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N6-methyladenosine (m6A) plays critical roles in human development and cancer progression. However, our knowledge regarding the dynamic expression of m6A regulators during human tissue development is still lacking. Here, we comprehensively analyzed the dynamic expression alterations of m6A regulators during seven tissue development and eight cancer types. We found that m6A regulators globally exhibited decreased expression during development. In addition, IGF2BP1/2/3 (insulinlike growth factor 2 MRNA-binding protein 1/2/3) exhibited reverse expression pattern in cancer progression, suggesting an oncofetal reprogramming in cancer. The expressions of IGF2BP1/2/3 were regulated by genome alterations, particularly copy number amplification in cancer. Clinical association analysis revealed that higher expressions of IGF2BP1/2/3 were associated with worse survival of cancer patients. Finally, we found that genes significantly correlated with IGF2BP1/2/3 were significantly enriched in cancer hallmark-related pathways. In summary, dynamic expression analysis will guide both mechanistic and therapeutic roles of m6A regulators during tissue development and cancer progression.
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INTRODUCTION

N6-methyladenosine (m6A) is the most abundant RNA modification and has been shown to play important roles in development and cancer (Dominissini et al., 2012; Meyer et al., 2012). RNA methylation has been shown to be catalyzed by a multicomponent methyltransferase complex, including METTL13/14 and WTAP (Liu et al., 2014). RNA methylation has been found in thousands of coding and non-coding genes. However, we still lack knowledge about the functions of m6A regulators in development and cancer.

Numerous studies have shown that m6A regulators were widely perturbed in various types of cancer. METTL3 and IGF2BP2 (insulinlike growth factor 2 MRNA-binding protein 2) were overexpressed in colorectal cancer and promote the cancer progression (Li et al., 2019). WTAP was also shown to lead to suppression of ETS1 and contribute to the proliferation of liver cancer (Chen et al., 2019b). Xu et al. found that 19 m6A regulators were highly expressed in glioma tissues, and the expression of regulators was associated with prognoses and grade (Xu et al., 2020b). One recent study has revealed an essential role of YTHDF1 in the progression of hepatocellular carcinoma (Liu et al., 2020). RNA methyltransferase METTL3 has been found to facilitate colorectal cancer by activating m6A-GLUT1-mTORC1 axis and is a therapeutic target (Chen et al., 2020). Moreover, we recently performed comprehensive characterization of m6A regulators in 33 cancer types and found that there were widespread expression perturbation of m6A regulators in cancer (Li et al., 2019a). However, there has been no research that comprehensively explored the expression landscape of m6A regulators during human tissue development.

In this study, we performed a comprehensive evaluation of the expression of m6A regulators across multiple human tissues development and cancer. We found that the m6A regulators exhibited decreased expression after born. Moreover, m6A regulators were up-regulated in cancer, which suggests an oncofetal reprogramming mechanism in cancer. Moreover, we investigated the association between the expression of m6A regulators and patient survival. Our comprehensive analysis of the dynamic expression of m6A regulators provided novel insights into their function in development and cancer.



MATERIALS AND METHODS


Transcriptome During Human Tissue Development

Gene expression data across human tissue development were downloaded from ArrayExpress with the accession code E-MTAB-6814 (Cardoso-Moreira et al., 2019). The samples were started from prenatal development at 4 weeks postconception (WPC) to 20 WPC. Moreover, postnatal samples were also sampled, including infants, toddlers, school, teenagers, and adults from each decade until 65 years of age. There were seven human tissues analyzed, including brain, cerebellum, heart, kidney, liver, ovary, and testis. In total, 297 human samples were sequenced by RNA-Seq. Gene expression levels were calculated as reads per kilobase of exon model per million mapped reads.



Gene Expression in Human Cancers

We downloaded the gene expression across human cancer types from The Cancer Genome Atlas (TCGA) project (Cancer Genome Atlas Research et al., 2013). According to the tissues in human development, we considered eight cancer types, including kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), kidney chromophobe (KICH), brain lower grade glioma, glioblastoma multiforme, ovarian serous cystadenocarcinoma, liver hepatocellular carcinoma (LIHC), and testicular germ cell tumors. Gene expression levels were calculated as fragments per kilobase of exon model per million mapped fragments. Moreover, we downloaded the clinical information of patients, including the survival time, survival status from TCGA project.

To validate the expression of IGF2BPs regulators across cancer types, we collected gene expression data across ~7,400 samples representing 11 cancers. Gene expression data were collected from Gene Expression Omnibus. To minimize interplatform variation, only datasets generated from the Affymetrix Human Genome U133 Plus 2.0 Array were processed to develop the meta-dataset (Bin Lim et al., 2019). Each dataset was preprocessed with RMA normalization, merged, and batch effect–corrected via Combat method (Leek et al., 2012).



Collection of m6A Regulators

The gene list of m6A regulators was obtained from one of our studies (Li et al., 2019b), which curated a catalog of 20 genes that function mainly as regulators of RNA methylation. In total, there were 11 readers, 7 writers, and 2 erasers. All these gene symbols were converted into Ensemble gene IDs and HGNC symbols based on annotation from GeneCards (https://www.genecards.org/).



Differential Expression Analysis

To evaluate whether the expression of m6A regulators exhibits differential expression between normal and cancer, we used the Wilcoxon rank sum test to compare the expression levels. Here, only cancer types with more than five normal samples were analyzed. The gene expression of m6A regulators across normal or cancer samples was shown by box plots.



Genome Alteration of m6A Regulators

To explore the genome alteration of m6A regulators, we used the cBioPortal tool (Gao et al., 2013), which provided a Web resource for exploring, visualizing, and analyzing multidimensional cancer genomic data. The gene symbols of m6A regulators were used as input, and TCGA pan-cancer datasets were used. The genome alteration frequency of m6A regulators was calculated and plotted as bar plot. Here, genetic mutations and copy number variation were considered.



Survival Analysis

To explore whether the expression of m6A regulators was associated with patient survival, we divided all the patients into two groups based on the median expression of each m6A regulator. The log-rank test was used to test the difference survival rates between two groups. This process was performed by the survival package in R program (https://cran.r-project.org/web/packages/survival/index.html). The p < 0.05 was considered as significant. The odds ratios and 95% confidence levels were also calculated and shown by ggplot2 package in R program (Wickham, 2009).



Function Prediction of Regulators

To predict the function of m6A regulators in human development and cancer, we first calculated the Spearman correlation coefficient (SPCC) between the expression of m6A regulators and other protein coding genes. All the genes were ranked by SPCC and subjected to preranked Gene Set Enrichment Analysis (GSEA) (Mootha et al., 2003; Subramanian et al., 2005). The cancer hallmark-related functions were considered (Liberzon et al., 2011, 2015). Gene sets with more than 5 genes and fewer than 1,500 genes were considered. We performed 1,000 times randomization. The normalized enrichment scores of GSEA were shown by “pheatmap” function in R program (https://cran.r-project.org/web/packages/pheatmap/index.html).




RESULTS


Dynamic Expression of m6A Regulators During Tissue Development

RNA methylation is the most abundant modification and play important roles in various types of biological processes, including tissue development and cancer. We first characterized the dynamic expression m6A regulators across multiple human tissue development (Figure 1A). In total, 297 samples in seven tissues were collected and sequenced by RNA-Seq. We first divided the samples into two main groups: prenatal vs. postnatal. Next, we collected 20 m6A regulators from literature. These regulators were classified into reads, writers, and erasers (Figure 1B).
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FIGURE 1. Dynamic expression of m6A regulators during tissue development. (A) Heat map showing the number of samples in different development stages of multiple tissues. (B) Pie chart for the number of m6A regulators, including 11 readers, 7 writers, and 2 erasers. (C) Heat maps showing the expression of m6A regulators in different tissues. The prenatal and postnatal samples were indicated with red and blue colors.


Next, we clustered the samples in different tissues based on the expression of m6A regulators. We found that the prenatal and postnatal samples were clearly distinguished from each other (Figure 1C). Globally, the m6A regulators exhibited higher expression in prenatal samples than postnatal across all tissues. These results suggest that m6A exhibited decreased expression after birth. Particular, this trend was much clearer in brain and heart tissues (Figure 1C). Moreover, we found that ALKBH5 exhibited lower expression in prenatal samples. All these results suggest that there might be great changes of RNA methylation during tissue development.



IGF2BP1/2/3 Exhibit High Expression in Prenatal Tissues

Based on global heat map of the expression of m6A regulators, we found that they exhibited higher expression in prenatal samples. Particularly, we revealed that three readers IGF2BP1, IGF2BP2, and IGF2BP3 showed higher expression in prenatal samples across all tissues. Next, we comprehensively compared the expression levels of three IGF2BPs across seven tissues. We found that all three genes exhibited significantly higher expression in prenatal samples in all tissues (Figure 2). IGF2BP1 overexpression had been found to cause fetal-like hemoglobin expression patterns in cultured human adult erythroblasts (de Vasconcellos et al., 2017). We found that IGF2BP1 were with significantly lower expression in postnatal samples in brain and cerebellum tissues. We next queried PubMed for exploring the function of IGF2BP1, IGF2BP2, and IGF2BP3 in tissue development. A number of studies have investigated their function in cancer; however, there were limited number of literature were retrieved for tissue development. Taken together, all these results suggest that IGF2BPs exhibit decreased expression pattern during development.


[image: Figure 2]
FIGURE 2. Box plots showing the expression of IGF2BP1/2/3 in prenatal and postnatal samples of different tissues. (A) Expression of IGF2BPs in brain tissues. (B) Expression of IGF2BPs in cerebellum tissues. (C) Expression of IGF2BPs in heart tissues. (D) Expression of IGF2BPs in kidney tissues. (E) Expression of IGF2BPs in testis tissues. (F) Expression of IGF2BPs in liver tissues. ***P < 0.001 for Wilcoxon rank sum test.




Reverse Expression of IGF2BP1/2/3 in Cancer

As evidence has shown important roles of IGF2BP1, IGF2BP2, and IGF2BP3 in cancer, we next explored their expression in various types of cancer. Here, we analyzed four cancer types with more than five normal samples. In contrast to tissue development, we found that these three genes exhibited significantly higher expression in cancer samples (Figure 3). These results suggest oncofetal reprogramming of the m6A regulators in cancer. This is consistent with one recent study, which revealed an oncofetal reprogramming of the tumor ecosystem in hepatocellular carcinoma (Sharma et al., 2020).


[image: Figure 3]
FIGURE 3. Box plots showing the expression of IGF2BP1/2/3 in cancer and normal samples. (A) Expression of IGF2BPs in KIRC. (B) Expression of IGF2BPs in KIRP. (C) Expression of IGF2BPs in KICH. (D) Expression of IGF2BPs in LIHC. ***P < 0.001 for Wilcoxon rank sum test. N.G. indicates not significant.


Particularly, we found that IGF2BP3 exhibited significantly higher expression in three kidney cancers and liver cancer (Figure 3). Several studies have shown that IGF2BP3 promote the stability and storage of target mRNAs, for example, MYC, and therefore affect gene expression output (Huang et al., 2020). They play critical oncogenic functions in cancer. Moreover, the depletion of IGF2BP1 had been shown to lead to an increased HULC half-life and expression, which is a long non-coding RNA highly up-regulated in liver cancer (Hammerle et al., 2013). Next, we validated the expression of IGF2BPs in another 11 cancer types. We found that IGF2BPs generally exhibited higher expression in cancer (Supplementary Figures 1–3). Taken together, these results indicated the IGF2BPs exhibited higher expression in prenatal samples and cancer patients, which might play important roles in oncofetal reprogramming in cancer.



Clinical Associations of IGF2BP1/2/3

Our analysis reveals higher expression of IGF2BP1/2/3 across cancer types; however, we still lack knowledge about their regulatory mechanisms in cancer. We next explored the genome alterations of IGF2BPs across cancer type. We found that there were wide genome alterations of IGF2BPs in cancer (Figure 4A). Particularly, the alteration frequencies were higher in lung cancer, ovarian cancer, and uterine cancer. Moreover, these genes exhibited higher frequency of copy number amplification than mutations. Particular, there were more mutations that occurred in the KH_1 domain in IGF2BP1. The R452C mutation exhibited the highest frequency across all TCGA cancer patients (Supplementary Figure 4). Mutually exclusive or co-occurring somatic alterations across genes suggest functional interactions in cancer (Canisius et al., 2016). We thus investigated the mutual exclusiveness and co-occurrence of m6A regulators in cancer. We found that the majority (179/190) of the regulator pairs were mutually exclusive or co-occurred (Supplementary Table 1), suggesting the functional cross-talk among regulators.


[image: Figure 4]
FIGURE 4. Genetic alterations and clinical association of IGF2BPs in cancer. (A) Bar plots showing the genetic alterations of IGF2BPs across cancer types. (B) Kaplan–Meier analysis of cancer patients in the IGF2BPs altered and unaltered groups. (C) Odds ratios of IGF2BPs across cancer types. (D) Kaplan–Meier analysis of KIRC cancer patients in the IGF2BP1 high expression and low expression groups. (E) Kaplan–Meier analysis of KIRC cancer patients in the IGF2BP2 high expression and low expression groups. (F) Kaplan–Meier analysis of KIRC cancer patients in the IGF2BP3 high expression and low expression groups.


Next, we explored whether the genomic or transcriptome alterations of IGF2BPs were associated with clinical survival. We found that the patients with genomic mutations or copy number alterations exhibited worse survival that the unaltered patients (Figure 4B, log-rank test p = 0.0302). Moreover, we used the log-rank test to evaluate the association between IGF2BPs and patient survival. We found that patients with higher expression of IGF2BPs showed worse survival in multiple cancer types (Figure 4C, Supplementary Figure 5). Particularly, patients with higher expression of IGF2BPs were with higher risk in KIRC (Figures 4D–F, log-rank test p = 0.002, 0.0006, and 2.11E-7). All these results suggest that IGF2BPs play oncogenic roles in cancer and are potential risky prognostic factors.



Potential Functions of IGF2BP1/2/3 in Development and Cancer

Integration of transcriptome during tissue development, we revealed the dynamic expression of IGF2BPs. However, their functions are still less investigated in development and cancer. Thus, we next predicted the potential functions of IGF2BPs in development. We first calculated the correlation between the expression of IGF2BPs and other protein coding genes. Genes were ranked and subjected into GSEA analysis. Here, 50 cancer hallmark-related gene sets were considered. We found that genes positively correlated with IGF2BPs were significantly enriched in mitotic spindle, G2M, checkpoint, and E2F targets across tissues (Figure 5A and Supplementary Figures 6, 7). In addition, genes negatively correlated with IGF2BPs were significantly enriched in oxidative phosphorylation in kidney and liver tissues (Figure 5A).
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FIGURE 5. Gene set enrichment analysis of genes correlated with IGF2BPs in different tissues. (A) Heat map showing the normalized enrichment scores of GSEA. Functional pathways with FDR <0.05 were indicated with red stars. Each row represents one cancer hallmark-related pathway and each three column corresponding to one tissue. The first column is for IGF2BP1, second column is for IGF2BP2, and third column is for IGF2BP3. (B) GSEA plots showing genes correlated with IGF2BP1 in kidney development enriched in G2M checkpoint pathway. (C) GSEA plots showing genes correlated with IGF2BP2 in kidney development enriched in G2M checkpoint pathway. (D) GSEA plots showing genes correlated with IGF2BP3 in kidney development enriched in G2M checkpoint pathway. **p < 0.05 for GSEA.


Next, we explored the G2M checkpoint pathway in detail. We found that the expression of IGF2BP1 was positively correlated with MEIS1, MTF2, and EZH2, which were significantly enriched in G2M checkpoint (Figure 5B, p < 0.001). Moreover, the expression of IGF2BP2 was positively correlated with PAFAH1B1, CDC7, RPS6KA5, BARD1, and RBL1, which were enriched in G2M checkpoint (Figure 5C, p < 0.001). For IGF2BP3 regulator, the top positively correlated genes included SMAD3, ODC1, SLC7A1, and YTHDC1 (Supplementary Figures 8, 9). These genes were also enriched in G2M checkpoint pathway (Figure 5D, p < 0.001). We next compared the top 10 leading edges for IGF2BP1/2/3 and found that there was no overlapping gene. These results suggest that IGF2BP1/2/3 might regulate different genes in the same pathway and play important roles in tissue development and cancer.

To further understand the clinical implications of IGF2BPs in cancer, we next examined the correlation between IGF2BPs and 150 clinically actionable genes (Liberzon et al., 2015) and observed that IGF2BPs frequently interacted with actionable genes (Supplementary Figure 10). For example, IGF2BP1 interacts with PTEN, MYC, CDH1, and CTNNB1. IGF2BP2 interacts with CDKN2A, CDKN2B, and EGFR. Together, these results suggest a diverse potential of IGF2BPs in the development of novel treatment strategies.




DISCUSSION

The importance of m6A as a posttranscriptional modification in regulating RNA expression has been well-appreciated (Meyer and Jaffrey, 2014), but its global function and regulation in development remain largely unknown. This might be in part because of insufficient data of m6A regulation in human tissue development. Evidence has shown that the m6A modification is mainly determined by the expression of regulators, such as readers, writers, and erasers (Huang et al., 2018). Here, we comprehensively characterized the expression of m6A regulators during tissue development and cancer. We found that m6A regulators globally exhibited decreased expression during development in multiple tissues. However, they reversed their expression in cancer, suggesting an oncofetal reprogramming pattern. Moreover, we revealed IGF2BPs in development and cancer, providing potential therapy targets for cancer.

Given that m6A regulators exhibited widespread perturbations in expression, we explored the potential mechanism for regulating their expression. We found that IGF2BPs were with higher frequency of genomic alterations, particular copy number amplification across cancer types. This is consistent with one of recent studies (Li et al., 2019b). Although we revealed the expression perturbation of m6A regulators during tissue development and cancer, we cannot evaluate their direct function in downstream targets. This is mainly because we still lack paired m6A modification data in tissue development. Xia et al. had generated 21 whole transcriptome m6A methylomes across major fetal tissues (Xiao et al., 2019); however, no adult tissues were included. Moreover, Zhang et al. generated 27 m6A methylomes across major adult tissues (Zhang et al., 2020a). Besides of protein coding genes, noncoding RNAs have been found to play important roles in development and cancer (Li et al., 2020; Xu et al., 2020a; Zhang et al., 2020b). Integration of these data in future will provide novel insights into the roles of m6A regulators in development and cancer.

Moreover, we found that IGF2BPs might regulate the same pathway through different genes, suggesting their cooperative regulation. Cooperative regulation has been revealed for number of regulators, such as enhancer (Chen et al., 2019a), miRNA (Xu et al., 2011; Shao et al., 2019), and RBPs (Li et al., 2019a). Investigation of the cooperative regulation between m6A regulators will identify novel regulatory modules that play important roles in tissue development and cancer. For example, Rao et al. have revealed that cross-talk among writers, readers, and erasers can regulate cancer growth and progression (Panneerdoss et al., 2018). Despite these recent developments, much effort needs to be done to understand the downstream targets of the altered m6A regulators. With the increase of m6A methylome and functional datasets, we will get much more insights into the cooperative regulation among regulators, as well as their regulation to RNA methylation.

In summary, our comprehensive analysis of the dynamic expression of m6A regulators during human tissue development and cancer reveals their important roles. Particularly, IGF2BPs exhibited decreased expression in tissue development and reversed expression in cancer. Expression perturbation of IGF2BPs was correlated with cancer-related functions and associated with clinical survival in cancer.
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