: luminal A (ER and/or PR-positive, HER2-negative), luminal B (ER and/or PR-positive, HER2-positive), HER2-enriched (ER and PR-negative, HER2-positive), and triple-negative (ER, PR, and HER2-negative) (Carey et al., 2006). The different subtypes of BC present varied characteristics with regard to biological properties, treatment tactics, and clinical outcomes (Di Cosimo and Baselga, 2010; Lu, 2018). Since triple-negative breast cancer (TNBC) tends to behave more aggressively and has a relatively worse prognosis than the other subtypes, the appropriate prognostic prediction strategy of TNBC is considered to have critical importance in disease management (Bianchini et al., 2016; Bao et al., 2019). However, apart from the traditional TNM staging evaluation system, other prognostic biomarkers sporadically proposed by limited sample surveys are likewise deficient in stability and consistency of survival prediction for TNBC (Park et al., 2011).

A growing number of studies have demonstrated the role of misregulated RNA modifications in cancer development. Up to now, more than one hundred types of RNA modifications have been discovered, which gives rise to a new frontier in cancer research apart from well-studied DNA or protein modifications (Barbieri and Kouzarides, 2020). N6-methyladenosine (m6A), which refers to the methylation of adenosine at nitrogen-6 position, is the most common and best characterized RNA modification found in both coding and non-coding RNAs (Pan, 2013). It has been well-documented that the m6A modification is regulated by the dynamic interplay between the “writer,” “reader,” and “eraser” proteins (Dai et al., 2018; Reichel et al., 2019). Briefly, the m6A methylation process is catalyzed by “writers”—the methyltransferases including METTL3, METTL14, WTAP, KIAA1429, RBM15, and ZC3H13, and reversed by “erasers”—the demethylases including FTO and ALKBH5. The m6A binding proteins (YTHDC1, YTHDC2, YTHDF1, YTHDF2, and HNRNPC) function as “readers” which recognize specific m6A modified RNAs and mediate post-transcriptional regulation (Yang et al., 2018). These m6A methylation regulators are frequently dysregulated in cancer and may profoundly influence tumor initiation, progression, and metastasis (Lan et al., 2019). Therefore, the expression profile of the 13 m6A regulator genes in tumor tissues and its potential as prognostic biomarkers for cancer survival is worth studying.

Thus, far, evidence regarding the role of m6A methylation in TNBC is still quite limited. Moreover, whether the m6A regulatory system can raise a novel signature for the prediction of TNBC survival remains largely unknown. To address these issues, the present study mainly explored the expression pattern of the m6A regulatory genes in TNBC tissues and its correlation with TNBC prognosis based on the data of The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO).



METHODS


Data Source and Study Design

The 98 TNBC tumor tissue samples in The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) dataset were trained for the construction of prognostic model and nomogram. The follow-up time and clinicopathologic parameters of the 98 TNBC patients as well as the level 3 transcriptome profiling data of tumor tissues and the 114 normal breast tissues were downloaded from https://portal.gdc.cancer.gov/. The Fragments Per Kilobase per Million (FPKM)-normalized gene expression data was obtained and normalized by “limma” package. The 13 m6A regulator genes were annotated according to the human reference genome assembly GRCh38, and the gene expression was normalized using the limma package and combined into a matrix (Ritchie et al., 2015).

The TNBC samples of two microarray datasets of gene expression profiling—GSE88847 and GSE135565 were tested to confirm the prognostic value of the identified signature. GSE88847 recorded the metastasis, recurrence, and survival status of 37 TNBC patients. GSE135565 contained the TNM stage, standardized uptake value (SUV), and survival status information of 100 TNBC patients. The corresponding series matrix files and platform files were obtained from GEO (https://www.ncbi.nlm.nih.gov/). Probe IDs of the arrays were transformed into gene symbols according to the corresponding platform information. For each dataset, the expression levels of the 13 m6A regulator genes and the clinical information of patient samples were merged into a matrix for further analysis.

All data used in the study was obtained from TCGA, and thus ethical approval and informed consent were not required.



Construction of the Prognostic Model

To enhance the accuracy of survival prediction, Lasso (least absolute shrinkage and selection) regression analysis using the glmnet (Friedman et al., 2010) and caret packages (https://CRAN.R-project.org/package=caret) was performed for variable selection. The coefficient of each variable in the regression model was recorded and used to calculate the risk score of each patient. The patient samples of the TCGA and two GEO datasets were separately divided into high-risk and low-risk groups according to the median value of the estimated risk scores.



External Validation of the Model

In GSE88847 (n = 37 TNBC samples), the calculated risk scores were compared between patients presenting different disease characteristics (i.e., no-metastasis vs. metastasis, no-recurrence vs. recurrence, and alive vs. dead) to verify whether patients with advanced disease had higher risk scores. In GSE135565 (n = 84 TNBC samples), subgroup analysis was conducted to evaluate the correlation between risk score and TNM stage and SUV. The log-rank test was used to compare the survival distributions of high-risk and low-risk patients.



Development and Evaluation of a Nomogram

In the TCGA dataset, the calculated risk score and TNM stage was integrated into a nomogram for the more precise prediction of TNBC prognosis. The accuracy and clinical utility of the predictive system was assessed by calibration curve analysis and decision curve analysis (DCA), respectively.



Gene Set Enrichment Analysis (GSEA)

The pathways potentially involved by the high-risk and low-risk TNBC patients were explored by gene set enrichment analysis (GSEA). The classical gene sets of Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Oncology (GO) assemblies were analyzed. For each gene set, normalized enrichment score (NES) and adjusted P-value was calculated by comparing the comprehensive transcriptome expression data between the high-risk and low-risk subgroups. A normalized P < 0.05 was considered to be significant.



Statistics Methods and Tools

The Mann–Whitney U-test was performed to compare the gene expression difference between TNBC tumor tissues and normal tissues as well as the risk scores of patients with varied clinicopathologic features. The univariate and multivariate Cox regression analysis was conducted to select prognosis-associated genes. The Kaplan-Meier (KM) curve and log-rank test was used to make survival comparison between two subgroups. Receiver operating characteristic (ROC) curves were developed to illustrate the prognostic value of the identified signature. In this study, the rate of type I error was set as 0.05. When selecting the differentially expressed genes and the significantly involved pathways, the false discovery rate (FDR) was calculated to adjust the initial P-values, and the cutoff of FDR was set as 0.05. Statistical analysis in this study was conducted using the R software (version 3.6.3).




RESULTS


Expression of the m6A RNA Methylation Regulators in TNBC

The mRNA expression levels of the 13 m6A methylation regulators were analyzed in the TCGA-BRCA dataset. Except WTAP, the abnormal expression of all the other 12 genes was observed in the 98 TNBC tumor tissues compared with the 114 normal tissues (Figures 1A,C). Specifically, ALKBH5, YTHDF2, HNRNPC, KIAA1429, and RBM15 were significantly up-regulated in TNBC tissues, while FTO, YTHDC1, YTHDC2, METTL3, METTL14, and ZC3H13 were significantly down-regulated (P < 0.01). In addition, the expression of the 13 genes was compared between the early-stage (stage I and stage II) and late-stage (stage III and stage IV) TNBC patients (Figures 1B,D). The significant up-regulation of ALKBH5 and KIAA1429, and down-regulation of FTO, METTL14, WTAP, and ZC3H13 could be observed in the TNBC patients with advanced stages (P < 0.05), indicating that these m6A regulators may be associated with progression of TNBC.


[image: Figure 1]
FIGURE 1. The expression of the 13 m6A RNA methylation regulators in TNBC. (A) The heatmap of gene expression in TNBC tissues (n = 98) and normal tissues (n = 114). (B) The heatmap of gene expression in TNBC patients with different pathological stages. (C) The boxplot of gene expression levels in TNBC tissues and normal tissues. Horizontal line: mean with 95% confidence interval (CI). (D) The boxplot of gene expression levels in early-stage (stage I and stage II) TNBC patients and late-stage (stage III and stage IV) TNBC patients. Horizontal line: mean with 95% CI. *P < 0.05, **P < 0.01, ***P < 0.001.




Prognostic Value of the m6A RNA Methylation Regulators for TNBC

The association between the 13 genes and the clinical outcome of TNBC patients was explored in the TCGA-BRCA dataset. The univariate Cox regression analysis suggested that the increased expression of ALKBH5 and decreased expression of METTL14 is significantly correlated with the poor prognosis of TNBC patients (Figure 2A). The multivariate Cox regression analysis further confirmed that the expression level of ALKBH5 is an independent unfavorable prognostic factor (HR = 3.327, 95% confidence interval [CI]: 1.230–8.999, P = 0.006), and METTL14 (HR = 0.425, 95% CI: 0.229–0.789, P = 0.009) is an independent favorable prognostic factor for TNBC patients (Figure 2B). The log-rank survival analysis showed that the TNBC patients with higher expression of ALKBH5 or lower level of METTL14 have remarkable poorer survival (P < 0.05; Figures 2C,D). For the prognostic prediction of TNBC, the AUCs of ALKBH5 and METTL14 were 0.746 and 0.664, respectively (Figure 2E), authenticating the effectiveness of the two potential prognostic factors.


[image: Figure 2]
FIGURE 2. Association of the 13 m6A RNA methylation regulators with the overall survival of TNBC patients. (A,B) The forest plot of univariate and multivariate Cox regression analysis. (C,D) The comparison of survival curves between high- and low- ALKBH5 and METTL14 expression subgroups. HR, hazard ratio. (E) The ROC curves of the two genes suggesting the sensitivity and specificity for survival prediction. ROC, receiver operating characteristic; AUC, area under the curve.




Building of a Survival Prediction Model

The two prognostic factors were combined using the Lasso regression method to build a prognostic model for the survival prediction of TNBC (Figure 3). The risk score of each TNBC patient estimated by the model could be calculated by the formula “1.202 × ALKBH5 expression−0.856 × METTL14 expression.” In the TCGA-BRCA dataset, the 98 TNBC patients were separated into the high-risk and low-risk groups based on the median value of the calculated risk scores. The heatmap of risk distribution among the 98 patients with different clinicopathologic features was shown in Figure 4A.


[image: Figure 3]
FIGURE 3. Establishment of the risk signature integrating the 2 m6A RNA methylation regulators. The coefficients estimated by the Lasso regression method are presented. Each curve in the (A) represents the path of a lasso coefficient against the L1-norm (the penalty term for lasso) when λ changes. A coefficient that becomes non-zero when λ changes enters the LASSO regression model. (B) The coefficients estimated by the Lasso regression method are presented.
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FIGURE 4. The relation between risk score and clinicopathological characteristics in TNBC. (A) The heatmap of risk distribution in TNBC patients with varied clinicopathological characteristics. (B) The comparison of risk score among patients with different TNM stages (Stage I+II vs. Stage III+IV). (C) Multivariate Cox regression analysis of the association between clinicopathological factors (risk score and stage) and overall survival of patients. (D) ROC curves comparing predictive sensitivity and specificity between the risk score and stage system. ROC: receiver operating characteristic. AUC, area under the curve. *P < 0.05, ***P < 0.001.


In the TCGA cohort, the risk score was significantly associated with TNM stages. The TNBC patients in the late stage (Stage III/IV) had higher risk scores than those in Stage I and Stage II (P < 0.05; Figure 4B). The multivariate Cox regression analysis that combined the risk score and TNM stage was performed to assess the independent predictive value of the model. As shown in Figure 4C, in the TCGA dataset, the estimated risk score could predict the clinical outcomes of TNBC patients independently of TNM stage (HR > 1, P = 0.007). The AUCs of the model to predict TNBC survival was 0.746, higher than that of the TNM staging system (AUC = 0.727). When the two parameters of the risk score and TNM stage were combined, the predictive performance was further improved with an AUC of 0.791 (Figure 4D).



External Validation in GEO Datasets

The GSE88847 and GSE135565 datasets that contained the transcriptome profiling data of TNBC patients were analyzed to validate the prognostic value of the identified model. In GSE88847, the results showed that the metastatic (Figure 5A), recurrent (Figure 5B), and dead cases (Figure 5C) had significant higher risk scores than the controls (P < 0.05). In GSE135565, the association between risk scores and TNM stage as well as standardized uptake value (SUV) was evaluated. The risk scores of the TNBC patients in Stage II were much higher than those in Stage I (P < 0.01; Figure 5D). The SUV-high cluster (SHC) presented significant higher risk scores than the SUV-low cluster (SLC; P < 0.01; Figure 5E). The overall survival of patients in the GSE135565 dataset was further calculated. The log-rank survival analysis verified that the estimated high-risk patients exactly have a poorer prognosis than the low-risk patients (Figure 5F).


[image: Figure 5]
FIGURE 5. External validation of the identified signature in GSE88847 (A–C) and GSE135565 (D–F) datasets. (A–E) Comparison of the estimated risk scores in different subgroups. Horizontal line: mean with SD. SLC, standardized uptake value (SUV)-low cluster; SHC, SUV-high cluster. *P < 0.05, **P < 0.01. (F) The Kaplan-Meier survival curves comparing the overall survival between high-risk and low-risk TNBC patients in GSE135565. HR, hazard ratio.




A Nomogram to Estimate Prognosis in TNBC

A nomogram integrating the risk score and TNM stage was built to estimate the prognosis of TNBC patients using the TCGA dataset (Figure 6A). The calibration curves indicated that the nomogram can estimate 3- and 5-years survival probability of TNBC patients with high accuracy (Figure 6B). The DCA curve analysis further demonstrated the clinical utility of the nomogram (Figure 6C).


[image: Figure 6]
FIGURE 6. The nomogram prediction model. (A) The nomogram combining the risk score and TNM stage system for the survival prediction of TNBC. (B) The calibration curves comparing the estimated 3- and 5-years survival probability with the actual survival probability of TNBC patients. (C) The 3- and 5-years decision curve analysis (DCA) evaluating the clinical utility of the nomogram.




Functional Enrichment Analysis

Finally, we explored the significant pathways potentially involved by the high-risk patients compared with the low-risk (P < 0.05) (Figure 7). Some well-appreciated cancer-related pathways were identified, such as Notch, mTOR, and Hedgehog signaling pathways. Also, several critical biological processes including DNA repair, hypoxia, and glucose and lipid metabolism that play important roles in cancer cell survival, growth, chemoresistance, and angiogenesis were highly associated with the estimated high-risk patients and, probably, m6A-associated TNBC progression.


[image: Figure 7]
FIGURE 7. Significant pathways that may be associated with the estimated high-risk patients compared with the low-risk group using gene set enrichment analysis (GSEA).





DISCUSSION

TNBC is characterized by the negative expression of ER, PR, and HER2, and accounts for around 15–20% of all diagnosed breast cancer cases (Lee et al., 2009). Unlike the other subtypes, TNBC is more common in younger female patients and usually indicates poorer clinical outcomes despite intensive treatment (Gnerlich et al., 2009). Clinically, TNBC tends to behave more aggressively than the other subtypes, with a higher risk of recurrence, metastasis, and cancer-related death (Mustacchi and De Laurentiis, 2015). At present, it remains a challenge to improve the overall survival of TNBC patients owing to the absence of efficient treatment strategies, which makes the proposal of appropriate prognostic models necessary for risk prevention. Previous studies have identified several traditional clinic-pathological features (i.e., age, tumor size, and nodal status) in addition to some well-recognized prognostic factors, such as androgen receptor expression, Ki67 index and basal cytokeratin status, to provide reference for the outcome estimation of TNBC patients (Rakha et al., 2007; Kashiwagi et al., 2011; Lai et al., 2011; Adamo et al., 2017). However, a prediction system based only on several anatomy features or molecular properties may be unstable to reflect the overall and long-term changes in TNBC (Colozza et al., 2005). A comprehensive model brought up from a new angle of view is thus in urgent need to provide higher predictive accuracy for risk stratification in TNBC.

In the present study, we focused on the m6A modification system and constructed a comprehensive model for the prognostic prediction of TNBC. The m6A modifications exert comprehensive functions by participating in a broad range of post-transcriptional regulation processes, such as RNA transcription, translation, splicing, and degradation. Through altering the expression of target genes, m6A methylation exerts deep influence on the corresponding cellular events and cell fate (Chen et al., 2019; He et al., 2019). In various cancer types, the abnormal m6A modification has been gradually appreciated, attracting increasing attention to the investigation of m6A function in cancer biological processes. For example, the m6A methyltransferases METTL3/14 and WTAP could act as oncogenic factors by promoting the translation of several oncogenes including c-MYC, BCL2, PTEN, and mTOR in acute myeloid leukemia (Bansal et al., 2014; Vu et al., 2017; Sorci et al., 2018; Weng et al., 2018). The tumor-promoting effect of METTL3 was also reflected by its activity to mediate YTHDF2-dependent mRNA decay of SOCS2, a suppressor of cancer metastasis (Chen et al., 2018). Interestingly, METTL14 was found to be positively associated with cancer prognosis in several other scenarios. For instance, this protein could suppress metastasis of hepatocellular carcinoma by modulating m6A-dependent microRNA processing and biogenesis (Ma et al., 2017). Wang et al. also identified METTL14 as an independent favorable prognostic marker in clear cell renal cell carcinoma (Wang et al., 2020). In breast cancer, the tumor-promoting activity of the m6A regulators such as METTL3 and ALKBH5 were also described (Zhang et al., 2016; Cai et al., 2018). However, the role of m6A regulators in progression and prognosis of TNBC remains largely elusive.

In this study, we unveiled that the m6A methylation regulators are significantly dysregulated in TNBC tumor tissues compared with normal tissues based on the TCGA transcriptome profiling data (Figure 1). Notably, up-regulation of ALKBH5 and down-regulation of METTL14 could independently indicate an adverse prognosis in TNBC patients (Figure 2). The findings were consistent with the previous studies. Wu et al. showed that reduction of the m6A level by decreasing METTL14 or elevating ALKBH5 expression promotes proliferation and migration of breast cancer cells (Wu et al., 2019). Zhang et al. revealed that overexpression of ALKBH5 enhances NANOG expression by mediating m6A-demethylation of its mRNA, consequently leading to the stem-like features of breast cancer cells (Zhang et al., 2016). The oncogenic role of ALKBH5 was also reported in glioblastoma (Zhang et al., 2017). However, METTL14 was found to act as both the tumor suppressor and the oncogenic protein by collaborating with different m6A “reader” proteins in the context of diverse cancer types (Cui et al., 2017; Ma et al., 2017; Liu et al., 2018; Weng et al., 2018). Therefore, our findings along with the above mentioned studies further demonstrate the important roles of the 2 m6A modulators in TNBC progression and prognosis.

By performing Lasso regression analysis, we constructed a prognostic model incorporating METTL14 and ALKBH5 expression for the survival prediction of TNBC (Figure 3). TNBC patients were divided into the high-risk and low-risk groups based on the estimated risk scores. Subgroup analyses conducted in the TCGA and external validation GEO datasets suggested that patients with more advanced disease status have significant higher risk according to this estimating system. When the TNM stage system and the Lasso regression model were combined, the prognostic performance was further improved with an AUC of 0.791 (Figure 4). Hence, we further integrated the two parameters together and built a comprehensive nomogram to estimate the survival probability of TNBC patients (Figures 5, 6). The calibration curves and DCA curves showed the clinical significance of this novel prognostic signature.

This study described the first association of m6A modification with prognostic evaluation system in TNBC. Compared with the classical TNM stage, the identified signature had better performance in the survival prediction of TNBC patients. Nevertheless, it is intriguing to mechanistically investigate the role of ALKBH5 and METTL14 in TNBC, which would be rewarding for future development of more accurate prognostic models and eventually therapeutic approaches.



CONCLUSION

In summary, the present study has demonstrated for the first time the aberrant expression of the m6A regulators in TNBC tissues. A novel prognostic model incorporating the expression of ALKBH5 and METTL14 was constructed to estimate the risk of TNBC patients.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article.



ETHICS STATEMENT

All data used in the study was obtained from TCGA, and thus ethical approval and informed consent were not required.



AUTHOR CONTRIBUTIONS

SW, XZo, and YC conducted data mining, analysis, and drafted the manuscript. WC provided critical instructions. XZh designed, supervised the study, and composed the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the National Natural Science Foundation of China (Nos. 81874053 and 82072879).



ACKNOWLEDGMENTS

We thank the innovative research team of high-level local university in Shanghai.



REFERENCES

 Adamo, B., Ricciardi, G. R. R., Ieni, A., Franchina, T., Fazzari, C., Sanò, M. V., et al. (2017). The prognostic significance of combined androgen receptor, E-Cadherin, Ki67 and CK5/6 expression in patients with triple negative breast cancer. Oncotarget 8, 76974–76986. doi: 10.18632/oncotarget.20293

 Bansal, H., Yihua, Q., Iyer, S. P., Ganapathy, S., Proia, D. A., Penalva, L. O., et al. (2014). WTAP is a novel oncogenic protein in acute myeloid leukemia. Leukemia 28, 1171–1174. doi: 10.1038/leu.2014.16

 Bao, C., Lu, Y., Chen, J., Chen, D., Lou, W., Ding, B., et al. (2019). Exploring specific prognostic biomarkers in triple-negative breast cancer. Cell Death Dis. 10:807. doi: 10.1038/s41419-019-2043-x

 Barbieri, I., and Kouzarides, T. (2020). Role of RNA modifications in cancer. Nat. Rev. Cancer 20, 303–322. doi: 10.1038/s41568-020-0253-2

 Bianchini, G., Balko, J. M., Mayer, I. A., Sanders, M. E., and Gianni, L. (2016). Triple-negative breast cancer: challenges and opportunities of a heterogeneous disease. Nat. Rev. Clin. Oncol. 13, 674–690. doi: 10.1038/nrclinonc.2016.66

 Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68, 394–424. doi: 10.3322/caac.21492

 Cai, X., Wang, X., Cao, C., Gao, Y., Zhang, S., Yang, Z., et al. (2018). HBXIP-elevated methyltransferase METTL3 promotes the progression of breast cancer via inhibiting tumor suppressor let-7g. Cancer Lett. 415, 11–19. doi: 10.1016/j.canlet.2017.11.018

 Carey, L. A., Perou, C. M., Livasy, C. A., Dressler, L. G., Cowan, D., Conway, K., et al. (2006). Race, breast cancer subtypes, and survival in the Carolina Breast Cancer Study. JAMA 295, 2492–2502. doi: 10.1001/jama.295.21.2492

 Chen, M., Wei, L., Law, C. T., Tsang, F. H., Shen, J., Cheng, C. L., et al. (2018). RNA N6-methyladenosine methyltransferase-like 3 promotes liver cancer progression through YTHDF2-dependent posttranscriptional silencing of SOCS2. Hepatology. 67, 2254–2270. doi: 10.1002/hep.29683

 Chen, X. Y., Zhang, J., and Zhu, J. S. (2019). The role of m(6)A RNA methylation in human cancer. Mol Cancer 18:103. doi: 10.1186/s12943-019-1033-z

 Colozza, M., Azambuja, E., Cardoso, F., Sotiriou, C., Larsimont, D., and Piccart, M. J. (2005). Proliferative markers as prognostic and predictive tools in early breast cancer: where are we now? Ann. Oncol. 16, 1723–1739. doi: 10.1093/annonc/mdi352

 Cui, Q., Shi, H., Ye, P., Li, L., Qu, Q., Sun, G., et al. (2017). m(6)A RNA Methylation Regulates the Self-Renewal and Tumorigenesis of Glioblastoma Stem Cells. Cell Rep. 18, 2622–2634. doi: 10.1016/j.celrep.2017.02.059

 Dai, D., Wang, H., Zhu, L., Jin, H., and Wang, X. (2018). N6-methyladenosine links RNA metabolism to cancer progression. Cell Death Dis. 9:124. doi: 10.1038/s41419-017-0129-x

 Di Cosimo, S., and Baselga, J. (2010). Management of breast cancer with targeted agents: importance of heterogeneity. [corrected]. Nat Rev Clin Oncol. 7, 139–147. doi: 10.1038/nrclinonc.2009.234


 Friedman, J., Hastie, T., and Tibshirani, R. (2010). Regularization Paths for Generalized Linear Models via Coordinate Descent. J Stat Softw. 33, 1–22. doi: 10.18637/jss.v033.i01

 Gnerlich, J. L., Deshpande, A. D., Jeffe, D. B., Sweet, A., White, N., and Margenthaler, J. A. (2009). Elevated breast cancer mortality in women younger than age 40 years compared with older women is attributed to poorer survival in early-stage disease. J. Am. Coll. Surg. 208, 341–347. doi: 10.1016/j.jamcollsurg.2008.12.001

 He, L., Li, H., Wu, A., Peng, Y., Shu, G., and Yin, G. (2019). Functions of N6-methyladenosine and its role in cancer. Mol. Cancer. 18:176. doi: 10.1186/s12943-019-1109-9

 Kashiwagi, S., Yashiro, M., Takashima, T., Aomatsu, N., Ikeda, K., Ogawa, Y., et al. (2011). Advantages of adjuvant chemotherapy for patients with triple-negative breast cancer at Stage II: usefulness of prognostic markers E-cadherin and Ki67. Breast Cancer Res. 13:R122. doi: 10.1186/bcr3068

 Lai, H. W., Kuo, S. J., Chen, L. S., Chi, C. W., Chen, S. T., Chang, T. W., et al. (2011). Prognostic significance of triple negative breast cancer at tumor size 1 cm and smaller. Eur. J. Surg. Oncol. 37, 18–24. doi: 10.1016/j.ejso.2010.10.003

 Lan, Q., Liu, P. Y., Haase, J., Bell, J. L., Hüttelmaier, S., and Liu, T. (2019). The Critical Role of RNA m(6)A Methylation in Cancer. Cancer Res. 79, 1285–1292. doi: 10.1158/0008-5472.CAN-18-2965

 Lee, K. L., Kuo, Y. C., Ho, Y. S., and Huang, Y. H. (2009). Triple-Negative Breast Cancer: Current Understanding and Future Therapeutic Breakthrough Targeting Cancer Stemness. Cancers 11:1334. doi: 10.3390/cancers11091334

 Liu, J., Eckert, M. A., Harada, B. T., Liu, S. M., Lu, Z., Yu, K., et al. (2018). m(6)A mRNA methylation regulates AKT activity to promote the proliferation and tumorigenicity of endometrial cancer. Nat. Cell Biol. 20, 1074–1083. doi: 10.1038/s41556-018-0174-4

 Lu, H. (2018). New players critical for breast cancer. J. Mol. Cell Biol. 10, 271–272. doi: 10.1093/jmcb/mjy046

 Ma, J. Z., Yang, F., Zhou, C. C., Liu, F., Yuan, J. H., Wang, F., et al. (2017). METTL14 suppresses the metastatic potential of hepatocellular carcinoma by modulating N(6) -methyladenosine-dependent primary MicroRNA processing. Hepatology 65, 529–543. doi: 10.1002/hep.28885

 Mustacchi, G., and De Laurentiis, M. (2015). The role of taxanes in triple-negative breast cancer: literature review. Drug Des. Devel. Ther. 9, 4303–4318. doi: 10.2147/DDDT.S86105

 Pan, T. (2013). N6-methyl-adenosine modification in messenger and long non-coding RNA. Trends Biochem. Sci. 38, 204–209. doi: 10.1016/j.tibs.2012.12.006

 Park, Y. H., Lee, S. J., Cho, E. Y., Choi, Y. L., Lee, J. E., Nam, S. J., et al. (2011). Clinical relevance of TNM staging system according to breast cancer subtypes. Ann. Oncol. 22, 1554–1560. doi: 10.1093/annonc/mdq617

 Rakha, E. A., El-Sayed, M. E., Green, A. R., Lee, A. H., Robertson, J. F., and Ellis, I. O. (2007). Prognostic markers in triple-negative breast cancer. Cancer 109, 25–32. doi: 10.1002/cncr.22381

 Reichel, M., Koster, T., and Staiger, D. (2019). Marking RNA: m6A writers, readers, and functions in Arabidopsis. J. Mol. Cell Biol. 11, 899–910. doi: 10.1093/jmcb/mjz085

 Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., et al. (2015). limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 43:e47. doi: 10.1093/nar/gkv007

 Siegel, R. L., Miller, K. D., and Jemal, A. (2020). Cancer statistics, 2020. CA Cancer J. Clin. 70, 7–30. doi: 10.3322/caac.21590


 Sorci, M., Ianniello, Z., Cruciani, S., Larivera, S., Ginistrelli, L. C., Capuano, E., et al. (2018). METTL3 regulates WTAP protein homeostasis. Cell Death Dis. 9:796. doi: 10.1038/s41419-018-0843-z

 Vu, L. P., Pickering, B. F., Cheng, Y., Zaccara, S., Nguyen, D., Minuesa, G., et al. (2017). The N(6)-methyladenosine (m(6)A)-forming enzyme METTL3 controls myeloid differentiation of normal hematopoietic and leukemia cells. Nat. Med. 23, 1369–1376. doi: 10.1038/nm.4416

 Wang, J., Zhang, C., He, W., and Gou, X. (2020). Effect of m(6)A RNA Methylation Regulators on Malignant Progression and Prognosis in Renal Clear Cell Carcinoma. Front. Oncol. 10:3. doi: 10.3389/fonc.2020.00003

 Weng, H., Huang, H., Wu, H., Qin, X., Zhao, B. S., Dong, L., et al. (2018). METTL14 Inhibits Hematopoietic Stem/Progenitor Differentiation and Promotes Leukemogenesis via mRNA m(6)A Modification. Cell Stem Cell. 22, 191–205.e9. doi: 10.1016/j.stem.2017.11.016

 Wu, L., Wu, D., Ning, J., Liu, W., and Zhang, D. (2019). Changes of N6-methyladenosine modulators promote breast cancer progression. BMC Cancer. 19:326. doi: 10.1186/s12885-019-5538-z

 Yang, Y., Hsu, P. J., Chen, Y. S., and Yang, Y. G. (2018). Dynamic transcriptomic m(6)A decoration: writers, erasers, readers and functions in RNA metabolism. Cell Res. 28, 616–624. doi: 10.1038/s41422-018-0040-8

 Zhang, C., Samanta, D., Lu, H., Bullen, J. W., Zhang, H., Chen, I., et al. (2016). Hypoxia induces the breast cancer stem cell phenotype by HIF-dependent and ALKBH5-mediated m6A-demethylation of NANOG mRNA. Proc. Natl. Acad. Sci. U.S.A. 113, E2047–E2056. doi: 10.1073/pnas.1602883113

 Zhang, S., Zhao, B. S., Zhou, A., Lin, K., Zheng, S., Lu, Z., et al. (2017). m(6)A Demethylase ALKBH5 maintains tumorigenicity of glioblastoma stem-like cells by sustaining FOXM1 expression and cell proliferation program. Cancer Cell. 31, 591–606.e6. doi: 10.1016/j.ccell.2017.02.013

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

Copyright © 2021 Wang, Zou, Chen, Cho and Zhou. 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.



OPS/images/fgene-11-580036-g005.gif





OPS/images/fgene-11-580036-g006.gif





OPS/images/fgene-11-580036-g003.gif





OPS/images/fgene-11-580036-g004.gif





OPS/images/fgene-11-580036-g007.gif
i

i;m I
JUITTILIL T I&J_“M‘_ (wulu\!uum
|- |l






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effect of N6-Methyladenosine Regulators on Progression and Prognosis of Triple-Negative Breast Cancer



		Introduction



		Methods



		Data Source and Study Design



		Construction of the Prognostic Model



		External Validation of the Model



		Development and Evaluation of a Nomogram



		Gene Set Enrichment Analysis (GSEA)



		Statistics Methods and Tools







		Results



		Expression of the m6A RNA Methylation Regulators in TNBC



		Prognostic Value of the m6A RNA Methylation Regulators for TNBC



		Building of a Survival Prediction Model



		External Validation in GEO Datasets



		A Nomogram to Estimate Prognosis in TNBC



		Functional Enrichment Analysis







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Genetics

Effect of N6-Methyladenosine
Regulators on Progression and
Prognosis of Triple-Negative Breast
Cancer





OPS/images/fgene-11-580036-g001.gif
E RETEELT PRE g Pl g i

I CEEEES LSS I CELELSESESLES





OPS/images/fgene-11-580036-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Genetics





