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Background: N6-methyladenosine (m6A) modification holds an important position in tumorigenesis 
and metastasis because it can change gene expression and even function in multiple levels including RNA 
splicing, stability, translocation and translation. In present study, we aim to conducted comprehensive 
investigation on m6A RNA methylation regulators and m6A-related genes in pancreatic cancer and their 
association with survival time.
Methods: Based on Univariate Cox regression analysis, protein-protein interaction analysis, LASSO Cox 
regression, a risk prognostic model, STRING, Spearman and consensus clustering analysis, data from The 
Cancer Genome Atlas (TCGA) and the International Cancer Genome Consortium (ICGC) database was 
used to analyze 15 m6A RNA methylation regulators that were widely reported and 1,393 m6A-related genes 
in m6Avar. 
Results: We found that 283 candidate m6A RNA methylation-related genes and 4 m6A RNA methylation 
regulatory factors, including RNA binding motif protein 15 (RBM15), methyltransferase like 14 (METTL14), 
fat mass and obesity-associated protein (FTO), and α‐ketoglutarate‐dependent dioxygenase AlkB homolog 5 
(ALKBH5), differed significantly among different stages of the American Joint Committee on Cancer (AJCC) 
staging system. Protein-protein interaction analysis indicated epidermal growth factor receptor (EGFR), 
plectin-1 (PLEC), BLM RecQ like helicase (BLM), and polo like kinase 1 (PLK1) were closely related to 
other genes and could be considered as hub genes in the network. The results of LASSO Cox regression and 
the risk prognostic model indicated that AJCC stage, stage T and N, KRAS mutation status and x8q23.3 
CNV fragment mutation differed significantly between the high-risk and the low-risk subgroups. The AUCs 
of 1 to 5 years after surgery were all more than 0.7 and increased year by year. Finally, we found KRAS 
mutation status and AJCC stage differed significantly among these groups after TCGA samples divided 
into subgroups with k=7. Moreover, we identified four m6A RNA methylation related genes expressed 
significantly differently among these seven subgroups, including collagen type VII alpha 1 chain (COL7A1), 
branched chain amino acid transaminase 1 (BCAT1), zinc finger protein 596 (ZNF596), and PLK1. 
Conclusions: Our study systematically analyzed the m6A RNA methylation related genes, including 
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly 
aggressive, cancerous tumor found in the digestive system. 
Due to its deep anatomical position and occult onset, the 
symptoms of early-stage PDAC are often indistinct, making 
diagnosis earlier on challenging. The majority of patients 
who are diagnosed with PDAC are at the local advanced 
or distant metastasis stage, and the median survival time 
of these patients is four to five months. Although major 
advancements have been made in technology, such as 
surgical techniques and comprehensive therapy, the 5-year 
survival rate for PDAC remains at 8.2% (1). Surgical 
excision is the first choice of treatment for PDAC, although 
the recurrence rate remains high (at least 60%) (2). Thus, 
there is an urgent need to identify factors that might 
affect the prognosis of PDAC patients in clinical practice. 
Recently, with the help of high-throughput sequencing, 
studies to identify the molecular markers of PDAC at the 
cellular and molecular level have made breakthroughs, 
which will potentially increase the prognostic accuracy and 
introduce new therapeutic targets for PDAC.

 Based on the updated MODOMICS report in 2017, 
more than 160 kinds of chemical modifications at the 
post-transcriptional level have been identified among 
various RNAs (3). Among these chemical modifications, 
N6-methyladenosine (m6A), which was first reported in 
the 1970s (4), is considered to be the most common and 
abundant posttranscriptional modification in eukaryotic 
mRNA (5). In mammals, the percentage of all adenosine 
modified by m6A RNA is only 0.1–0.4%, but it is 
responsible for about 50% of methylated ribonucleotides (6). 
Almost every aspect of RNA metabolism, from splicing to 
decay, involves m6A modification (7,8). There is a growing 
body of literature that recognizes the crucial difference m6A 
modification makes in many diseases, such as hypertension, 
cardiovascular diseases, and acute myeloid leukemia (9,10). 
Moreover, a growing number of studies have shown 
m6A modification to occupy a prominent position in 

tumorigenesis and metastasis (11). Therefore, by identifying 
m6A-related genes and m6A RNA methylation regulators 
in deadly cancers, new therapeutic targets may be provided. 
There have also been a number of studies regarding the 
role of m6A-related genes and m6A RNA methylation 
regulators, such as methyltransferase like 3 (METTL3) and 
α-ketoglutarate-dependent dioxygenase AlkB homolog 5 
(ALKBH5), in pancreatic cancer (12,13). However, previous 
studies have only taken into account one or several m6A-
related genes or m6A RNA methylation regulators, and few 
authors have been able to draw on any systematic research 
into it. Therefore, in this study, we aimed to use RNA-seq 
data sourced from The Cancer Genome Atlas (TCGA) and 
the International Cancer Genome Consortium (ICGC) 
databases to conduct a comprehensive investigation of 15 
m6A RNA methylation regulators that were widely reported 
and 1,393 m6A-related genes in the m6Avar database, which 
contains data on the functional variants involved in m6A 
modification.

Methods

The standardized RNA-seq data and sample annotation files 
from 264 pancreatic tumor samples were obtained from 
the ICGC database. The RPKM data of pancreatic cancer 
RNA-seq was downloaded from the TCGA database along 
with the clinical data of the corresponding samples. Fifteen 
m6A RNA methylation regulatory factors were collected 
from the known literature (11,14-16) and 1,393 m6A-related 
genes identified in the m6Avar database (http://m6avar.
renlab.org/) (17). Analysis was carried out to investigate the 
significance between the lines and the difference in survival 
among different scoring subgroups.

The data sets corresponding to all m6A-related genes 
were extracted from ICGC and TCGA, and the clinical 
data were used to study the differences in the expression 
of m6A-related genes among the pathological samples. 
To clarify the prognostic effect of m6A correlation in 

expression, protein-protein interaction, potential function, and prognostic value and provides important 
clues to further research on the function of RNA m6A methylation and its related genes in pancreatic 
cancer.
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Table 1 The list of the 15 m6A RNA methylation regulative factors from publications

Regulaors Full name Type

METTL3 Methyltransferase like 3 "writers"

METTL14 Methyltransferase like 14 "writers"

METTL16 Methyltransferase like 16 "writers"

WTAP WT1 associated protein "writers"

KIAA1429 Vir like m6A methyltransferase associated "writers"

RBM15 RNA binding motif protein 15 "writers"

ZC3H13 Zinc finger CCCH-type containing 13 "writers"

YTHDC1 YTH domain containing 1 "readers"

YTHDC2 YTH domain containing 2 "readers"

YTHDF1 YTH N6-methyladenosine RNA binding protein 1 "readers"

YTHDF2 YTH N6-methyladenosine RNA binding protein 2 "readers"

YTHDF3 YTH N6-methyladenosine RNA binding protein 3 "readers"

HNRNPC Heterogeneous nuclear ribonucleoprotein C "readers"

FTO Fat mass and obesity-associated protein "erasers"

ALKBH5 α-ketoglutarate-dependent dioxygenase AlkB homolog 5 "erasers"

pancreatic cancer patients, we conducted univariate Cox 
regression analysis of the m6A RNA methylation regulatory 
factors and m6A-related genes to determine the gene sets 
related to prognosis. Then, the prognosis-related gene sets 
from m6A-related genes were further analyzed by LASSO 
regression analysis. The genes significantly related to 
prognosis were obtained, and the risk characteristics of each 
sample were constructed. According to the characteristics 
and coefficients, the samples were split into two groups: the 
high-risk group and the low-risk group. Then, the ROC 
curve of the risk score model was constructed to analyze the 
one- and five-year survival rates of patients and to evaluate 
the impact of different clinical characteristics in pancreatic 
cancer

The candidate gene sets of m6A-related genes were 
expressed as feature vectors, and the samples were 
consistently clustered to establish multiple subgroups. We 
compared the pathological characteristics (grade, TNM 
staging, age, gene mutation status, specific CNV fragment 
variation) and survival time between subgroups. Then, the 
correlation of the m6A candidate gene set was analyzed by 
STRING and Spearman correlation test, and the function 
of these differentially expressed genes (DEGs) was analyzed 
by screening DEGs, among the subgroups.

Data

Expression data
A total of 264 tumor-like RNA-seq data were downloaded 
from the ICGC database, and the RPKM data of pancreatic 
cancer RNA-seq were downloaded from the TCGA 
database. All RNA-seq data was standardized.

Selection of m6A RNA methylation regulatory factors
Fi f teen  m6A RNA methy la t ion  regu la tors  were 
collected. According to their different roles in the 
methylation process, they were divided into three types: 
methyltransferase (writers); binding protein (readers); and 
demethylase (erasers). The 15 m6A RNA methylation 
regulative factors were listed in Table 1.

A total of 1,393 M6A-related genes related to pancreatic 
adenocarcinoma (PAAD) were identified in the m6Avar 
database, and two data sets (m6A RNA methylation 
regulative factor and m6A RNA methylation related genes 
associated with PAAD), were integrated. By removing the 
repeated genes and the genes which had no expression 
value in the sample or less than 80% of the total expression 
value in the sample, the candidate m6A-related gene set was 
obtained. This contained 1,302 candidate genes.
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Pathological characteristic data
We downloaded all the clinical data of the corresponding 
samples from the TCGA database, including the typing data 
from the time of diagnosis. After deleting the samples which 
were not with specific pathological stages, a total of 181 
samples with pathological stage remained. Then, we divided 
the samples into four groups according to their different 
stages. The sample sizes of stages I, II, III, and IV were 21, 
151, 4, and 5, respectively. The TCGA samples included 82 
females and 99 males, of whom 83 were under 65-year-old 
and 98 were older than 65-year-old.

Analytical methods

One-way ANOVA
One-way analysis of variance (ANOVA) was employed 
to compare the difference in expression of m6A RNA 
methylation regulatory factor between different stages of 
pancreatic cancer based on the TCGA data samples. 

Differential expression data
To determine the m6A RNA methylation regulatory 
factors that were differentially expressed according to 
different pathological features, including gender and age, 
we compared the expression values of the ICGC and 
TCGA data using the one-way ANOVA and unpaired t-test 
methods (P<0.05). Both methods were implemented using 
R language, version 3.6.0. 

Consensus clustering for m6A RNA methylation 
regulatory factor
The samples were analyzed by the unsupervised clustering 
method using ConsensuClusterPlus R-package, and all 
the tumor samples corresponding to every candidate M6A 
methylation regulatory factors were consistently clustered. 
The pancreatic cancer samples were divided into several 
subgroups.

Functional and pathway enrichment analysis
Enrichr (http://amp.pharm.mssm.edu/Enrichr) was used 
to identify the functions and pathways of DEGs that may 
be associated with pancreatic cancer across the different 
subgroups. At the same time, GSEA was used to study the 
related functions of different subtypes of pancreatic cancer.

Survival analysis and construction of risk model
The Survival package of R software was used to analyze 

the survival of pancreatic cancer samples in the different 
clusters, and the survival curves were drawn. Kaplan-Meier 
was used to test the significance of the survival curves 
and analyze the difference in survival between different 
subgroups. To construct the risk characteristics and 
calculate the risk score, the formula was as follows:

1

n

i i
i=

Risk score = Coef * Exp∑

According to the median risk score, all of the samples 
were divided into low and high subtypes. Survival analysis 
was performed on the low and high subtypes using the R 
software ‘survival’ package. The Kaplan-Meier method was 
employed to examine the survival curves and compare the 
difference in survival across different scoring subgroups.

Results

Identification of m6A RNA methylation related genes 
which correlated with AJCC stage

After overlapping 1,393 m6A-related genes related to 
PAAD and 15 m6A RNA methylation regulative factors, 
we selected those were with specific information about 
pathological stage and RNA-seq expression data. We 
obtained a total of 1,302 candidate m6A RNA methylation-
related genes. After dividing the patients into subgroups 
according to AJCC stage, we identified the m6A RNA 
methylation-related genes which were expressed differently 
at different stages of pancreatic cancer. Results showed 
there to be 283 candidate m6A RNA methylation-related 
genes that differed significantly among these subgroups 
(Figure 1). Notably, four of the m6A RNA methylation 
regulatory factors, RNA binding motif protein 15 (RBM15), 
METTL14, fat mass and obesity-associated protein (FTO), 
and ALKBH5, differed significantly between the subgroups. 
In addition, the expressions of RBM15, METTL14, and 
ALKBH5 were significantly associated with overall survival 
in the PAAD cohort (all P<0.05), whereas the expressions 
of METTL14, FTO, and ALKBH5 had significant 
correlation with copy number variation (all P<0.05) 
(Figure S1). Additionally, the expression of RNA binding 
motif protein 17 (RBM17) was significantly associated 
with pathologic N status (P=0.02) and new tumor event 
(NTE) after initial treatment (P=0.015). There was also a 
significant association between METTL14 (P=0.003) and 
ALKBH5 (P=0.009) expression and pathologic T status 
(Figure S1). 

http://amp.pharm.mssm.edu/Enrichr)
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Functional annotation of the survival-related m6A RNA 
methylation-related gene set

We performed the univariate analysis of the PAAD 
cohort from TCGA to explore the prognostic potential 
of the candidate m6A RNA methylation-related gene 
set. The results showed that 148 out of 283 candidate 
genes, including m6A RNA methylation regulatory factor 
ALKBH5, were significantly associated with overall survival 
of pancreatic cancer. ALKBH5 was indicated to predict 
favorable overall survival (HR =0.45; 95% CI, 0.27 to 0.74). 
We then used the bioinformatic tool STRING to analyze 
functional protein association networks between these 
148 candidate genes. The results indicated that epidermal 
growth factor receptor (EGFR), plectin-1 (PLEC), BLM 
RecQ like helicase (BLM), and polo like kinase 1 (PLK1) 
were the hub genes (Figure 2). All statistically enriched 
terms (Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) terms) by Metascape, and 
accumulative hypergeometric p-values and enrichment 
factors were calculated and used for filtering. The 
remaining significant terms were then hierarchically 
clustered into a tree, based on Kappa statistical similarities 
among their gene memberships. The results indicated that 

structural molecule activity, cellular response to amino acid 
stimulus, and growth factor binding pathways were the 
most significantly enriched (all P<0.001). 

The prognostic value of m6A RNA methylation regulators, 
and a risk signature built using sixteen selected m6A RNA 
methylation genes

We used LASSO Cox regression to build a prognostic 
model, which chose 16 m6A RNA methylation-related 
genes from the PAAD cohort from TCGA (Figure S2). 
Of these 16 candidate genes for the prognostic model, 
those found to be significantly associated with poor overall 
survival were: collagen type VII alpha 1 chain (COL7A1); 
branched chain amino acid transaminase 1 (BCAT1); 
AHNAK nucleoprotein (AHNAK); phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit beta (PIK3CB); 
partner and localizer of BRCA2 (PALB2); establishment of 
sister chromatid cohesion N-acetyltransferase 2 (ESCO2); 
deoxynucleotidyl transferase terminal interacting protein 2 
(DNTTIP2); sterile alpha motif domain containing 9 like 
(SAMD9L); and PLK1. The remaining genes predicted 
better overall survival of PAAD (Figure S2B,C). The PAAD 
cohort was then split into the high- and low-risk groups 
according to the median value of prognostic risk score. 
Kaplan-Meier survival analysis suggested that overall 
survival was significantly better in patients with low risk 
scores than those with high risk scores in the training cohort 
(P=2.7425e-9) (Figure 3A,B). To verify the use of these 
candidate prognostic genes as independent biomarkers, and 
to ensure their prognostic value was not affected by clinical 
factors, such as age, stage, TNM grade, or gender, we 
carried out multivariate Cox regression analysis. The results 
indicated that these clinical features had no significant 
effect on the prognosis of PAAD (Table S1), which further 
emphasized the significant value of the prognostic model. 
The prognostic model was verified with data from the 
ICGC serving as the validation set. The results showed that 
this risk model could effectively distinguish the survival 
of the high- and low-risk groups in the validation set 
(P=0.0388), as shown in Figure 3C,D. 

We further explored the correlations between the 
prognostic model and various clinical features. Gender, age, 
grade and M stage did not significantly differ between the 
subgroups with high and low risk, although AJCC stage, 
stages T and N, KRAS mutation status, and x8q23.3 CNV 
fragment mutation were found to be significantly different 
in these two subgroups (all P<0.05) (Figure 4 and Figure S3).  

PDAC from TCGA dataset
stage

stage

5

0

−5

I
II
III
IV

Figure 1 Expression of 283 m6A RNA methylation related-
genes at different stages (I–IV) of pancreatic carcinoma. m6A, N6-
methyladenosine.
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Figure 2 Protein-protein interaction and enrichment analysis of survival-associated m6A RNA methylation-related genes. (A) An interactive 
network of survival-associated m6A RNA methylation-related genes was created by Cytoscape. Genes are represented as nodes in the 
diagram, and their interactions are represented by lines. The size and color of the node denotes the degree values, respectively. Genes with 
lighter colors and larger circles show higher degree value in the network, while darker colors and smaller circles show lower degree values 
in the network. (B) Enriched Ontology Clusters. Each term is represented by a circle node, where its size is proportional to the number 
of survival-related genes, and its color represents its cluster identity. The thickness of the edge represents the similarity score. m6A, N6-
methyladenosine.
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ROC curves were used to demonstrate the sensitivity and 
specificity in predicting the overall survival of patients, 
and we found that the present risk model depicted a good 
accuracy of survival prediction at 1 year (AUC =0.743) and 
5 years (AUC =0.874) after surgery, suggesting it could be 
used to predict the prognostic survival of PAAD patients 
with high accuracy (Figure 5). 

To better understand the interactions among the 16 
m6A RNA methylation-related genes, analysis was also 
carried out on the interactions and correlations between 
these genes (Figure 6A,B). According to the STRING 
database, interaction existed between PLK1 and ESCO2, 
and phospholipase C delta 4 (PLCD4) and PIK3CB. 
However, 23 pairs with significant correlating factors 

were identified after the Spearman’s correlation test was 
carried out on PAAD cohort from TCGA, as shown in 
Table S2. Notably, we found that zinc finger protein 596 
(ZNF596) was positively associated with PLCD4, leucine 
rich repeat and Ig domain containing 4 (LINGO4) 
and BCL11A, but negatively associated with PK1 and 
PIK3CB (all P<0.05). Expression of PLK1 was positively 
associated with ESCO2, PALB2, COL7A1, and PIK3CB, 
but negatively associated with LINGO4, BAF chromatin 
remodeling complex subunit BCL11A (BCL11A), and 
ZNF596 (all P<0.05). Therefore, little is known about 
the interaction among these 16 m6A RNA methylation-
related genes, and further well-designed studies are  
warranted.
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Figure 3 Multivariate Cox regression analysis was used to construct and analyze risk scores based on 16 survival-related m6A RNA 
methylation-related genes. According to the median risk score, PAAD patients in the TCGA and ICGC datasets were divided into low- 
and high-risk groups. The Kaplan-Meier curve described the significant survival difference between the high- and low-risk groups in 
the prognostic model, and the top of each assembly diagram represents the survival state and survival time of PAAD patients, which was 
distributed according to the risk score. At the bottom is the risk score curve for PAAD patients. Risk scores were constructed using the 
TCGA (A,B) and ICGC (C,D) databases. m6A, N6-methyladenosine; PAAD, pancreatic adenocarcinoma; TCGA, The Cancer Genome 
Atlas; ICGC, the International Cancer Genome Consortium.
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The prognostic value of the candidate m6A-related genes 
for pancreatic cancer with distinct clinical outcomes and 
clinicopathological features

To specifically investigate the function of the candidate 
m6A-related genes in pancreatic cancer, we divided the 
TCGA pancreatic cancer samples into different subgroups 
according to the expression similarity of 16 m6A-related 
genes using the R package software ConsensusClusterPlus. 
Based on the expression similarity of m6A RNA methylation 
regulators, k=7 appeared to be an adequate choice, with 

clustering stability rising from k=2 to 12 for the TCGA 
datasets. All subgroups were named TM1 to TM7. Further 
analysis revealed that cancer stage and KRAS mutation 
status differed significantly among these seven subgroups 
(Figure S4). We explored the differences in clinical features 
among these subgroups, discovering that KRAS mutation 
status and AJCC stage differed significantly among these 
groups (both P<0.05) (Figure 7). Moreover, survival 
analysis indicated that a significant difference in survival 
between these 7 subgroups (P=0.0015). We analyzed the 
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Figure 4 The heat map showing the expression levels of 16 m6A RNA methylation-related genes in the low- and high-risk groups. The 
distribution of clinicopathological features was compared between the low- and high-risk groups. m6A, N6-methyladenosine.
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genes which were expressed differently among these 7 
subgroups, and found that the expressions of 6 of the 16 
m6A RNA methylation-related genes, including COL7A1, 
BCAT1, ZNF596, and PLK1, were significantly different. 
In addition, COL7A1 (P=0.0001), BCAT1 (P=0.0118), 
and PLK1 (P=0.0129) were associated with poor overall 
survival, whereas ZNF596 (P<0.0001) was significantly 
associated with increased overall survival (Figure 8). We 

further investigated the associations between the clinical 
features and expression of these six genes. Remarkably, 
there was a positive association between PLK1 (P<0.001), 
BCAT1 (P=0.004), and COL7A1 (P<0.001) expression 
and positive cancer status, which indicated relapse after 
the initial surgery at a particular time point. Consensus 
clustering analysis of m6A RNA methylation regulators 
singled out two cluster points in time. However, expression 
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Figure 5 ROC curve showed the predictive efficiency of the 1- to 5-year survival rates (A,B,C,D,E) in the prognostic model of TCGA 
dataset, respectively. TCGA, The Cancer Genome Atlas.
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Figure 6 Interactions and correlations among 16 survival-related m6A RNA methylation-related genes. (A) m6A modification-related 
interactions between 16 m6A RNA methylation-related genes. (B) Spearman correlation analysis of 16 m6A RNA methylation-related 
genes. m6A, N6-methyladenosine.
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Figure 7 Consensus clustering analysis of the 7 subtypes of heat maps and significant clinicopathological features.
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of ZNF596 (P=0.024) was negatively associated with 
tumor-free status, which suggested that COL7A1, BCAT1, 
ZNF596, and PLK1 may be involved in tumor recurrence, 
and subsequently influence the survival of PAAD (Figure 9). 

Discussion

PDAC is a highly aggressive and deadly disease. Despite 
the remarkable technological advancements seen in recent 
decades, the 5-year survival rate (8.2%) for PDAC remains 
bleak. Moreover, for PDAC patients who are able to 
undergo surgical resection, the recurrence rate is at least 
60%. Therefore, there is an urgent need to identify novel 
therapeutic strategies for PDAC as well as factors that might 
affect its prognosis in clinical practice. Over 160 kinds of 
chemical modifications have been identified among various 
RNAs at the post-transcriptional level. Among these, there 

is mounting evidence to suggest that m6A modification 
makes a crucial difference not only in hypertension and 
cardiovascular diseases but also in tumorigenesis and 
metastasis (18). Thus, identifying m6A-related genes and 
m6A RNA methylation regulators in deadly pancreatic 
cancers may provide us with valuable therapeutic targets. 

Previous studies that have pointed out the importance 
of METTL3 and ALKBH5 in the development and 
progression of pancreatic cancer; however, little is known 
about the function of m6A-related genes. Therefore, we 
carried out the present study to identify the key genes from 
1,302 candidate m6A RNA methylation-related genes and 
further explored their significance in relation to the clinical 
features of pancreatic cancer patients. 

Our results showed that 283 candidate m6A RNA 
methylation-related genes differed significantly across 
different AJCC stages, which implied that these genes may 
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Figure 8 Kaplan-Meier analysis. (A) Kaplan-Meier survival curve of PAAD patients in TCGA database. (B,C,D,E) Survival curve analysis of 
the m6A RNA methylation-related genes differentially expressed in 7 subgroups, which was significantly related to the prognosis of PAAD. 
PAAD, pancreatic adenocarcinoma; TCGA, The Cancer Genome Atlas.
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engage in the development of pancreatic cancer. It is worth 
noting that our results also identified significant differences 
among AJCC-stage subgroups with four of the m6A 
RNA methylation regulatory factors, including RBM15, 
METTL14, FTO, and ALKBH5. 

As a critical demethylase which regulates cellular mRNA 
stability by removing N-methyladenosine (mA) residues in 
mRNA, FTO has been demonstrated to be linked to body 
mass index, risk of obesity, and even cancer (19). Recent 
evidence has shown the gene polymorphism (rs9939609 
T/A) of FTO to be significantly associated with increased 
risk of pancreatic cancer (20). Other studies have suggested 
that FTO could enhance its stability by interaction with 
MYC proto-oncogene, bHLH transcription factor, and 
thus promote cancer cell growth (21). Cho et al. found that 

the ALKBH5 gene is a novel biomarker that is a prognostic 
predictor for pancreatic cancer patients, which supports 
the reliability and accuracy of our present results (22).  
In contrast, the functions of RBM15 and METTL14 
in pancreatic cancer are yet to be revealed. Remarkably, 
RBM15 and METTL14 were found to have a significant 
association with overall survival in our study. In addition, 
RBM17 expression was significantly associated with 
pathologic N status and new tumor event (NTE) after 
initial treatment. Based on their significant association with 
clinical features, it is reasonable to suspect that RBM15 and 
METTL14 may engage in the initiation and development 
of pancreatic cancer, and further well-designed studies are 
required. 

Univariate analysis revealed 148 out of 283 candidate 
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genes to be closely associated with overall survival in 
pancreatic cancer. Protein-protein interaction analysis 
between these 148 survival-associated genes was further 
conducted. The results indicated that EGFR, PLEC, BLM, 
and PLK1 are closely related to other genes and could be 
considered as hub genes in the network. 

Numerous studies have shown EGFR, which correlated 
with most of the m6A-related genes among these 148 
survival-associated genes, to act as an oncogene and some 
EGFR inhibitors hold great promise in clinical use (23). 
EGFR expression has been detected in a high percentage of 
PDAC (up to 90%) (24), and it occupies a crucial position in 
PDAC recurrence and liver metastasis. According to clinical 
data, there is a supposed association between overexpression 
of EGFR and more aggressive tumor behavior and higher 
postoperative recurrence rates (25). 

As a downstream gene activated by the PI3K/Akt and 
NF-κB signaling pathways, PLK1 is closely related to poor 
prognosis in a variety of cancers. Previous studies have 
demonstrated that by combining PI3K inhibitor LY294002 
together with gemcitabine to target the depletion of Plk1, 
sensitivity to chemotherapy could be enhanced (26). Using 
the amphiphilic nanocarrier, combined regulation of PLK1 
and miR-34a could improve therapeutic response (27), 
potentially presenting a new therapeutic choice for treating 
gemcitabine-resistant pancreatic cancer (28). 

Furthermore, PLEC is known to be aberrantly expressed 
in the surface of PDAC cells but negative in benign tissues, 
which puts forward another ideal target for cancer diagnosis 
and therapy (29,30). 

BLM may act to suppress inappropriate recombination 
in normal cells and prevent instability of structure-
forming DNA sequences, but aberrant BLM expression has 
been detected in colorectal cancer and leukemia (31,32). 
However, there is no existing evidence which illustrates the 
function of BLM in pancreatic cancer. As BLM is important 
to maintain genome stability, elucidating its function in 
pancreatic cancer holds immense significance for new 
therapeutic benefits (33). 

Taken together, the expression of m6A RNA methylation-
related genes were closely associated with malignant 
clinicopathological features in pancreatic cancer. 

To further explore the potential m6A RNA methylation 
regulators might hold for PAAD prognosis, LASSO Cox 
regression was carried out and a risk prognostic model 
was built by 16 m6A RNA methylation-related genes. 
The prognostic model was verified with data from ICGC 
database serving as the validation set. Interestingly, Kaplan-

Meier analysis indicated that the survival of high-risk and 
low- risk groups could be distinguished in both the training 
group and the validation set. Further analysis revealed that 
AJCC stage, stages T and N, KRAS mutation status, and 
x8q23.3 CNV fragment mutation differed significantly in 
the high-risk and the low-risk subgroups. The AUCs of 
1 year to 5 years after surgery were all more than 0.7 and 
increased year by year, which indicates that the present risk 
model is an ideal model for predicting survival of PAAD 
with high accuracy. We also tried to elaborate on the 
interactions among the 16 m6A RNA methylation-related 
genes and found interactions between PLK1 and ESCO2, 
and PLCD4 and PIK3CB according to the STRING 
database. Correlation analysis was conducted, and we 
found several significant associations to exist among these 
genes. However, more needs to be understood about the 
interaction among these 16 m6A RNA methylation-related 
genes. 

Consensus clustering analysis of m6A RNA methylation 
regulators was also performed to identify two clusters 
of pancreatic cancer with defined clinical outcomes and 
clinicopathological features. After the TCGA pancreatic 
cancer samples were divided into subgroups with k=7, we 
found KRAS mutation status and AJCC stage differed 
significantly between the groups. Moreover, we identified 
four m6A RNA methylation-related genes that were 
expressed significantly differently among these seven 
subgroups, including COL7A1, BCAT1, ZNF596, and 
PLK1. The association between the expressions of these 
four m6A RNA methylation-related genes and clinical 
features was further investigated. Notably, PLK1, BCAT1, 
and COL7A1 were found to be positively associated with 
positive cancer status, while ZNF596 were negatively 
associated with tumor-free status. Previous reports 
have suggested that inhibition of COL7A1, a TGF-
beta-regulated gene, by a TGF-betaRI kinase inhibitor 
could offer a potential therapeutic benefit for pancreatic  
cancer (34). BCAT1 is the enzymes responsible for 
branched-chain amino acids utilization, but loss of 
it was recently shown to not be required for PDAC 
tumor formation, which is inconsistent with the present  
findings (35). The functions of ZNF596, a member of 
the zinc finger protein family, are still unknown. Recent 
evidence showed that ZNF596 regulated the EZH2/STAT3 
signaling pathway, and thus promoted glioma stem-like 
cell tumorigenicity (36). A study concerning the function 
of ZNF596 in pancreatic cancer is yet to be carried out. In 
our study, ZNF596 was found to be significantly associated 
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with better overall survival, which indicates its anti-tumor 
function in pancreatic cancer and is inconsistent with 
previous study (36). Therefore, more studies are warranted 
to fully elucidate the function of ZNF596 in pancreatic 
cancer. 

Conclusions

In summary, our study systematically analyzed the m6A 
RNA methylation-related genes, including their expression, 
protein-protein interaction, potential function, and 
prognostic value. We found a close association between 
the expression of m6A RNA methylation-related genes 
and malignant clinicopathological features in pancreatic 
cancer. Several genes were identified, which are useful 
for identifying novel therapeutic targets, and chemicals 
modulating the m6A methylation process may offer a new 
treatment strategy for pancreatic cancer. In summary, our 
study provides important clues for further investigation into 
the function of RNA m6A methylation and its related genes 
in pancreatic cancer.
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Figure S1 Association between 4 m6A RNA methylation-related genes, including RBM15, METTL14, FTO, and ALKBH5, and various clinical features in the PAAD 
cohort from TCGA. Statistics P≥0.05; *, P<0.05; **, P<0.01; ***, P<0.001; r representing coefficient index when analyzing continuous parameters. m6A, N6-methyladenosine; 
PAAD, pancreatic adenocarcinoma; TCGA, The Cancer Genome Atlas.
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Figure S2 Sixteen survival related m6A RNA methylation related-genes were screened. (A) Lasso regression analysis was used to screen 148 
m6A RNA methylation related-genes. (B,C) The OR, 95% CI calculated by univariate Cox regression and the coefficients calculated by 
multivariate Cox regression using funnel plot as shown. m6A, N6-methyladenosine; OR, odds ratio; CI, confidence intervals.
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Figure S3 Risk score distribution corresponding to different clinicopathological features of TCGA dataset stratified by age (A), KRAS status 
(B), CNV_8q23.3 status (C), WHO stage (D), gender (E), WHO grade (F). TCGA, The Cancer Genome Atlas.
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Table S1 Multivariate Cox regression analysis for the association between clinical features and the prognosis of PAAD 

Factor coef P value

Age 0.018171783 0.225533978

Gender_level −0.185130283 0.557321381

Stage_level −0.142796625 0.623627393

M −0.240936156 0.741356109

N 0.540217548 0.152289831

T −0.032060004 0.942718563

Grade 0.364250232 0.088945274

PAAD, pancreatic adenocarcinoma.



Table S2 Twenty-three pairs of significant correlation factors identified by the Spearman correlation test from PAAD cohort of TCGA 

Gene1 Gene2 PP Estimate abs(estimate) P value

COL7A1 PLK1 COL7A1(pp)PLK1 0.417993 0.417993 5.27E-09

COL7A1 LINGO4 COL7A1(pp)LINGO4 −0.35413 0.354129 1.08E-06

AHNAK PIK3CB AHNAK(pp)PIK3CB 0.458289 0.458289 9.86E-11

AHNAK PALB2 AHNAK(pp)PALB2 0.44091 0.44091 5.85E-10

PLCD4 PIK3CB PLCD4(pp)PIK3CB −0.53479 0.534792 1.05E-14

PLCD4 ZNF596 PLCD4(pp)ZNF596 0.487728 0.487728 3.81E-12

PLCD4 LINGO4 PLCD4(pp)LINGO4 0.342979 0.342979 2.44E-06

PIK3CB PALB2 PIK3CB(pp)PALB2 0.472086 0.472086 2.23E-11

PIK3CB ESCO2 PIK3CB(pp)ESCO2 0.373616 0.373616 2.39E-07

PIK3CB ZNF596 PIK3CB(pp)ZNF596 −0.37598 0.375981 1.98E-07

PIK3CB PLK1 PIK3CB(pp)PLK1 0.341393 0.341393 2.73E-06

PIK3CB BCL11A PIK3CB(pp)BCL11A −0.31308 0.31308 1.88E-05

PALB2 ESCO2 PALB2(pp)ESCO2 0.511654 0.511654 2.13E-13

PALB2 PLK1 PALB2(pp)PLK1 0.446083 0.446083 3.48E-10

PALB2 BCL11A PALB2(pp)BCL11A −0.41452 0.414518 7.25E-09

PALB2 LINGO4 PALB2(pp)LINGO4 −0.30305 0.303054 3.55E-05

ESCO2 PLK1 ESCO2(pp)PLK1 0.660751 0.660751 5.97E-24

ZNF596 PLK1 ZNF596(pp)PLK1 −0.48507 0.485069 5.17E-12

ZNF596 BCL11A ZNF596(pp)BCL11A 0.472231 0.472231 2.19E-11

ZNF596 LINGO4 ZNF596(pp)LINGO4 0.520534 0.520534 6.89E-14

PLK1 BCL11A PLK1(pp)BCL11A −0.30743 0.307431 2.69E-05

PLK1 LINGO4 PLK1(pp)LINGO4 −0.44449 0.444494 4.08E-10

BCL11A LINGO4 BCL11A(pp)LINGO4 0.448756 0.448756 2.65E-10

PAAD, pancreatic adenocarcinoma; TCGA, The Cancer Genome Atlas.



Figure S4 Using 16 m6A RNA methylation related-genes, the TCGA dataset was divided into 7 subtypes (TM1–TM7). (A) The relative 
variation of the area under the Consensus clustering CDF curve for k=2 to 12. (B) CDF curve for k=2 to 12. (C) Tracking plot for k=2 to12. 
(D) The consensus clustering matrix at k=7. m6A, N6-methyladenosine; TCGA, The Cancer Genome Atlas; CDF, cumulative distribution 
function.
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