L))

Check for
updat

Original Article
Page 1 of 15

Identification of m6A-related genes and m6A RNA methylation
regulators in pancreatic cancer and their association with survival

Yan Gengl’”, Renguo Guan"*, Weifeng Hong4, Bowen Huangl’3 , Peizhen Liu’, Xiaohua Guo®,
Shixiong Hu’, Min Yu’, Baohua Hou"’

"The Second School of Clinical Medicine, Southern Medical University, Guangzhou 510280, China; *Shunde Hospital, Southern Medical University,
The First People’s Hospital of Shunde, Lunjiao, Shunde District, Foshan 528308, China; ‘Department of General Surgery, Guangdong Provincial
People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou 510080, China; *Department of Medical Imaging, The First Affiliated
Hospital of Guangdong Pharmaceutical University, Guangzhou 510080, China; *Department of Nursing, Guangdong Provincial People’s Hospital,
Guangdong Academy of Medical Sciences, Guangzhou 510080, China; ‘Department of General Surgery, Yingde People’s Hospital, Qingyuan
513000, China

Contributions: (I) Conception and design: M Yu, B Hou; (II) Administrative support: M Yu, B Hou; (IIT) Provision of study materials or patients: P
Liu, S Hu; (IV) Collection and assembly of data: B Huang, X Guo; (V) Data analysis and interpretation: Y Geng, R Guan, W Hong; (VI) Manuscript
writing: All authors; (VII) Final approval of manuscript: All authors.

*These authors contributed equally to this work.

Correspondence to: Min Yu. Department of General Surgery, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences,
Guangzhou 510080, China. Email: yumin@gdph.org.cn; Baohua Hou. The Second School of Clinical Medicine, Southern Medical University,
Guangzhou 510280, China. Email: hbh1000@126.com. Shixiong Hu. Department of General Surgery, Guangdong Provincial People’s Hospital,
Guangdong Academy of Medical Sciences, Guangzhou 510080, China. Email: 409597678@qq.com; Xiaohua Guo. Department of General Surgery,
Yingde People’s Hospital, Qingyuan 513000, China. Email: 1348825942@qq.com.

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 RINA 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 RINA 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 o-ketoglutarate-dependent dioxygenase AIkB homolog 5
(ALKBHYS), 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 PLKI.
Conclusions: Our study systematically analyzed the m6A RNA methylation related genes, including
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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
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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,
N°-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 m°A 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
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tumorigenesis and metastasis (11). Therefore, by identifying
mo6A-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
a-ketoglutarate-dependent dioxygenase AlkB homolog 5
(ALKBHY5), 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
mO6A 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
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Table 1 The list of the 15 m6A RNA methylation regulative factors from publications
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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"
YTHDCA 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 a-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.
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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
Fifteen m6A RNA methylation regulators 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 7uble 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 7-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
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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:

Risk score= )" Coef, * Exp,
i=1

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 AFCC 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 RINA 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),
METTLI14, fat mass and obesity-associated protein (FTO),
and ALKBHS, differed significantly between the subgroups.
In addition, the expressions of RBM15, METTLI14, and
ALKBHS were significantly associated with overall survival
in the PAAD cohort (all P<0.05), whereas the expressions
of METTLI14, FTO, and ALKBHS5 had significant
correlation with copy number variation (all P<0.05)
(Figure SI). 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
ALKBHS5 (P=0.009) expression and pathologic T status
(Figure ST).
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Figure 1 Expression of 283 m6A RNA methylation related-
genes at different stages (I-IV) of pancreatic carcinoma. m6A, N°-

methyladenosine.

Functional annotation of the survival-velated mé64 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
ALKBHS, were significantly associated with overall survival
of pancreatic cancer. ALKBHS5 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
tactors 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
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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 m64 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 (COL7AL);
branched chain amino acid transaminase 1 (BCAT'1);
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
(SAMDOYL); and PLKI1. 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 34,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).
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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, N°-

methyladenosine.

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 PLKI and ESCO2,
and phospholipase C delta 4 (PLCD4) and PIK3CB.

However, 23 pairs with significant correlating factors
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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 (LINGO#4)
and BCL11A, but negatively associated with PK1 and
PIK3CB (all P<0.05). Expression of PLKI1 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, N*-methyladenosine; PAAD, pancreatic adenocarcinoma; TCGA, The Cancer Genome

Atlas; ICGC, the International Cancer Genome Consortium.

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
mo6A-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
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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, N°-methyladenosine.

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 §). We
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further investigated the associations between the clinical
features and expression of these six genes. Remarkably,
there was a positive association between PLKI1 (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. mOA, N6—methyladenosine.
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Figure 7 Consensus clustering analysis of the 7 subtypes of heat maps and significant clinicopathological features.

of ZNF596 (P=0.024) was negatively associated with
tumor-free status, which suggested that COL7A1, BCAT,
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

© Annals of Translational Medicine. All rights reserved.

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 ALKBHS 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

Ann Transl Med 2020;8(6):387 | http://dx.doi.org/10.21037/atm.2020.03.98
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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.

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,
METTLI14, FTO, and ALKBHS.

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 4l. found that

© Annals of Translational Medicine. All rights reserved.

the ALKBHS5 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
METTLI14 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

Ann Transl Med 2020;8(6):387 | http://dx.doi.org/10.21037/atm.2020.03.98



Geng et al. Systemic analysis of m6A RNA methylation in pancreatic cancer

Page 12 of 15

*SE[IY WOUDL) I90UR)) 9 [, ‘YO ], ‘BWOUDILI0UIpE dnedroued

‘AVVd utsouspe[Aypaw- N ‘you ‘s1ojowered snonunuod JurzA[eue uaym xopul JudLF00 Funuasaldar 1700 0>d ‘wx 10°0>d ‘xx $S0°0>d ‘x £S0°0d SONSHEIS YOHD L
WOy 110Y0d (Y Ul S210IEd] [EDTUI[D SNOLIEA PUE ‘Y. TOD PUe [IVOE ‘965AXZ ‘T3'1d Surpnjout ‘souag-pare[ar uonejAyrauwt YN VYU 4 Ud2m19( UODROSSY 6 NS

L200=1

G2 0=
502°0=
000°'1=d
£v2'0=1
201°0=1
5/8'0=d
gz00=d
¥55°0=d
erL0=d
ozz'0=d
041'0=
€9g°0=d
Sveg'o=d
¥—-9506'2=d
80}'0=d
6vz'0=d
y62'0=d
201°0=
¥90°0=
6€0°0=d
2v90=d
6Lg°0=d
§-8002y=d
610°0=
ozy'o=d
181-0=d
Le6'0=d
0Lg'0-=4
osg'0=d
6z.°0=d
259'0=d
]
Lp2°0=d
900°0=/

V2700

vOL0-=4

+:02€°0-=1
~8610=1
618°0=d
¥20°0-=4
S10°0=4
zLg0=d
910°0=d
G/5°0=d
0990=d
9/€°0=d
820°0=1
€05°0=d
662°0=d
¥00°0=d
0/2°0=d
£00°0=d
y-og0e-g=d
S10°0=4
660°0=1
8z10=d
egg0=d
0290=d
820°0=d
6€1°0-=1
1G10=d
geg0=d
126°0=d
€eL 0=l
9y9:0=d
8.6°0=d
gLio=d
org 0=
2290=d
€200

L1vOod

«x0L2°0=4

282 0=4
«x962°0-=!
620°0=d
‘Lzro—=
2eL0-=
206'0=d
Le0'0=d
2g€°0=d
L2o'0=d
509'0=d
200°0=1
2ge0=d
eeg0=d
¥20'0=d
880°0=d
28e'0=d
sok0=d
ze10-=
710°0-=
ovy'0=d
eeyo=d
Sve'o=d
¥00°0=d
960°0-=!
8.10=d
2g0°0=d
15z0=d
'800°0—=!
5/8:0=d
y0.'0=d
€92°0=d
220°0-=!
002°0=d
'620°0—=!

96GdNZ

»0€°0=4

292 0-=1
66201
610'0=d
¥62:0=1
191°0=4
9vg'0=d
200°0=d
999'0=d
€/6'0=d
yego=d
1€0°0=4
850°0=d
8lg'0=d
G-9g9y'9=d
150°0=d
2e0°0=d
S0.'0=d
191°0=4
800°0=/
800°0=d
2ge°0=d
869'0=d
G-9968'6=d
¥20°0=
S94°0=d
£00°0=d
ov0'0=d
€81°0-=!
Sv2°0=d
Le0'0=d
865°0=d
SLLo—=
069'0=d
£61°0=4

IMd

pusbar

Jequinu Adog

uoissaidxe ausn)

SO

ene SO

adA} sjdweg

poyows siesp

Kep Jad sapaiebin

AKioisiy joyooly

paudwis ofe)s Jown|

aoey

Jopusn

Apoluyg

AKioysiy Buiyows 0ooeqo)

Jowny [enpisey

$5900NS 8Wo2iNo Adelsy) Aewd
SNje}s Jooued wsejdosu uosiad

3 o16ojoyred

u o16ojoyred

w oiBojoyred

paxows sieak yoed Jaquiny

ay Ag aniisod sepouydwi| jo Jequunn
JusLUEa] [BIHIUI JOYE JUSAS JOWIN} MON
adA} Juane wsedoau maN

***ILIOJEUE S2USLIND00 JUBAS WiSe|dosu MaN
apelb o160josiy wsejdosN

UOISUSLUIP JOWN WNWIXE|N

sejeqelp Jo AloysiH

siyeasoued 91uoIyo Jo AloisiH
KioBayeo Js1y Buipe.b o160joisIH
uondwnsuod [0yoo|e Jo Aousnbai4
Ja0oue Jo Aioysiy Ajiwe4

1S JusW}eal) OjWoeuy

uoIsiAIpgns wsejdosu olwoyeuy

Aep Jad uoidwnsuos |0yoofe Jo Junowy
AKioBayeo ainsodxa 2104oo|y
sisoubelp o16ojoyred [einul e aby

Ann Transl Med 2020;8(6):387 | http://dx.doi.org/10.21037/atm.2020.03.98

© Annals of Translational Medicine. All rights reserved.



Annals of Translational Medicine, Vol 8, No 6 March 2020

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 PLKI1 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).
EGEFR 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-«B 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 Plkl,
sensitivity to chemotherapy could be enhanced (26). Using
the amphiphilic nanocarrier, combined regulation of PLKI
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 RINA 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-

© Annals of Translational Medicine. All rights reserved.
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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 RINA 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
PLKI. The association between the expressions of these
four m6A RNA methylation-related genes and clinical
features was further investigated. Notably, PLK1, BCAT,
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 TGEF-
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

Ann Transl Med 2020;8(6):387 | http://dx.doi.org/10.21037/atm.2020.03.98
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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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Supplementary

Figure S1 Association between 4 m6A RINA methylation-related genes, including RBM15, METTL14, FTO, and ALKBHS, 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, N°-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, N°-methyladenosine; OR, odds ratio; CI, confidence intervals.



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.

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.



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

Genel 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, N°-methyladenosine; TCGA, The Cancer Genome Atlas; CDF, cumulative distribution
function.
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