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A B S T R A C T   

M6A is essential for tumor occurrence and progression. The expression patterns of m6A regulators 
differ in various kinds of tumors. Transcriptomic expression statistics together with clinical data 
from a database were analyzed to distinguish patients with digestive tract tumors. Based on the 
expression patterns of diverse m6A regulators, patients were divided into several clusters. Sur
vival analysis suggested significant differences in patient prognosis among the m6A clusters. The 
results showed overlapping of m6A expression patterns with energy metabolism and nucleotide 
metabolism. Functional analyses imply that m6A modifications in tumor cells probably drive 
metabolic reprogramming to sustain rapid proliferation of cancer cells. Our analysis highlights 
the m6A risk characterizes various kinds of metabolic features and predicts chemotherapy 
sensitivity in digestive tract tumors, providing evidence for m6A regulators as markers to predict 
patient outcomes.   

1. Introduction 

Originating from the endoderm, digestive tract tumors are common types of malignant tumors and are a leading cause of cancer 
deaths worldwide [1]. Esophageal adenocarcinoma (ESCA), stomach adenocarcinoma (STAD), colon adenocarcinoma (COAD) and 
rectal adenocarcinoma (READ) are the main types of digestive tract tumors. Early symptoms of digestive tract tumors are not 
noticeable until they enter advanced and malignant stages, making them difficult to diagnose early [2,3]. However, with the advances 
in technology, regular medical checkups and screening of patients, the early diagnosis rate of tumors is increasing year by year. The 
survival rates of these patients have also improved in recent years, but the prognosis of patients remains unsatisfactory [4,5]. 

M6A modification is the most prevalent posttranscriptional modification in mRNA of eukaryotic organisms, and the biological 
regulation of this modification is now widely understood and well-studied [6–8]. M6A modification is regulated dynamically by 
“writers”, “erasers” and “readers”. M6A modification has multiple regulatory effects on various cellular biological behaviors [9,10]. 
The mechanisms associated with m6A in digestive tract tumors have been widely reported. HNRNPA2B1 enhances the expression of 
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ACLY and ACC1 to promote ESCA progression [11]. METTL14 inhibits the growth and metastasis of STAD by regulating m6A 
modification of PTEN mRNA [12]. Cell cycle and angiogenesis are modulated by IGF2BP3 in COAD [10]. In READ, METTL14 was 
identified as a favorable prognostic biomarker [13]. Different m6A regulators are expressed at different levels in different tumors and 
perform various functions. It is urgent to reprofile patients to more profoundly understand the role of m6A in digestive tract tumors. 

Metabolic reprogramming is a hallmark of cancer, and metabolic therapy is an extremely promising target to prevent tumor 
development. However, heterogeneous metabolism exists across tumor types and different evolutionary stages [14,15]. Metabolic 
heterogeneity hinders the effects of metabolism-targeting drugs [16]. M6A modification enable tumor cells to acquire specific 
metabolic phenotypes [17,18]. M6A regulators may therefore represent targets for metabolic assessment and tumor treatment. 

In this paper, we collected RNA expression profile from database and clustered digestive tract tumors by their m6A expression 
patterns. The clinical features of individual tumors were evaluated among the different clusters. The results revealed that the survival 
of patients differed significantly among clusters. Functional analysis even suggested metabolism enrichment in some clusters, sug
gesting the significance of m6A risk and metabolism risk for guiding the clinical treatment of patients and providing a marker to predict 
patient outcomes. 

2. Methods 

2.1. Dataset source and preprocessing 

Gene expression data and genetic information together with clinical features were obtained from The Cancer Genome Atlas (TCGA) 
database using the R package TCGAbiolinks. We also selected expression profiles from the Gene-Expression Omnibus (GEO) dataset to 
validate relevant results. Patients without survival information were excluded from further evaluation. We converted FPKM values in 
the data to transcripts per kilobase million (TPM) values using the “ComBat” algorithm of the sva package to correct for the bulk effect 
of non-biotech bias. We collected a total of 25 m6A regulate genes. 9 writers including (METTL3, METTL14, METTL16, RBM15, 
RBM15B, WTAP, KIAA1429, CBLL1, ZC3H13). 14 readers including (YTHDC1-2, YTHDF1-3, IGF2BP1-3, HNRNPA2B1, HNRNPC, 
RBMX, FMR, LRPPRC, ELAVL1) and 2 erasers (ALKBH5, FTO). 

2.2. Interaction between m6A regulators 

Univariate cox regression analysis was used to evaluate the prognostic status of 25 regulators on four kinds of tumors. Those 
selected with p < 0.05 were considered to be associated with survival. The prognostic network was constructed based on the hazard 
ratio (HR) values of these regulators. 

2.3. Consensus unsupervised clustering analysis for m6A regulators 

The R package “ConsensusClusterPlus” was adopted to divide patients into several groups according to the expression pattern of 25 
m6A regulators [19]. The cumulative distribution function (CDF) was changed under variation of k value. Judgment of propriate k 
value was made based on the increasing area under the CDF curve. 

2.4. Metabolic signature analysis 

Components of the metabolism-associated genes were obtained from a previous report [20]. Gene list was provided in Supple
mentary Table 1. 

2.5. M6A risk scoring system 

Principal component analysis (PCA) was performed to visualize the two-dimensional distribution of clusters. Subsequently, the 
empirical Bayesian approach of the limma R package was applied to distinguish differentially expressed genes (DEGs) among clusters. 
Then, univariate Cox regression analysis was performed to retain genes with P < 0.05 based on the upper differential genes obtained. 
We then performed PCA to construct m6A-associated gene profiles. M6A risk values were constructed using the formula: 

m6Ascore=
∑k

i=1
(PC1× expi +PC2× expi)

where exp is the expression of the associated gene obtained by least absolute shrinkage and selection operator (LASSO) regression. 
TCGA acted as the test cohort, while GEO acted as the validation cohort. 

2.6. Prediction of drug sensitivity by m6A score 

Drug IC50 was predicted based on GDSC database cell line expression profiles and TCGA gene expression profiles using the R 
package “oncoPredict” algorithm. The correlation between drug IC50 and the m6A score constructed above was analyzed. 
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2.7. Statistical analyses 

All data processing and statistical analysis were performed using R (3.6.1) and GraphPad Prim 9. Non-parametric Kruskal-Wallis 
and Wilcoxon rank-sum tests were used to determine the differences of variables in each group. A one-way COX-analysis of m6A 
regulators and metabolites was used to assess patient prognosis. The correlations were quantified using Pearson correlation co
efficients. The timeROC package was used to estimate the specificity and sensitivity of m6Ascore in the test and validation sets. The 
survival curves were generated using the Kaplan-Meier method and the significance of the differences was determined using a log-rank 
test. All statistical P-values were bilateral and were considered significant at P < 0.05. 

3. Results 

3.1. Genetic variation and expression of m6A regulators in digestive tract tumors 

Twenty-five m6A regulators were identified in digestive tract tumors, including ESCA, STAD, COAD and READ. First, we analyzed 
the expression of these 25 regulators among the four kinds of tumors (Fig. 1A–D). Surprisingly, all regulators showed significant 
differences in expression in STAD (Fig. 1B) but fewer differences in expression in READ (Fig. 1D). Among the regulators, most of them 
had consistently higher expression in tumor samples, such as METTL3, CBLL1, YTHDF1, IGF2BP1, HNRNPA2B1, LRPPRC and ELAVL1 

Fig. 1. Landscape of genetic variation and mRNA expression levels of 25 m6A regulators. (A–D) Expression of 25 m6A regulators between normal 
and tumor tissues in ESCA, STAD, COAD and READ. Tumors are in red; normal is in blue. The upper and lower ends of the box plots represent the 
interquartile range of values. The lines in the boxes represent medians and the dots indicate outliers. Asterisks represent statistical P values (*P <
0.05; **P < 0.01; ***P < 0.001). (E–H) Mutation frequencies of m6A regulators in ESCA, STAD, COAD and READ. Each column represents an 
individual patient, the bar above shows the TMB, and the numbers on the right indicate the mutation frequency of each regulator. The right bar 
shows the proportion of each variant type, and the stacked bars below show the conversion rate in each sample. (I–L) The circle size represents the 
effect of each regulator on prognosis, and the values calculated by Log-rank test range from P < 0.0001, P < 0.001, P < 0.01, P < 0.05, and P < 1. 
The colors in the circles represent the gene type and risk gene type of m6A. The lines connecting the regulators indicate their interactions, and the 
thickness indicates the strength of the correlation between the regulators. Negative correlations are marked in blue and positive correlations are 
marked in pink. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(p < 0.05). In contrast, ALKBH5 showed significantly higher expression in normal tissues (p < 0.05) (Fig. 1A–D). The highly het
erogeneous expression profile of m6A regulators suggested that imbalance in m6A regulator expression plays a key function in the 
development and advancement of digestive tract tumors. 

To compare the differences in m6A regulators at the genetic level, the somatic mutations and copy number variation (CNV) results 
were evaluated (Fig. 1E–H, Fig. S1). The frequencies of the mutations in these four tumors were 24.46 %, 29.98 %, 33.08 % and 26.28 
%, respectively. COAD showed the highest variation rate. ZC3H13 exhibited the highest mutation rate in ESCA and STAD and ranked 
second in COAD and third in READ. KIAA1429, RBM15 and RBM15B were also highly ranked among these tumors. Among the 

Fig. 2. Consensus cluster of m6A regulators based on their expression pattern. (A–D) Unsupervised clustering of 25 m6A genes in ESCA, STAD, 
COAD and READ. cluster, survival status, age, gender, stage, grade and other clinical features were shown. Red represents high expression of 
regulatory factors; blue represents low expression. (E) The survival analysis was performed for the three m6A modification patterns in ESCA. 
Kaplan-Meier curve with a log-rank p-value<0.001 showed a significant survival difference between the three m6A modification patterns. (F) 
Kaplan-Meier curve with a log-rank p-value = 0.005 in STAD. (G) Kaplan-Meier curve with a log-rank p-value = 0.022 in COAD. (H) Kaplan-Meier 
curve with a log-rank p-value = 0.036 in READ. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 3. Biological behaviors in distinct m6A modification patterns. (A–D) GO analysis of differential genes enrichment between m6A clusters in ESCA, STAD, COAD and READ. (E–H) KEGG analysis of 
differential genes in distinct m6A modification patterns of ESCA, STAD, COAD and READ. 
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“erasers”, FTO and ALKBH5 both exhibited low mutation frequencies, where the mutation rate of ALKBH5 was less frequent than that 
of FTO. HNRNPC even showed no mutations in ESCA and READ patient samples. Analysis of CNV showed a widespread alteration of 
m6A regulators among digestive tract tumors (Fig. S1). CNV alterations were prevalent in 25 m6A genes, and most were concentrated 
in copy number amplification. KIAA1429 had CNV amplification in these tumors. YTHDC2 showed gained CNV in tumors except for 
COAD, while YTHDF1 showed gained CNV in tumors except for READ. YTHDF2 showed an extremely high frequency of CNV deletion 
among these four tumor types. ELAVL1, ALKBH5, RBM15, RBM15B and YTHDC2 also exhibited the same tendency. The widespread 
frequency of somatic mutations and CNV alterations could be prominent factors leading to dysregulation of m6A regulators expression. 

The interactions and correlations among these regulators and their clinical prognostic significance to patients were analyzed 
(Fig. 1I-L). A positive correlation was observed among most regulators, except the correlation between FTO and IGF2BP2 in STAD and 
the correlation between ALKBH5 and half of the regulators in COAD. Not only did m6A regulators of the same functional class but also 
the function of mutual exclusion between “writers” and “eraser” showed a significant positive correlation, which confirmed that the 
regulation of m6A regulators is dynamically equilibrium. Most “writers” and “readers” acted as risk factors in ESCA. YTHDF1-3 and 
YTHDC1-2 were correlated with favorable outcomes, while IGF2BP1-3 was correlated with poor outcomes in STAD. FTO and ALKBH5 
were both correlated with poor outcomes in COAD. In READ, most regulators were favorable factors. 

3.2. Consensus cluster of m6A regulators based on their expression pattern 

Based on the GEO and TCGA cohort, consensus unsupervised clustering analysis was used to divided patients into several m6A 
modification patterns. After comparing the increased area under the delta curve, k = 3 was demonstrated to be the most appropriate 
choice for dividing the patient population of ESCA, STAD and COAD into three clusters (Fig. S2A-C), and k = 4 was shown to be the 
most convenient selection for patients in READ cohort (Fig. S2D). We referred to these patterns as cluster A-D (Fig. S2E-H). Among 
these different m6A clusters, there was a clear distinction in the transcriptional expression data of m6A regulators (Fig. 2A–D). In 
ESCA, cluster A presented variable decreases in IGF2BP1-3; cluster B showed increased expression of m6A readers compared to cluster 
A; and cluster C exhibited increases in expression of all regulators, especially IGF2BP1-3 (Fig. 2A). The results indicated that IGF2BPs 
might play a functional role in patients with ESCA. 

Survival analysis revealed the worst outcome of the cluster C modification pattern in ESCA (Fig. 2E). However, cluster A, with 
decreased expression of IGF2BP1-3 revealed a prominent survival advantage in STAD (Fig. 2F). Cluster C in COAD and cluster D in 
READ were both characterized by almost all-decreased expression of m6A regulators and showed the worst outcome in survival 
analysis (Fig. 2G and H). 

3.3. Enrichment analysis of distinct m6A modification patterns 

Gene set variation analysis (GSVA) was conducted to analyze the different enrichment of biological behaviors among the different 
m6A clusters [21]. Metabolism enrichment was outstanding in these results (Fig. S3-S6). As displayed in Fig. S3A, cluster A in ESCA 
was markedly enriched in autoimmune thyroid disease, tryptophan metabolism, histidine metabolism, fatty acid metabolism, buta
noate metabolism, oxidative phosphorylation, lipid metabolism, linolenic acid metabolism, arachidonic acid metabolism, retinol 
metabolism and sucrose metabolism. Cluster B was primarily related to DNA replication, the cell cycle, primary bile acid biosynthesis, 
glycosaminoglycan degradation, glycan biosynthesis and retinol metabolism (Fig. S3B). Cluster C was associated with pyrimidine 
metabolism, cysteine and methionine metabolism and RNA degradation (Fig. S3C). In addition, clusters of m6A with poor prognosis in 
ESCA and STAD show enrichment of pathways associated with DNA damage response, such as proteasome, homologous recombi
nation, mismatch repair, and spliceosome. However, in COAD and READ, m6A clusters with poor prognosis was markedly enriched in 
reprogramming of carbohydrate metabolism. These results demonstrate remarkable metabolic heterogeneity between tumor types. 
Metabolic reprogramming may result from diverse somatic driver alterations in different tumor contexts [20]. Dysregulation of m6A 
regulation patterns could contribute to cancer cells accumulating metabolic alterations. 

To further investigate the biological function of each m6A modification pattern, we overlapped common DEGs between clusters. 
The limma R package was applied to distinguish DEGs and the clusterProfiler package was used for classification and enrichment 
analysis of DEGs. Although the metabolic pattern between m6A clusters is heterogeneous in different tumor types, we found that the 
pathways and functional effects of differential genes enrichment between m6A clusters were strongly consistent in different types of 
digestive tract tumors. GO analysis showed enrichment of biological processes associated with cell cycles, such as nuclear division, 
mitosis (Fig. 3A–D). KEGG analysis showed enrichment of pathways associated with cell proliferation, such as cell cycle, p53 signaling 
pathway, cellular senescence (Fig. 3E–H). The results imply that m6A modifications in tumor cells probably drive metabolic 
reprogramming to sustain rapid proliferation of cancer cells. 

Collectively, m6A dysregulation and metabolic reprogramming are inherently coupled in tumors. Although there is heterogeneity 
in m6A patterns and metabolic alterations in different types of tumors, functional effects of m6A modification dysregulation 
enrichment at common pathways. Therefore, these m6A regulators may be a class of therapeutic targets to prevent metabolic disorders 
and tumor progression. 

3.4. Association between m6A clusters and seven kinds of metabolism 

The above dates demonstrate that m6A modification patterns characterize tumor metabolic heterogeneity and progression. To 
further confirm the correlation between m6A clusters and metabolic characteristics in these four tumors, we curated seven metabolic 
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Fig. 4. Role of metabolism in different m6A clusters. (A–D) Abundance of each metabolism in the several m6A modification patterns in ESCA, STAD, COAD and READ. The upper and lower ends of the 
boxes represent the interquartile distance of the values. Lines in the boxes represent median values and dots represent outliers. Asterisks represent statistical p-values (P < 0.001, ’***’, P < 0.01 ’**’, P <
0.05 ’*’) (E) Expression of ALKBH5 in high and low expression group of energy metabolism. (F) Expression of HNRNPC in high and low expression group of energy metabolism. (G) Expression of 
HNRNPC in high and low expression group of nucleotide metabolism. (H) Expression of LRPPRC in high and low expression group of nucleotide metabolism. (I) Expression of YTHDC1 in high and low 
expression group of nucleotide metabolism. (J–M) Univariate analysis of seven kinds of metabolisms to identify the metabolism that significantly correlated with OS in ESCA, STAD, COAD and READ. 
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Fig. 5. Construction of the prognostic signature of m6A risk. (A–D) The prognostic signature of m6A risk constructed by the minimum criterion of LASSO Cox regression algorithm in ESCA, STAD, COAD 
and READ. (E–H) Time-dependent ROC curves for risk models. Results of test sets were shown in four kinds of tumors. (I–L) Survival analysis of risk models. Construction of survival curves for the test set 
by Kaplan-Meier analysis in ESCA, STAD, COAD and READ. 
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super-pathways gene sets whose expression patterns were confirmed to reflect actual metabolic activities in cancer patients [20]. 
ssGSEA analysis was used to calculate the enrichment fraction of metabolism in patient sample (Fig. 4A–D). One-way ANOVA analysis 
showed that these m6A modification clusters showed common distinct differences between energy metabolism and nucleotide 
metabolism among the four kinds of tumors. Lipid metabolism exhibited overlaps in tumors except STAD (Fig. 4B), while vitamin 
metabolism exhibited infiltration in tumors except ESCA (Fig. 4B–D). Amino acid metabolism only showed significant infiltration in 
STAD (Fig. 4B). The clusters also had significant infiltration of carbohydrate metabolism and TCA metabolism in COAD and READ 
(Fig. 4C and D). This finding further emphasizes that m6A modification act a pivotal part in tumor metabolic reprogramming. 

High and low expression groups of patients were distinguished according to the median metabolism enrichment fraction. 
Expression of m6A regulators were also compared (Fig. 4E–I, Fig. S7). Surprisingly, we found that ALKBH5 showed a high enrichment 
in high-score energy metabolism group of these four kinds of tumors (Fig. 4E), while HNRNPC showed the opposite expression 
(Fig. 4F). The metabolic patterns among m6A clusters are heterogeneous, but quite a few m6A regulators have consistent correlations 
with metabolic subtypes. These m6A regulators serve as key nodes in regulating tumor metabolic activity. 

Moreover, univariate Cox regression analysis was performed to evaluate the impact of metabolism risk on patient prognosis 
(Fig. 4J-M). Results showed that carbohydrate metabolism acted an outstanding role in digestive tract tumors except ESCA (p = 0.005, 
HR = 157.957 in STAD, p = 0.042, HR = 25.212 in COAD and p = 0.036, HR = 168.752 in READ). 

Fig. 7. Potency of the m6A risk score in predicting drug sensitivity. (A)The correlation of m6A score and IC50 values of chemotherapy drugs in four 
kind digestive tract tumors. (B–E) The IC50 data of drugs in high and low m6A risk score group (B), STAD (C), COAD (D) and READ (E). Asterisks 
represent statistical P values (*P < 0.05; **P < 0.01; ***P < 0.001). 

Fig. 6. Survival analysis were assessed bifactorally using m6A scores and seven metabolisms. (A–C) Metabolism type which showed significance 
among m6A clusters were chose to be showed in ESCA. (D–F) Metabolism type which showed significance among m6A clusters were chose to be 
showed in STAD. (G–L) Metabolism type which showed significance among m6A clusters were chose to be showed in COAD. (M–R) Metabolism type 
which showed significance among m6A clusters were chose to be showed in READ. The results were compared two by two according to the four 
cases in the lower left corner, and the P values of the compared results were in the upper right corner, and only P < 0.05 results were retained. 
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3.5. Constructing m6A-related risk models 

The above results showed a landscape of m6A regulators among the patient population. Taking the heterogeneity of m6A modi
fication into account, a scoring system about m6A risk of individual patient was constructed, which we called m6A score (Fig. 5A–D). 
The median risk score was used to divide patients into high- and low-risk groups. 

The model receiver operating characteristic (ROC) curves were predicted using the time ROC package and validated in the test set 
(Fig. 5E–H) and validation set (Fig. S8A-D), respectively. Through the ROC curve, we found that in the test set, areas under the curve 
(AUCs) were 0.819, 0.838, and 0.899 at 1, 3, and 5 years in ESCA (Fig. 5E). These results showed the specificity and sensitivity of m6A 
risk among digestive tract tumors. Kaplan-Meier survival analysis revealed that m6A risk score was significantly associated with 
survival of patients in test set and validation set. Patients in the high-risk group showed shorter survival probability (p < 0.001) 
(Fig. 5I-L, Fig. S8E-H). The results verify that m6A score is a novel and reliable prognostic biomarker for patients with digestive tract 
tumors. 

To finally confirm the clinical significance of m6A risk and the seven kinds of metabolism in tumors, survival analysis was con
ducted. Surprisingly, patients who had the worst prognosis had the same score of m6A and metabolism (Fig. 6A-Q). For example, 
patients with low m6A scores and energy metabolism showed the worst survival rate in ESCA (Fig. 6A). One exception was the signal of 
low m6A scores and high vitamin cofactor metabolism scores in READ, which showed the worst prognosis (Fig. 6R). This suggested 
that simultaneous alterations in m6A and metabolism scores discriminate patients into different prognoses. 

3.6. Potency of the m6A risk score in predicting drug sensitivity 

Metabolic therapy is an extremely promising target to prevent tumor development. However, heterogeneous metabolism exists 
across tumor types and different evolutionary stages. To explore the value of m6A risk score in predicting drug sensitivity, R package " 
oncoPredict " was used to calculate sensitivity scores of drugs in the GDSC database, thereby evaluating the application of m6A risk 
score [22]. Results showed that a positive correlation was observed between m6A risk score and IC50 of most drugs in ESCA and READ. 
However, the correlation is heterogeneous in STAD and COAD (Fig. 7A). Surprisingly, we found that the IC50 of many 
metabolism-related drugs showed a high enrichment in high m6A risk score group. Such as, methotrexate in STAD and READ, met
formin in STAD (Fig. 7B–E). These results confirm that the m6A risk score is a valuable indicator for predicting metabolic drugs 
sensitivity. 

4. Discussion 

As the incidence and mortality rates of digestive tract tumors have been increasing year by year, the study of their pathogenesis and 
progression has gradually attracted considerable attention [23,24]. M6A, as an important component of epigenetics, has a broad and 
significant influence on the regulation of gene expression in cells [6,25]. Due to technical limitations, most previous studies analyzed 
the role of individual m6A regulators. However, m6A modification in tumors is dynamic and reversible, and multiple m6A regulators 
may play synergistic or mutually exclusive roles in tumor progression [25]. Therefore, comprehensively analyzing the genetic vari
ation and expression patterns of m6A-related regulators in digestive tract tumors, comparing their functional differences and clinical 
features among different clusters, and constructing a categorization system to classify their m6A risk factors can help us deeply un
derstand the role and specific characteristics of m6A in tumors and provide new ideas for the clinical treatment of patients. 

In this work, we tested and validated the expression and clinical significance of 25 m6A regulators. Our results suggest that somatic 
mutations and CNV alterations of the m6A regulator are prevalent in digestive tract tumors. The m6A regulators are highly hetero
geneous in their genetic alterations, suggesting that they may be related to tumor evolutionary diversity. Analysis of the expression of 
m6A regulatory genes showed that most regulatory factors were highly expressed in tumor samples. However, some m6A regulatory 
factors are also expressed at different levels between tumor types. It has been suggested that there is heterogeneity in the m6A 
modification among tumor types. Correlation analysis showed that most of the m6A regulators were positively correlated with each 
other, suggesting that multiple regulators may have a combined effect on tumors. Not only do there exist significant positive corre
lations between m6A regulators of the same functional class, but also between genes with mutually exclusive functions of methylases 
and demethylases, confirming that the regulation of m6A regulators is dynamically balanced. Survival analysis showed that most m6A 
regulatory factors were associated with prognosis in digestive tract tumor patients. Of these, both FTO and ALKBH5 were associated 
with poor prognosis in COAD. However, ALKBH5 expression levels in normal tissues are significantly higher than in COAD. The 
possible reason for this is that we based our analysis on mRNA levels, while other factors such as post-transcriptional mechanisms may 
also influence the effect of ALKBH5 on COAD prognosis. The role of ALKBH5 in COAD reported in the literature is also controversial 
[26–28]. Therefore, further experimental studies are required to confirm it. 

We quantified and clustered the expression patterns of the m6A regulator in patients with digestive tract tumors in the TCGA 
cohort. M6A clusters with increased expression of IGF2BPs showed the worst outcomes in STAD and ESCA. Indeed, previous studies 
have showed that the reader and especially the IGF2BPs were upregulated in cancers, patients with a high IGF2BPs signature exhibited 
poor prognosis across cancer types [29–31]. However, the clusters in COAD and READ characterized by nearly all m6A regulators with 
reduced expression showed the best results in the survival analysis. The M6A regulator has the ability to target hundreds of 
M6A-modified transcripts, including oncogenes and antioncogenes [7,26]. Moreover, the ultimate fate of m6A-modified mRNAs 
critically depends on the m6A reader [32,33]. We have analyzed the combined effects of all m6A regulators in COAD and READ, and 
cannot rule out the oncogenic effects of individual m6A regulators in COAD and READ. 
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Metabolic reprogramming is an important factor in tumor development [15,16,20]. Interestingly, functional enrichment analysis 
across different clusters suggests that m6A regulators are closely related to metabolism. Reprogramming of carbohydrate metabolism 
has already occurred at the precancerous adenoma stage [14]. Our results also suggest that in CRCs, the m6A clusters with poor 
prognosis are significantly enriched in reprogrammed carbohydrate metabolism. Based on our findings, both energy metabolism and 
nucleotide metabolism are different in m6A clusters in digestive tract tumors, suggesting a potential therapeutic target for metabolic 
therapy. TCA metabolism is also localized at a higher level of overlap than other metabolic types, and shows significance among the 
m6A clusters in COAD and READ. Analyzing the biological functions of DEGs between each m6A cluster, enrichment analysis revealed 
that although the metabolic patterns between m6A clusters in different types of tumors were heterogeneous, there was a strong 
consistency in the pathways and functions of differentially enriched genes between m6A clusters in different types of digestive tract 
tumors. Biological processes related to the cell cycle and pathways associated with cell proliferation are significantly enriched. These 
results suggest that m6A modifications in tumor cells may drive metabolic reprogramming to sustain the rapid proliferation of cancer 
cells. The expression patterns of gene sets of metabolic pathways have been shown to reflect the actual metabolic profile of cancer 
patients [20]. Our analysis based on gene sets of metabolic pathways also shows that both energy metabolism and nucleotide 
metabolism exhibit significant differences among m6A clusters in digestive tract tumors. However, other metabolic pathways show 
heterogeneity across tumor types. In addition, a comparison of m6A regulator expression based on various metabolic enrichment 
scores also showed that multiple m6A regulators exhibited higher enrichment in the high-energy metabolism groups of these four 
tumor types. The relationship of m6A and tumor metabolism has been reported [18,34]. Through systematic analysis, we demonstrate 
significant metabolic heterogeneity between tumor types, with the m6A cluster being able to characterize metabolic phenotypes well. 

Metabolic reprogramming has already altered at early stages of carcinogenesis, suggesting that metabolism may be a target for 
early prediction of cancer recurrence and treatment response [14,35]. Metabolic therapies are currently achieving remarkable results 
in inhibiting the malignant progression of tumors [36]. However, clinical trials have shown that only certain tumors respond well to 
metabolic therapy. To identify this group of metabolically susceptible tumors, there is an urgent need to identify subgroups of patients 
who respond differently to metabolic therapy. Thus, we constructed a scoring system about m6A risk, called as m6A score. The M6A 
score can be used as a common screening metric to provide a significant distinction in patient prognosis. The m6A score and metabolic 
score of the patients with the worst prognosis were consistent. This suggests that the m6A score is a new and reliable prognostic marker 
for predicting the metabolic characteristics of digestive tract tumors and patient outcome. In addition, we found that many 
metabolism-related drugs showed higher IC50 levels in groups with high m6A scores. Examples are methotrexate in STAD and READ, 
and metformin in STAD. Although therapies targeting multiple metabolic pathways have been shown to be effective in suppressing 
tumor malignant phenotypes, they are still less frequently used in clinical practice, with the greatest difficulty being the heterogeneity 
of tumor metabolism and the lack of sensitive biomarkers to predict the effect of metabolic therapy [16,20,37]. In our study, the m6A 
score was positively correlated with the IC50 of metabolism-related drugs such as methotrexate and metformin, suggesting that pa
tients with high m6A scores were poorly treated with these drugs. The association of methotrexate and metformin with m6A modi
fication and their role in preclinical anti-tumor has been reported [38–40], but their clinical effects require further confirmation. The 
results of the present study suggest that the m6A score is a very promising predictor of metabolic drug sensitivity. It provides a 
theoretical basis for clinical treatment regimens. 

There are some limitations of this study. First, mRNAs were analyzed without protein-level analysis. The post-transcriptional 
mechanism of the M6A regulator may also lead to changes in the m6A modifications, resulting in heterogeneity. Second, mecha
nistic analysis and further experimental confirmation are difficult to perform because this study is a comprehensive analysis of the 
changes in the m6A regulator in digestive tract tumors and elaborates on the results of their combined effects. Third, the present study 
is based on limited information obtained from cancer profiles and cannot rule out the influence of other factors on the conclusions. 
Finally, due to metabolic heterogeneity, most current studies are preclinical explorations, limiting our ability to further analyze the 
evaluation of m6A modifications with metabolic therapeutic effects. Further testing based on more clinical samples may provide 
additional support. Despite these limitations, a number of small-molecule inhibitors targeting m6A regulators have been demonstrated 
to have promising antitumor effects in preclinical studies [41,42]. Thus, the m6A modification pattern has the potential to guide or 
improve metabolic therapies. 

In conclusion, we have successfully demonstrated the role of m6A and its regulators in digestive tract tumors, providing new insight 
into the relevance of m6A to metabolism. Understanding these m6A- and metabolism-related features provides a new strategy for 
future metabolic therapy and prognosis determination in digestive tract tumors. 
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