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Abstract

Background: N6-methyladenosine (m6A) RNA regulation was recently reported to be important in carcinogenesis
and cancer development. However, the characteristics of m6A modification and its correlations with clinical features,
genome instability, tumor microenvironments (TMEs), and immunotherapy responses in hepatocellular carcinoma
(HCQ) have not been fully explored.

Methods: We systematically analyzed the m6A regulator-based expression patterns of 486 patients with HCC from
The Cancer Genome Atlas and Gene Expression Omnibus databases, and correlated these patterns with clinical
outcomes, somatic mutations, TME cell infiltration, and immunotherapy responses. The m6A score was developed by
principal component analysis to evaluate m6A modifications in individual patients.

Results: M6A regulators were dysregulated in HCC samples, among which 18 m6A regulators were identified as risk
factors for prognosis. Three m6A regulator-based expression patterns, namely m6A clusters, were determined among
HCC patients by m6A regulators with different méA scores, somatic mutation counts, and specific TME features.
Additionally, three distinct m6A regulator-associated gene-based expression patterns were also identified based on
prognosis-associated genes that were differentially expressed among the three m6A clusters, showing similar proper-
ties as the m6A regulator-based expression patterns. Higher m6A scores were correlated with older age, advanced
stages, lower overall survival, higher somatic mutation counts, elevated PD-L1 expression levels, and poorer responses
to immune checkpoint inhibitors. The m6A score was validated as an independent and valuable prognostic factor for
HCC.

Conclusion: M6A modification is correlated with genome instability and TME in HCC. Evaluating m6A regulator-
based expression patterns and the m6A score of individual tumors may help identify candidate biomarkers for prog-
nosis prediction and immunotherapeutic strategy selection.
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Background

Hepatocellular carcinoma (HCC) accounts for the most

cases of primary liver cancers, which have the sixth
*Correspondence: shukunyao@126.com and third highest incidence and mortality rate, respec-
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its underlying molecular pathogenesis remains largely
unclear.

N6-methyladenosine (m6A) RNA methylation plays a
vital role in RNA splicing, export, processing, translation
and decay, and is the most common type of post-tran-
scriptional regulation of mRNAs in living organisms [2].
Previous reports identified the following three types of
m6A regulators: “writers” (methyltransferases), “readers”
(m6A-binding proteins), and “erasers” (demethylases)
[3]. Recently, growing evidence has revealed the emerg-
ing role of m6A deregulation in liver diseases and cancer
[4-6]. Thus, regulators of m6A modification may be diag-
nostic and therapeutic targets for HCC.

Genome instability is an evolving hallmark of many
types of cancers and is involved in tumorigenesis and
cancer progression [7]. The tumor mutation burden
(TMB), which refers to the accumulation of endogenous
and exogenous mutation processes in cancer cells, has
been reported to play a crucial role in the biological pro-
cesses of cancer based on the high frequency and wide
spectrum of somatic mutations [8]. The TMB was also
shown to be a useful prognostic biomarker [9], and for
immunotherapy selection in some cancers [10]. Further-
more, Zhang et al. found that m6A modification scores
were correlated with TMB levels in gastric cancer [11].
However, the relationship between m6A regulation and
genome instability in HCC remains ambiguous.

Cancer development has been found to occur that are
closely associated with alterations in tumor microenvi-
ronments (TMEs), which are aggregations of tumor cells
and adjacent tumor-related nontumor cells [12]. Block-
ade of immune checkpoints, including programmed
cell death-1 (PD-1), its ligand (PD-L1), and cytotoxic T
lymphocyte associated antigen 4 (CTLA4), has revo-
lutionized oncology therapeutics [13, 14]. The associa-
tion between PD-L1 expression and immune infiltration
of m6A regulators has been reported in head and neck
squamous cell carcinoma and gliomas [15, 16]. However,
the relationships of m6A modification regulators with
immune infiltration of TMEs and immunotherapy in
HCC require further exploration.

The aim of this study was to comprehensively identify
m6A regulator-based expression patterns, quantify indi-
vidual scores, and evaluate the prognostic value of m6A
methylation in HCC. The relationships of m6A regulation
with genome instability and TMEs were also investigated
to reveal the role of m6A methylation in HCC carcino-
genesis and immunotherapy. In summary, the current
study expanded the understanding on the mechanism of
m6A modification in the tumorigenesis and development
of HCC and identified biomarker candidates for prog-
nosis prediction and therapy selection in patients with
HCC.
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Methods

Data collection

The RNA profiles and clinical information of 374 HCC
samples and 50 normal samples were downloaded from
The Cancer Genome Atlas (TCGA) database on July
18, 2021. The fragments per kilobase of transcript per
million mapped reads (FPKM) values of RNA expres-
sion data downloaded from TCGA database were
transformed into transcripts per kilobase million
(TPM) values. A total of 21 datasets of HCC patients
were obtained from Gene Expression Omnibus (GEO)
databases. After excluding 20 GEO cohorts without
survival data, the normalized series matrix file and
clinical information of 115 HCC patients were down-
loaded from the GSE76427 dataset. Next, 3 samples
were deleted from TCGA cohort because they were not
primary tumors of HCC. Therefore, the gene expres-
sion and clinical data of 486 patients with HCC were
further analyzed. The batch effects among TCGA and
GSE76427 cohorts were removed using the ComBat
method in “sva” R package. The PRISMA flow chart is
shown in Additional file 1: Fig. S1. The somatic muta-
tion data of patients with HCC were obtained from
TCGA database and identified using the VarScan soft-
ware. The copy number variation (CNV) data of HCC
were collected from the UCSC Xena database (www.
xena.ucsc.edu). The immunophenoscores (IPS), a
predictor of response to anti-CTLA4 and anti-PD-1
antibodies based upon the expression profiles of the
representative genes of immunomodulatory, were
obtained from The Cancer Immunome Atlas (https://
tcia.at). We followed the rules that are set forth by the
public data set management for use of the data set. All
data in this study were obtained from public databases
and available to the public.

Expression variation and prognostic value of m6A
regulators in HCC

According to published studies, 25 m6A methyla-
tion regulators were examined, including 10 writ-
ers (METTL3/14/16, WTAP, VIRMA, ZC3HI13,
CBLL1, ZCCHC4, RBM15 and RBM15B), 13 readers
(YTHDC1/2, YTHDF1/2/3, IGF2BP1/2/3, HNRNPC,
FMRI1, LRPPRC, ELAVLI and HNRNPA2BI), and 2
erasers (FTO and ALKBHS) [11, 17-20]. The mRNA
expression levels of m6A regulators were compared
between the normal and HCC samples. The somatic
mutation counts and CNV alterations of the 25 m6A
regulators are summarized and illustrated. Survival
analysis was utilized to screen prognosis-related m6A
regulators.
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Consensus clustering of m6A regulator-based expression
patterns

Based on the expression levels of m6A regulators,
patients with HCC in TCGA and GSE76427 cohorts were
classified into different m6A regulator-based expression
patterns, namely m6A clusters, using the “Consensus-
ClusterPlus” R package with the pam method, with 50
iterations and a resampling rate of 80% [21]. To deter-
mine the number of m6A clusters, we used the empirical
cumulative distribution function (CDF) plots to identify
the consensus distributions for each k, as well as the delta
area score to display the relative growth in cluster stabil-
ity. Consistent matrix (CM) plots were also illustrated
based on the k-value. Moreover, based on the expression
level of 25 m6A regulators, principal component analy-
sis (PCA) was performed among the different m6A clus-
ters. The expression levels of the 25 m6A regulators were
compared among the m6A regulator-based expression
patterns.

Enrichment analysis and immune cell infiltration of m6A
clusters

To explore the different biological processes between
mo6A clusters, the “c2.cp.kegg.v7.4.symbols” file was
downloaded from the MsigDB database for Gene set
variation analysis (GSVA). An adjusted P<0.05 was
considered to indicate statistically significant results.
The “limma” R package was applied to identify differen-
tially expressed and m6A-related genes using the ImFit
and eBayes functions with the significant cutoff value at
adjusted P<0.05. Differentially expressed genes (DEGs)
between the different m6A regulator-based expression
patterns were first identified, and then the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis was
conducted based upon the DEGs by using the “cluster-
Profiler” R package [22, 23]. Furthermore, the immune
infiltration characteristics were analyzed and compared
among different m6A clusters. The relative abundances
of cell infiltration in the TMEs of HCCs were quantified
using the enrichment score for each immune category
of single-sample gene set enrichment analysis (ssGSEA).
The “GSVA” R package was utilized for GSVA and
ssGSEA analyses.

Identification of m6A gene clusters

To further analyze the values of the DEGs of the
m6A clusters, univariate Cox regression analysis was
performed to retrieve the prognosis-related DEGs
(P<0.0001). HCC patients in TCGA and GEO cohorts
were separated into different m6A regulator-associated
gene-based expression patterns, namely m6A gene clus-
ters, which were defined by the consensus clustering
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according to the expression of prognostic DEGs. PCA of
m6A gene clusters was performed based on expression of
these prognosis-related DEGs. Survival analysis was also
conducted among gene clusters. Moreover, the expres-
sion levels of the 25 m6A regulators in the different gene
expression-based clusters were then investigated.

Correlation of m6A score with clinical factors, genome
stability, and immune characteristics

To quantify the m6A modification score, PCA was con-
ducted to develop a set of m6A scoring systems using a
method similar to that used by Zhang et al. [11]. Briefly,
the sum of all principal components 1 and 2 of each
prognostic DEG related to m6A regulators was consid-
ered as the m6A score. Patients with HCC were classi-
fied into the low or high m6A score subgroup according
to the cutoff point determined using “survminer” R
package. The differences in m6A scores among the m6A
clusters and m6A gene clusters were compared. Further-
more, the value of m6A score in predicting prognosis was
examined by survival analysis of patients with HCC and
of patients in subgroups stratified by clinicopathologi-
cal features. The correlations of the m6A score with the
TMB, immune cell infiltration and IPS were explored in
detail to reveal the roles of m6A regulators.

Statistical analysis

R version 4.0.3 was utilized for data analysis. For quan-
titative data, ¢-test and Wilcoxon test were used to com-
pare two groups, whereas one-way analysis of variance
and Kruskal-Wallis test were used to compare differ-
ences among three or more groups for parametric and
nonparametric data, respectively. Kaplan—-Meier curves
were used for survival analyses using log-rank test. The
cutoff values of m6A regulator expression and the m6A
score in survival analyses were calculated using the surv-
cutpoint function in “survminer” R package to evaluate
all potential cutoff points repeatedly to determine the
maximum rank statistics. Cox regression analyses were
performed to identify independent prognostic factors
from the m6A regulators and m6A-related prognostic
DEGs. Time-dependent receiver operating characteris-
tic (ROC) curves were constructed to evaluate the accu-
racy of the m6A score for prognosis prediction using the
1- and 3-year areas under the curves (AUCs). Waterfall
maps were used to present the mutational landscape of
patients with HCC in TCGA cohort using the “Maftools”
R package. Statistical significance was set at P<0.05.

Results

Mutational genomic landscape of m6A regulators in HCC

A total of 364 patients with HCC were enrolled from
TCGA cohort to depict the landscape of genetic
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Fig. 1 Genetic variation landscape of m6A regulators for patients with hepatocellular carcinoma (HCC) in TCGA cohort. a Mutation frequency in
25 m6A regulators. b Copy number variation (CNV) frequency in 25 m6A regulators. ¢ Chromosomal locations of the CNV alterations in the m6A
regulators. d Differences in expression levels of the 25 m6A regulators between HCC and normal samples. *P < 0.05; **P<0.01; ***P <0.001

variation in m6A regulators, among which 45 samples
(12.36%) showed mutations in m6A regulators (Fig. 1a).
The CNV alteration of HCC is depicted in Fig. 1b. Some
m6A regulators displayed increased copy numbers,
whereas others showed decreased CNV frequencies.

The chromosome locations of the CNV alterations of
mo6A regulators are illustrated in Fig. 1c. Furthermore,
the expression levels of m6A regulators were compared
between normal and HCC tissues in TCGA cohort,
indicating that except for ZC3H13, the other 24 m6A
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regulators were upregulated in the HCC samples in
TCGA cohort (Fig. 1d).

Prognostic value of m6A regulators in HCC

As METTLI6 and VIRMA were not available in the
GSE76427 cohort, only 23 m6A regulators were ana-
lyzed. A total of 18 m6A regulators, namely, METTL3,
WTAPB, RBM15, RBM15B, CBLL1, ZCCHC4, YTHDCI,
YTHDF1/2/3, LRPPRC, HNRNPA2BI, HNRNPC,
IGF2BP1/2/3, ELAVLI, and FTO, were found to be asso-
ciated with overall survival (OS) in HCC patients from
TCGA and GSE76427 cohorts using Kaplan—Meier
curves and log-rank tests (Additional file 1: Fig. S2). A
crosstalk network was generated by R software to present
the widespread correlations in expression levels across
the m6A regulators in patients with HCC (Fig. 2a). In
summary, m6A regulators could have played a vital role
in predicting clinical outcomes in patients with HCC,
and some regulators showed potential as prognostic
biomarkers.

Consensus clustering for HCC patients by m6A regulators
Using consensus clustering, the patients with HCC
from TCGA and GSE76427 cohorts were assigned to
three m6A regulator-based expression patterns, namely
m6A cluster A (n=188), cluster B (n=110), and clus-
ter C (n=187), based on the expression of m6A regula-
tors. Both the CDF plot and delta area score showed the
highest stability with k=3 (Additional file 1: Fig. S3a, b).
The CM plot also showed the high consistency at k=3
(Additional file 1: Fig. S3c). The results of PCA showed
distinguishable differences in the transcriptional profiles
among the three m6A clusters (Fig. 2b). The three m6A
clusters showed significantly different OS, with cluster
A and C exhibiting good prognoses and cluster B dem-
onstrating the worst clinical outcome (Fig. 2c). The rela-
tionships of the m6A clusters with clinicopathological
features and expression of m6A regulators are illustrated
in Fig. 2d. Furthermore, the expression of the m6A regu-
lators among the three m6A clusters showed significant
differences (Fig. 2e). Specifically, cluster B was character-
ized by significant upregulation of all m6A regulators.

Enrichment analysis and TMEs of m6A clusters

GSVA analyses suggested that among the three m6A
clusters, cluster B included carcinogenesis-related
enrichment pathways such as cell cycle, RNA degrada-
tion and nucleotide excision repair (Additional file 1: Fig.
S4a, $4b). A total of 3500 genes were found to be differ-
entially expressed among the three m6A clusters (Fig. 3a).
KEGG enrichment analysis suggested that these DEGs
were enriched in carcinogenesis and RNA modification
pathways, including cell cycle, mismatch repair, RNA
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degradation, and nucleotide excision repair (Fig. 3b). The
cell infiltration of the TMEs in m6A clusters was further
investigated. Cluster B showed the highest infiltration of
activated CD4" T cells, immature dendritic cells, natural
killer T cells, and type 2 T helper cells, with the lowest
infiltration of eosinophils, neutrophils, type 1 T helper
cells, and type 17 T helper cells (Fig. 3c). Thus, the immu-
nosuppressive TMEs in cluster B may have contributed
to worse clinical outcomes, indicating that the distinct
TME characteristics in varying m6A clusters might play
a vital role in the tumorigenesis and prognosis of HCC.

Consensus clustering of the m6A gene cluster

Using the univariate Cox regression model, 307 DEGs
were extracted as significantly associated with prognosis
(Additional file 1: Table S1). Based on the expression of
these prognostic DEGs, patients with HCC were classi-
fied into three m6A regulator-associated gene-based
expression patterns: m6A gene cluster A (n=179), gene
cluster B (n=110), and gene cluster C (n=196) (Addi-
tional file 1: Fig. S3d-f). Distinguishable differences in
the transcriptional profiles of prognostic DEGs were
revealed among the three m6A gene clusters (Fig. 4a).
Consistent with the results for the three m6A clusters
mentioned above, the OS of the three gene clusters were
significantly different, with cluster B exhibiting the worst
prognosis (Fig. 4b). The relationships of the m6A gene
cluster with age, gender, stage, prognosis, m6A cluster,
and expression levels of DEGs are illustrated in Fig. 4c.
Furthermore, the expression levels of the 23 m6A regu-
lators differed among the three gene clusters, with gene
cluster B exhibiting the highest expression of most m6A
regulators (Fig. 4d). In summary, the m6A-related DEGs
may be crucial factors affecting the clinical outcomes of
patients with HCC.

Generation of m6A score and the prognosis prediction

To further explore the value of the DEGs, an m6A
score was generated to evaluate the m6A modification.
The m6A score was highest in cluster B and lowest in
cluster A (Fig. 5a). Similar distribution was observed
in the m6A gene clusters (Fig. 5b). Older patients
(age > 65 years), patients with early-stage disease and
patients survived at the clinical endpoint had lower
m6A scores compared to their control pairs (Fig. 5c—e).
Using a cutoff value of 10.46 determined by the “sur-
vminer” R package, the patients were divided into
high and low m6A score groups. Patients with low
mo6A scores tended to have better prognoses (Fig. 5f).
The OS of the low m6A score group was longer than
the high m6A score group of HCC patients, suggesting
that the m6A score can be successfully applied to all
patients with HCC as a prognostic indicator (Fig. 5g-1).



Yin et al. BMC Medical Genomics (2022) 15:53

Page 6 of 13

a b meacluster-A-B-c € m6A cluster
. “A ~B =C
. 1.00
25 DARAR =
YT DF3 THDF2 5
HNRNPC DF1 3] _80'75
FMR1 d - 5
. 20.50
LRPPRC T'#)Q i
6) o1 2 50.25 :
» P<0.001:
HNSPAHH ‘ ' ' ' 0.00 ; .
-0 5 0 5
oL o 1 456 7 8 910

3
A“?Hsd Time(years)
TN ORI 1T N N 000 O [T O _—llProgn05|s
[N TR I NE T T T TR 101 muun‘Stage

T I T T R I T 0T TR TN T TR LT T M EGender
Il][l ITIET NN YO AN T T Y A Y IAge

IGiZBI’]
IGiZBP2

Prognosis

Alive
4

Dead

%

IGEZBP3 ZCC‘@ VR (AR R J miﬁ:.s:i 0 EEI"HKIXW
Q 72 Cf* " I i h i |“H|||.|[' ‘]hl] \\\ LI % w A 2 i"gj;me
‘\/I TTLS3 “B | ”w ‘. H‘ |\| IMW ' } Il}w ‘p I][Ililll II”’I»I il * AeMale

» P o . ‘@ vw ” ‘ ’lu]"w,w ., | I\uvi L (\"\"'M; =

METTL14 @), &5 ‘ H T | 'u Hu}'” il B ceeruicr
eErasers |H i I I‘ | i \ EIHI Il | I \II TCGA
Poi?;iacr:’;r::tti(:nv(:;:)OOOl) E:Wer??e:rrss ML |\|‘ : “ N‘ ﬁhl‘{‘ m“ W ‘ Jﬂll' bh i ‘J ho81 mmsﬁd"w
‘<0.001.0.001.0.01.0.05.1 oF;ior:Ser:actors \I:‘ 'N In Mﬁnfﬂm c

e
mBA cluster E9 A £/ B E5 C
10 - Kkk dede ke dede ke dedkk  dkk dedkdk ko gk dede ke s de ke e de e .*** e de e ek ‘*** e de e de ke ke dede ke dekk  hkk dede ke dede e ::*
o Sy e ) °
e ain oaane p s, W :
i T
o it o ® - £y
x o ®
: T Ll o #
e |-8%. c. ’ : -
@
O o s
e e
SIS L PCELLR S LS Q
& PP L FEEELE S & & S &S
§<, ‘<\$\ %%\&0004\ ({2‘_(\‘2‘{\‘?‘_(\‘2‘ Q-Q\gg\b&éz@\é \cg'\'\cf,{l'(()?“ Y\:}‘

Fig. 2 Three m6A regulator-based expression patterns in patients with HCC. a Network generated by R software to show interactions and
prognostic effects of mM6A regulators. The lines linking regulators represent Pearson’s correlations, and the thickness of the line represents the
correlation strength. The size of each circle represents the prognostic effect of each regulator and scaled by P calculated by log-rank test. Purple
dots in the circle represent risk factors of prognosis, whereas green dots represent protective factors. b Principal component analysis plot showing
the transcriptomic data among three m6A clusters. ¢ Survival analysis of m6A clusters. d Clinicopathological features and expression levels of m6A
regulators in m6A clusters. e Expression levels of m6A regulators in méA clusters

The age, gender, stage and m6A score were examined
using Cox regression analysis in HCC patients. Uni-
variate Cox analysis showed that the stage and m6A
score (both P<0.001) were associated with OS of HCC

patients (Fig. 5m). The stage and m6A score (both
P<0.001) were also correlated with OS in multivari-
ate Cox analysis (Fig. 5n). Therefore, the m6A score
was validated as an independent prognostic factor for



Yin et al. BMC Medical Genomics (2022) 15:53 Page 7 of 13
a b
Cell cycle P value
DNA replication
Spliceosome 0.01
Mismatch repair 0.02

Cluster B-Cluster A Cluster C-Cluster A

Cluster C-ClusterB

JMJLMMMhNMM

Ribosome

Oocyte meiosis

Human T-cell leukemia virus 1 infection
RNA transport

Cellular senescence

RNA degradation

Protein processing in endoplasmic reticulum
Non-homologous end-joining

Base excision repair

SNARE interactions in vesicular transport
Notch signaling pathway

Ubiquitin mediated proteolysis

Homologous recombination

Coronavirus disease - COVID-19
Pancreatic cancer

Fc gamma R-mediated phagocytosis

Viral carcinogenesis

mRNA surveillance pathway

Salmonella infection

Alanine, aspartate and glutamate metabolism
Endocytosis

Protein export

Peroxisome

Cysteine and methionine metabolism
Fanconi anemia pathway

Nucleotide excision repair

60 40 20 0
(o
m6Acluster E3 A £ B EJ C

1 '00. ek dedek dedek ek ek * .. ek * * * ek
5 0.751 L 11} N ‘ et l %FJ[%I’ .
g 7T Pe : SRS
% .2 s 3 ° o3 2. ® “ ] 1 - l
5 050 ° ‘ 3 H 7
c s \ l | ] ! | l
=1 - ‘ s
£ : l Iy
= 0.25 ’ [ {

0.00+

< ;
I 300 I Y JF O S S SO P S S S S S S S S S
g @ P &N §FE & S f & & F
S TS T S S W © N @S SN KK
&8 N 20 @é\ & & <& éb& @’b@ & RS RO Q@fb PRI
¥ @ 3 S S @ N < X
Yo s & & & & O & & ¥ & F VL@
R S O & < S
T * &
& © <

Fig. 3 Enrichment analysis and immune cell infiltration in m6A clusters. a Differentially expressed genes (DEGs) between the different m6éA clusters.
b Functional annotation of the DEGs using KEGG analysis. ¢ Immune cell infiltration in three m6A clusters

patients with HCC. The 1- and 3-year AUC of the m6A
score were 0.743 and 0.678 respectively, indicating good
performance of the m6A score in predicting prognoses
(Fig. 50). An alluvial diagram was utilized to illustrate
the attribute changes among m6A clusters, m6A gene
clusters, m6A scores, and clinical outcomes (Fig. 5p).

Correlation of m6A score with genomic instability

The somatic mutation count of the high m6A score
subtype was higher than that of the low score sub-
type (Fig. 6a). Patients with high TMBs tended to
have poorer prognoses (Fig. 6b). The m6A score was
combined with the TMB to predict the prognoses of
patients with HCC (Fig. 6¢). Specifically, patients with

—
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regulators among the three m6A gene clusters

Fig. 4 Three m6A gene clusters of patients with HCC. a Principal component analysis (PCA) of the three m6A gene clusters. b Survival analysis of
m6A gene clusters. ¢ Clinicopathological features and expression levels of DEGs in the m6A gene clusters. d Differences in expression levels of m6A

an elevated TMB and m6A scores showed the worst
prognoses. Waterfall maps of low and high m6A score
groups revealed the distribution of somatic mutations
in the TCGA cohort (Fig. 6d, e). The top three mutated
genes in the low m6A score group were CTNNBI (28%),
TTN (23%) and TP53 (21%), and the top three mutated
genes were TP53 (53%), TTN (26%) and CTNNBI (17%)
in the high m6A score group. Based on these results,
m6A modification may be correlated with genomic sta-
bility, but the mechanism requires further exploration.

Relationship of m6A score with TME and immunotherapy

The m6A scores were positively correlated with acti-
vated CD4" T cells, activated dendritic cells, immature
B cells, immature dendritic cells, myeloid-derived sup-
pressor cells (MDSCs), natural killer T cells, regulatory T
cells, T follicular helper cells and type 2 T helper cells,
and negatively correlated with eosinophils, monocytes,
neutrophils, and type 1 T helper cells (Fig. 7a). Patients
with high m6A scores were characterized by increased
expression levels of PD-L1 (Fig. 7b). As low m6A scores
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were associated with a higher IPS in the four subgroups, Discussion

patients with low m6A scores showed better responsesto  Mounting evidence suggests that m6A methylation is a

anti-PD-1 therapy and anti-CTLA4 therapy (Fig. 7c—f).  prevalent RNA internal modification with an essential

Overall, m6A modification might be involved in immune  role in HCC carcinogenesis, progression, and treatment

cell infiltration of the TME and act as a promising crucial  outcomes [5, 6]. The correlation between m6A regulation

factor in the immunotherapy response. and the TME has been investigated in some cancer types
such as gastric cancer [11] and lung adenocarcinoma
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[17]. In this study, we identified three m6A regulator-
based expression patterns and three m6A gene clusters
and developed an m6A score to quantify m6A modifi-
cation. The relationships of m6A regulation with clini-
cal outcomes, somatic mutations, cell infiltration of the
TME, and immunotherapy responses were systematically
investigated to examine the value of m6A modification in
HCC development.

Distinct genetic alterations and significantly upregu-
lated expression of m6A regulators were observed in
patients with HCC compared to in normal pairs in this
study, which is consistent with results obtained in other
cancer types, such as gastric cancer, colorectal cancer,
and pancreatic cancer [11, 19, 24]. The m6A regulators
were rarely mutated in HCC, whereas gain and loss alter-
ations in CN'Vs were prevalent but relatively equal among
the m6A regulators. These results indicated that somatic
mutations and CN'Vs may partially explain the expression
differences in m6A regulators between HCC and normal
samples, which requires further exploration.

In our study, 18 m6A regulators were identified as
prognostic indicators for HCC. High expression of these
m6A regulators was correlated with worse OS in patients
with HCC. Consistent with our findings, METTL3 [25],
WTAP [6], ZCCHC4 [26], YTHDF2 [5], LRPPRC [27],
IGF2BP1 (28], IGF2BP2 [29], and FTO [30] have been
reported as potential prognostic indicators involved in
diverse pathophysiological processes in HCC. Moreover,
higher m6A scores correlated with older age, advanced
stage, higher somatic mutation counts, and poorer OS
in all age, gender, and stage subgroups with good perfor-
mance in our study. Meanwhile, m6A scores were found
to be useful for diagnostic and prognostic prediction in
gastric cancer [11], colon cancer [19], and HCC [31]. In
summary, m6A regulators and the m6A score may be
promising biomarkers for evaluating clinicopathological
features and predicting clinical outcomes in HCC.

Our findings also revealed a relationship between m6A
regulation and the TME in HCC. Patients with higher
m6A scores showed elevated PD-L1 expression. Accu-
mulating evidence has shown that m6A regulation is
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correlated with PD-L1 expression and TMEs in gastric
cancer [11] and colorectal cancer [19]. In addition, the
m6A regulator-related risk scores were previously found
to be correlated with CTLA4 and PD-L1 in breast can-
cer [32]. Analysis of the value of m6A modification in
immunotherapeutic clinical outcomes of HCC suggested
that patients with low m6A scores might benefit from
immunotherapies targeting CTLA4/PD-1 inhibitors.

Thus, m6A regulators might affect PD-L1 expression and
immune cell infiltration in patients with HCC.

In our study, TMB could act as a potential prognos-
tic factor for HCC, which is consistent with many other
studies [33, 34]. Our findings revealed that combina-
tion of m6A score and TMB could predict OS of HCC.
Moreover, TP53 was the most common mutation (53%)
in patients with high m6A scores, whereas CTNNBI
was the most common mutation (28%) in patients with
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low m6A scores. Recent studies indicated that TP53
mutations are correlated with the TMEs in HCC [35],
and HCC patients harboring 7P53 mutations tended to
have poor prognosis along with hypoxia-induced HCC
stemness [36]. Patients with HCC carrying TP53 neo-
antigens also showed longer OS and higher cytotoxic
lymphocyte infiltration [37]. Inhibiting the expression
of CTNNBI may increase the stemness features of HCC
[38]. Overall, the correlation and interaction of m6A
modifications with genome instability might influence
tumorigenesis and prognosis of HCC.

In this study, we provided new insight into the roles
of m6A regulator-based expression patterns in HCC. In
clinical practice, the m6A score may be useful for evalu-
ating m6A methylation, predicting clinical outcome, and
assessing corresponding TME cell infiltration characteri-
zation, TMB and immunotherapeutic response in indi-
vidual patients with HCC, which might contribute to the
identification of prognostic biomarkers and selection of
immunotherapies. However, there were some limitations
to our study. First, the sample size of patients may affect
the development of the m6A score. Large-scale datasets
and clinical samples should be utilized to validate the
prognostic value of the m6A score and m6A regulators
found in this study. Moreover, molecular experiments
are necessary to confirm the specific biological pathways
involved in m6A modification during HCC carcinogen-
esis and progression. Finally, considering the limitations
in the therapeutic response data, the efficiency of m6A
modification to predict prognosis and clinical benefit in
immunotherapy requires verification in the future.

Conclusions

In summary, we identified m6A regulator-based expres-
sion patterns and m6A score, and investigated their
prognostic value in HCC patients. Furthermore, the
correlation of m6A regulation with somatic mutations,
TMEs, and immunotherapy responses were explored.
Our findings provide insights into the evaluation of m6A
regulation as a potential biomarker for prognostic pre-
diction and guidance of immunotherapeutic strategies
for HCC.

Abbreviations

HCC: Hepatocellular carcinoma; m6A: N6-methyladenosine; TME: Tumor
microenvironment; TMB: Tumor mutation burden; TCGA: The Cancer Genome
Atlas; GEO: Gene Expression Omnibus; PD-1/PD-L1: Programmed cell death-1
and its ligand; CTLA4: Cytotoxic T lymphocyte associated antigen 4; CNV: Copy
number variation; IPS: Immunophenoscore; CDF: Cumulative distribution
function; CM: Consistent matrix; PCA: Principal component analysis; GSVA:
Gene set variation analysis; ssGSEA: Single-sample gene set enrichment analy-
sis; DEG: Differentially expressed gene; KEGG: Kyoto Encyclopedia of Genes
and Genomes; ROC: Receiver operating characteristic; AUC: Areas under the
curve.

Page 12 of 13

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512920-022-01207-x.

Additional file 1. Fig. S1. PRISMA flow diagram for data collection. Fig.
S2. Survival analyses for m6A regulators associated with overall survival
of patients with HCC. Fig. $3. Unsupervised consensus clustering analysis
of patients with HCC. Fig. S4. GSVA analyses of the three m6A regulator-
based expression patterns. Table S1. Prognostic m6A-related genes
among three m6A regulator-based expression patterns.

Acknowledgements

We thank The Cancer Genome Atlas database, Gene Expression Omnibus
database, UCSC Xena database, and The Cancer Immunome Atlas for provid-
ing invaluable data for statistical analyses.

Authors’ contributions

TFY conceived and designed the study, conducted surveys, collected and
analyzed data and prepared the original draft; ZL performed data analysis
and manuscript revision; YSK designed and supervised the study, revised
the manuscript, and obtain funding; all authors read and approved the final
manuscript.

Funding
This research was funded by National Key Development Plan for Precision
Medicine Research, Grant Number No. 2017YFC0910002.

Availability of data and materials

Publicly available datasets were analyzed in this study. The data analyzed in
this study are available on The Cancer Genome Atlas database (https://portal.
gdc.cancergov/), Gene Expression Omnibus database (https://www.ncbi.nlm.
nih.gov/geo/), UCSC Xena database (www.xena.ucsc.edu), and The Cancer
Immunome Atlas (https://tcia.at).

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the China-Japan Friend-
ship Hospital (No. 2018-116-K85-1). We followed the rules that are set forth by
the public data set management in use of the data set. Informed consent was
not necessary because all data are publicly available.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Peking University China-Japan Friendship School of Clinical Medicine, No. 2
Yinghua East Road, Chaoyang District, Beijing 100029, China. “Department
of Gastroenterology, China-Japan Friendship Hospital, Beijing, China. Peking
Union Medical College and Chinese Academy of Medical Sciences, Beijing,
China.

Received: 31 August 2021 Accepted: 7 March 2022
Published online: 08 March 2022

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021. https://doi.org/10.3322/caac.21660.

2. Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation by
mRNA modifications. Nat Rev Mol Cell Biol. 2017;18:31-42.


https://doi.org/10.1186/s12920-022-01207-x
https://doi.org/10.1186/s12920-022-01207-x
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://www.xena.ucsc.edu
https://tcia.at
https://doi.org/10.3322/caac.21660

Yin et al. BMC Medical Genomics

20.

21

22.

23.

24.

25.

26.

27.

(2022) 15:53

Zaccara S, Ries RJ, Jaffrey SR. Reading, writing and erasing mRNA meth-
ylation. Nat Rev Mol Cell Biol. 2019;20:608-24.

Chen M, Wong CM. The emerging roles of N6-methyladenosine (m6A)
deregulation in liver carcinogenesis. Mol Cancer. 2020;19:44.

Chen M, Wei L, Law CT, Tsang FH, Shen J, Cheng CL, et al. RNA N6-meth-
yladenosine methyltransferase-like 3 promotes liver cancer progression
through YTHDF2-dependent posttranscriptional silencing of SOCS2.
Hepatology. 2018;67:2254-70.

ChenY, Peng C, Chen J, Chen D, Yang B, He B, et al. WTAP facilitates
progression of hepatocellular carcinoma via m6A-HuR-dependent epige-
netic silencing of ETS1. Mol Cancer. 2019;18:127.

Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instability—an evolving
hallmark of cancer. Nat Rev Mol Cell Biol. 2010;11:220-8.

Alexandrov LB, Kim J, Haradhvala NJ, Huang MN, Tian Ng AW, Wu Y,

et al. The repertoire of mutational signatures in human cancer. Nature.
2020;578:94-101.

Lee DW, Han SW, Bae JM, Jang H, Han H, Kim H, et al. Tumor muta-

tion burden and prognosis in patients with colorectal cancer treated
with adjuvant fluoropyrimidine and oxaliplatin. Clin Cancer Res.
2019;25:6141-7.

ChanTA, Yarchoan M, Jaffee E, Swanton C, Quezada SA, Stenzinger A,

et al. Development of tumor mutation burden as an immunotherapy
biomarker: utility for the oncology clinic. Ann Oncol. 2019;30:44-56.

. Zhang B, Wu Q, Li B, Wang D, Wang L, Zhou YL. m(6)A regulator-mediated

methylation modification patterns and tumor microenvironment infiltra-
tion characterization in gastric cancer. Mol Cancer. 2020;19:53.

Hinshaw DC, Shevde LA. The tumor microenvironment innately modu-
lates cancer progression. Cancer Res. 2019,79:4557-66.

Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science. 2018;359:1350--5.

Le DT, Kavan P, Kim TW, Burge ME, Cutsem EV, Hara H, et al. KEYNOTE-164:
pembrolizumab for patients with advanced microsatellite instability high
(MSI-H) colorectal cancer. J Clin Oncol. 2018;36:3514.

YiL, Wu G, Guo L, Zou X, Huang P. Comprehensive analysis of the PD-L1
and immune infiltrates of m(6)A RNA methylation regulators in head and
neck squamous cell carcinoma. Mol Ther Nucleic Acids. 2020;21:299-314.
Xu S, Tang L, Dai G, Luo C, Liu Z. Expression of m6A regulators correlated
with immune microenvironment predicts therapeutic efficacy and prog-
nosis in gliomas. Front Cell Dev Biol. 2020;8:594112.

LiY,Gu J, Xu F, Zhu Q, Chen'Y, Ge D, et al. Molecular characterization,
biological function, tumor microenvironment association and clinical
significance of m6A regulators in lung adenocarcinoma. Brief Bioinform.
2020. https://doi.org/10.1093/bib/bbaa225.

Yue, Liu J, Cui X, Cao J, Luo G, Zhang Z, et al. VIRMA mediates preferen-
tial m(6)A mRNA methylation in 3’UTR and near stop codon and associ-
ates with alternative polyadenylation. Cell Discov. 2018;4:10.

Chong W, Shang L, Liu J, Fang Z, Du F, Wu H, et al. m(6)A regulator-based
methylation modification patterns characterized by distinct tumor
microenvironment immune profiles in colon cancer. Theranostics.
2021;11:2201-17.

Jiang X, Liu B, Nie Z, Duan L, Xiong Q, Jin Z, et al. The role of m6A modi-
fication in the biological functions and diseases. Signal Transduct Target
Ther. 2021,6:74.

Wilkerson MD, Hayes DN. ConsensusClusterPlus: a class discovery

tool with confidence assessments and item tracking. Bioinformatics.
2010;26:1572-3.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28:27-30.

Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M.

KEGG: integrating viruses and cellular organisms. Nucleic Acids Res.
2021;49:D545-51.

Chen XY, Zhang J, Zhu JS. The role of m(6)A RNA methylation in human
cancer. Mol Cancer. 2019;18:103.

Yang N, Wang T, Li Q, Han F, Wang Z, Zhu R, et al. HBXIP drives metabolic
reprogramming in hepatocellular carcinoma cells via METTL3-mediated
m6A modification of HIF-1a. J Cell Physiol. 2021;236:3863-80.

Ma H, Wang X, Cai J, Dai Q, Natchiar SK, Lv R, et al. N(6-)Methyladenosine
methyltransferase ZCCHC4 mediates ribosomal RNA methylation. Nat
Chem Biol. 2019;15:88-94.

LiW, Dai, Shi B, Yue F, Zou J, Xu G, et al. LRPPRC sustains Yap-P27-medi-
ated cell ploidy and P62-HDAC6-mediated autophagy maturation and

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Page 13 of 13

suppresses genome instability and hepatocellular carcinomas. Onco-
gene. 2020;39:3879-92.

Yan Y, Huang P, Mao K, He C, Xu Q, Zhang M, et al. Anti-oncogene PTPN13
inactivation by hepatitis B virus X protein counteracts IGF2BP1 to pro-
mote hepatocellular carcinoma progression. Oncogene. 2021,40:28-45.
Pu J,Wang J, Qin Z, Wang A, Zhang Y, Wu X, et al. IGF2BP2 promotes liver
cancer growth through an m6A-FENT1-dependent mechanism. Front
Oncol. 2020;10:578816.

LiJ, Zhu L, ShiY, Liu J, Lin L, Chen X. m6A demethylase FTO promotes
hepatocellular carcinoma tumorigenesis via mediating PKM2 demethyla-
tion. Am J Trans| Res. 2019;11:6084-92.

LiJ,Wang W, Zhou Y, Liu L, Zhang G, Guan K, et al. m6A regulator-associ-
ated modification patterns and immune infiltration of the tumor micro-
environment in hepatocarcinoma. Front Cell Dev Biol. 2021,9:687756.
Zhang X, Shen L, Cai R, Yu X, Yang J, Wu X, et al. Comprehensive analysis
of the immune-oncology targets and immune infiltrates of N (6)-methyl-
adenosine-related long noncoding RNA regulators in breast cancer. Front
Cell Dev Biol. 2021;9:686675.

Peng H, Zhang Y, Zhou Z, Guo Y, Huang X, Westover KD, et al. Intergrated
analysis of ELMO1, serves as a link between tumour mutation burden
and epithelial-mesenchymal transition in hepatocellular carcinoma. EBio-
Medicine. 2019;46:105-18.

Huo J,Wu L, Zang Y. A prognostic model of 15 immune-related gene
pairs associated with tumor mutation burden for hepatocellular carci-
noma. Front Mol Biosci. 2020;7:581354.

Long J,Wang A, Bai Y, Lin J, Yang X, Wang D, et al. Development and vali-
dation of a TP53-associated immune prognostic model for hepatocellular
carcinoma. EBioMedicine. 2019;42:363-74.

Ling S, Shan Q Zhan Q, Ye Q, Liu B, Xu S, et al. USP22 promotes hypoxia-
induced hepatocellular carcinoma stemness by a HIF1a/USP22 positive
feedback loop upon TP53 inactivation. Gut. 2020,69:1322-34.

Yang H, Sun L, Guan A, Yin H, Liu M, Mao X, et al. Unique TP53 neoantigen
and the immune microenvironment in long-term survivors of Hepatocel-
lular carcinoma. Cancer Immunol Immunother. 2021;70:667-77.

Yuan SX, Wang J, Yang F, Tao QF, Zhang J, Wang LL, et al. Long noncoding
RNA DANCR increases stemness features of hepatocellular carcinoma by
derepression of CTNNB1. Hepatology. 2016;63:499-511.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1093/bib/bbaa225

	Comprehensive characterization of m6A methylation and its impact on prognosis, genome instability, and tumor microenvironment in hepatocellular carcinoma
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Data collection
	Expression variation and prognostic value of m6A regulators in HCC
	Consensus clustering of m6A regulator-based expression patterns
	Enrichment analysis and immune cell infiltration of m6A clusters
	Identification of m6A gene clusters
	Correlation of m6A score with clinical factors, genome stability, and immune characteristics
	Statistical analysis

	Results
	Mutational genomic landscape of m6A regulators in HCC
	Prognostic value of m6A regulators in HCC
	Consensus clustering for HCC patients by m6A regulators
	Enrichment analysis and TMEs of m6A clusters
	Consensus clustering of the m6A gene cluster
	Generation of m6A score and the prognosis prediction
	Correlation of m6A score with genomic instability
	Relationship of m6A score with TME and immunotherapy

	Discussion
	Conclusions
	Acknowledgements
	References


