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METTL3-mediated downregulation of splicing
factor SRSF11 is associated with carcinogenesis
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Abstract. - OBJECTIVE: N®-methyladenos-
ine (mfA) is one of the most abundant post-tran-
scriptional modifications in eukaryotic RNA. As
m®A modifications play an important role in RNA
processing, abnormal m®A regulation caused by
aberrant expression of m®A regulators is close-
ly related to carcinogenesis. In this study, we
aimed to determine the role of METTL3 expres-
sion in carcinogenesis, regulation of splicing
factor expression by METTL3, and their effects
in survival period and cancer-related metabo-
lisms.

MATERIALS AND METHODS: We investigat-
ed the correlation between each splicing fac-
tor and METTLS3 in breast invasive ductal carci-
noma (BRCA), colon adenocarcinoma (COAD),
lung adenocarcinoma (LUAD) and gastric ade-
nocarcinoma (STAD). Survival analysis was per-
formed based on the expression of each splicing
factor. To determine the molecular mechanism
of SRSF11 in carcinogenesis, gene set enrich-
ment analysis using RNA sequencing data was
performed according to SRSF11 expression.

RESULTS: Among the 64 splicing factors
used for correlation analysis, 13 splicing fac-
tors showed a positive correlation with MET-
TL3 in all four cancer types. We found that when
METTL3 expression was decreased, the expres-
sion of SRSF11 was also decreased in all four
types of cancer tissue when compared to that
in normal tissue. Decreased SRSF11 expression
was associated with poor survival in patients
with BRCA, COAD, LUAD, and STAD. Gene set
enrichment analysis according to SRSF11 ex-
pression showed that the p53/apoptosis, inflam-

mation/immune response, and ultraviolet/reac-
tive oxygen species stimulus-response path-
ways were enriched in cancers with decreased
SRSF11 expression.

CONCLUSIONS: These results suggest that
METTL3 regulates SRSF11 expression, which
could influence mRNA splicing in m®A modified
cancer cells. METTL3-mediated downregulation
of SRSF11 expression in cancer patients cor-
relates with poor prognosis.
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Introduction

Among several epigenetic modifications,
Nf-methyladenosine (m°A) is the most common
post-transcriptional modification in eukaryotic
RNA. m°A RNA modification affects RNA me-
tabolism, such as degradation, splicing, transla-
tion, and transport', which are finely controlled
by several complexes, such as m°A writer, read-
er, and eraser complexes. Therefore, abnormal
méA modification caused by the mutation or
aberrant expression of these complexes is close-
ly related to carcinogenesis in several cancer
types?. m°A modification is carried out by a
methyltransferase writer complex comprising
methyltransferase-like (METTL)3, METTLI14,
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Wilms tumor 1 associated protein (WTAP),
KIAA1429, and several appendage genes®>. The
m°A modification readers (YTHDCI, HNRN-
PA2BI1, YTHDF1, YTHDF2, YTHDF3, and YT-
HDC?2) recognize and bind to m°A. Then, they
regulate mRNA splicing, localization, transla-
tion, and decay®''. Finally, m°*A modification is
removed by demethylases/erasers such as FTO
and ALKBHS"5,

Pre-mRNA splicing to produce mature mR-
NA is one of the most essential steps in eukary-
otic RNA processing. In alternative splicing,
various mRNAs are produced from one pre-mR-
NA, which causes an increase in protein diversi-
ty without increasing total genome size. Splicing
is finely controlled by many factors. Therefore,
if it is not properly managed, it can cause severe
diseases such as cancer'*'%. Splicing is regulated
by trans-acting splicing factors that specifical-
ly bind to cis-acting elements in pre-mRNA
and can also be altered by RNA mutation and
modification, including m°A RNA modification.
Therefore, the change in mSA writer, reader,
and eraser complex expressions affect not only
RNA expression, but also alternative splicing.
Decreased METTL3, ALKBHS, or FTO expres-
sion affects alternative splicing of thousands
of genes>*!1718 Tt is also known that YTHDCI1
(m°A reader) regulates mRNA splicing by mod-
ulating SRSF3 and SRSF10 splicing factors'.
However, it is not clearly understood whether
METTL3 methyltransferase affects the expres-
sion of other splicing factors. To determine the
relationship between METTL3 and each splic-
ing factor in cancer development, we analyzed
the RNA expression profiles in breast invasive
ductal carcinoma (BRCA), colon adenocarcino-
ma (COAD), lung adenocarcinoma (LUAD), and
gastric adenocarcinoma (STAD).

Materials and Methods

Correlation Between METTL3 and
Various Splicing Factors

Messenger RNA expression data of normal and
cancer tissues of the breast, colon, lung, and stom-
ach were obtained from the TCGA TARGET
GTEXx cohort in UCSC Xena (https:/xenabrowser.
net/datapages/). The list of splicing factors was
downloaded from the SpliceAid-F database (http:/
www.caspur.it/SpliceAidF/)*°. Pearson correlation
coefficients between METTL3 and each splicing
factor were determined using log, (FPKM-UQ +
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1) of mRNA expression levels extracted from the
GDC TCGA cohorts of BRCA, COAD, LUAD,
and STAD (https:/xenabrowser.net/datapages/).
Using R (version 4.1.0, http://www.R-project.
org) and the “ggplot2” package, each coefficient
was plotted as a dot on graphs as relevant. A
Venn diagram (“ggvenn” package) was drawn
to represent the common relationship between
METTL3 and each splicing factor in the four
adenocarcinomas.

Analysis of Differentially Expressed
Genes Between Cancer and
Normal Tissues

Differential gene expression was analyzed as
previously described?'. To compare METTL3 and
splicing factor expression of normal tissues with
that of cancer tissues, we used log, (FPKM +
0.001) from the cohort. To compensate for the
small number of normal tissue samples in the
cohort, we used the Wilcoxon rank-sum test for
testing the null hypothesis. We calculated fold
change (FC) to compare the gene expression of
tumor tissues with that of normal tissues as fol-
lows:

Mean expression

tumor tissues

FC =

Mean expression

normaltissues

Scatter plots of FC and p-value data were gen-
erated using “ggplot2” package in R.

Survival Analysis According to
Gene Expression

Survival data were analyzed as follow?': the
survival information of all patients was extracted
from the TCGA cohort (TCGA breast cancer,
TCGA colon cancer, TCGA lung adenocarcino-
ma, and TCGA stomach cancer at https:/xen-
abrowser.net/datapages/). As average level and
distribution of mRNA expression by genes are
very complex in cancer, we used maximally
selected rank statistics with several p-value ap-
proximations to optimize the cut-off value, which
was obtained from the ‘maxstat’ package in R
(https://cran.r-project.org/web/packages/maxstat/
index.html).

Survival based on gene expression was an-
alyzed using the Kaplan—Meier method and
two-sided log-rank test. Kaplan—Meier plots were
plotted using “survival” (https:/cran.r-project.
org/web/packages/survival/index.html) and “sur-
vminer” package in R (https:/cran.r-project.org/
web/packages/survminer/index.html).
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Gene Set Enrichment Analysis (GSEA)

To elucidate the underlying molecular mech-
anism of prognosis by specific splicing factors,
GSEA was performed on patients with high and
low splicing factor expressions. The optimized
cutoff value obtained by survival analysis was
used to differentiate patients with low and high
expressions. We downloaded the GSEA soft-
ware from the GSEA website (https:/www.gsea-
msigdb.org/gsea/index.jsp). Hallmark gene sets
and KEGG pathway gene sets were used for
the analysis. Normalized enrichment scores and
false discovery rate-adjusted g-values obtained
by GSEA were used to interpret the pathway
enrichment.

Statistical Analysis

Statistical calculations were performed using
R (version 4.1.0, http:/www.R-project.org). Dif-
ferences of gene expression between normal and
cancer tissues were assessed by Wilcoxon rank-
sum test. The difference was considered signifi-
cant if the p-value was lower than 0.05.

Results

Correlation Between METTL3 and Each
Splicing Factor in the Four Types of Cancer
We hypothesized that in addition to the direct
splicing effect on m°A modified RNAs by reader
proteins, increased alternative splicing in cancer
cells with altered m°A modification is associated
with changes in splicing factors via METTL3
regulation in carcinogenesis. To explore the re-
lationship between METTL3 and each splicing
factor in the four types of cancer, we analyzed
the expression of METTL3 and various splicing
factors in BRCA, COAD, LUAD, and STAD. A
total of 64 splicing factors downloaded from the
SpliceAid-F database?® were used to compare
their correlation with METTL3 (Supplementary
Table I). The graph in Figure 1 represents the
correlation between METTL3 and each splicing
factor in the four cancer types. The top five splic-
ing factors that had strong positive or negative
correlations with METTL3 in each cancer type
are listed in the graph (Figure 1). The total num-
ber of splicing factors with a positive correlation
was higher than those with a negative correlation
with METTL3. Among the splicing factors used
for the analysis, 4-30 of them showed statistically
significant positive or negative correlations with
METTL3 (Supplementary Figure 1). By draw-

ing Venn diagram, we interpreted those 13 and
1 splicing factors had positive and negative cor-
relations with METTL3 expression, respectively
(Supplementary Figure 1). We focused on the
13 splicing factors that were positively correlated
with METTL3 in all the four types of cancer and
further analyzed their role in carcinogenesis.

Decreased METTL3 Expression in
Four Cancer Types

To investigate the expression levels of MET-
TL3 and the 13 splicing factors in normal and
primary tumors, we analyzed the transcriptome
data of normal and cancerous tissues from four
organ types (breast, colon, lung, and stomach).
METTLS3 expression was substantially decreased
in all four cancer tissues when compared to that
in normal tissues (Figure 2A). We also analyzed
the expression patterns of the 13 splicing factors
in the four normal and cancer tissues (Figure 2B).
Interestingly, the expression of 13 splicing factors
with decreased METTL3 expression showed a
tendency to be downregulated in cancer tissues
when compared to that in normal tissues. Among
the 13 splicing factors, SRSF1I, SRSF5, and
RBMS5 expression were substantially decreased in
all four cancer types (Figure 2B).

Decreased SRSF11 Expression Predicts
Poor Survival in Cancer

To monitor whether the 13 splicing factors
influence patient survival, we analyzed the sur-
vival data of cancer patients according to the 13
splicing factor expressions in each cancer type
(Figure 3A). The effect of each splicing factor on
patient survival varied depending on cancer type
(Figure 3A). However, decreased expression of
some splicing factors showed a consistent poor
survival trend in specific cancer types. Interest-
ingly, decreased SRSF11 expression resulted in
poor survival of patients with any of the four
cancer types (Figures 3A and B). In addition to
decreased SRSF11 expression, decreased TRA2A
expression was positively correlated with poor
survival of patients with BRCA, LUAD, or STAD
(Figure 3A and Supplementary Figure 2). De-
creased SRSF6 and SRSF5 expression resulted in
poor survival of patients with 2 types of cancer
(Figure 3A and Supplementary Figure 2).

GSEA According to SRSF11 Expression
Based on the expression correlation and sur-

vival analysis, SRSF11 was found to be the splic-

ing factor substantially associated with decreased
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Figure 1. Correlation between the expression of METTL3 and each splicing factor in 4 types of cancer. Pearson’s correlation

coefficients between METTL3 and each splicing factor was calculated in breast invasive ductal carcinoma (BRCA), colon
adenocarcinoma (COAD), lung adenocarcinoma (LUAD), and gastric adenocarcinoma (STAD). X-axis and dot color represent
correlation coefficient values, and the size of dots represents —log, (p-value). Among the 64 splicing factors, only substantially

correlated proteins are shown in the plot.

METTL3 expression in cancer cells. To under-
stand the molecular mechanisms of SRSF11 in
carcinogenesis, we performed GSEA using hall-
mark gene sets and Kyoto Encyclopedia of Genes
and Genome (KEGG) pathway gene sets based
on SRSF11 expression (Figure 4, Supplemen-
tary Figure 3, and Supplementary Table II).
Among 50 hallmark gene sets used for analysis,
several carcinogenesis-related gene sets, such as
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‘Ultraviolet (UV) response up’, ‘Reactive oxygen
species (ROS) pathway’, ‘Apoptosis’, ‘Glycolysis’,
‘p53 pathway’, ‘Epithelial mesenchymal transi-
tion’, and ‘Hypoxia’ were substantially enriched
in all cancer patients with decreased SRSF11 ex-
pression (Figure 4). In addition, ‘Lysosome’, ‘En-
docytosis’, several metabolism-related pathways,
and cancer-related pathways, such as ‘Bladder
cancer’, ‘Renal cell carcinoma’, and ‘Pancreatic
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Figure 2. Expression levels of METTL3 and splicing factors in normal and tumor tissues. A, METTL3 mRNA expression
levels [log, (RPKM + 0.0001)] were analyzed in normal and cancer tissues using GTEX TCGA data. Wilcoxon rank-sum test
was performed to compare the expressions owing to the relatively small number of normal tissue samples in TCGA data.
Asterisks indicate significant differences (****p<0.0001). B, Splicing factor expression levels were compared between normal
and cancer tissues. X-axis and dot color represent fold change, and the size of each dot represents —log,, (p-value).
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Figure 3. Survival analysis according to the expression of each splicing factor. A, For each gene, Kaplan-Meier plots
and log rank tests were used to estimate the survival difference between patients with low and high gene expression.
Blue indicates poor prognosis in patients with low gene expression, and red indicates for poor prognosis in patients
with high gene expression. Color depth represents p-values from log rank test. The deeper ones have p-values lower
than 0.05, and the lighter ones have p-values between 0.05 and 0.1. B, Kaplan-Meier plots according to SRSF11
expression level in breast invasive ductal carcinoma (BRCA), colon adenocarcinoma (COAD), lung adenocarcinoma

(LUAD), and gastric adenocarcinoma (STAD).
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Figure 4. Hallmark gene set enrichment analysis according to the expression level of SRSF11. Gene set enrichment analysis
(GSEA) was performed between the patient groups sorted by SRSF11 expression levels. Fifty hallmark gene sets were used for
GSEA. Normal enrichment scores (NESs) are represented by dot color in X-axis and positive NESs represent enriched gene
sets in patients with decreased SRSF11 expression. Dot size represents —log (FDR g-value).

cancer’ were enriched in patients with decreased
SRSF11 expression based on KEGG pathway
analysis (Supplementary Figure 3). These da-
ta suggest that SRSFII downregulation affects
carcinogenesis by modulating gene expression
related to the pS53/apoptosis, inflammation/im-
mune response, and UV/ROS stimulus response
pathways.

Discussion
Proper RNA processing, including transcrip-

tion initiation, splicing, and termination, is a
major step in regulating gene expression. These

processes are finely regulated by multiple fac-
tors, and mutation of each factor causes severe
diseases, such as cancer'*'°. As m°A modification
alters pre-mRNA splicing, we hypothesized that
METTL3, which is the core component of the
m°A writer complex, affects the expression of
splicing factors that regulate alternative splicing.
To understand the general relationship between
METTL3 and each splicing factor, we analyzed
RNA expression and survival data using thou-
sands of patient samples associated with four
types of cancer: BRCA, COAD, LUAD, and
STAD. The results showed that SRSF11 expres-
sion was substantially decreased in cancer cells
with decreased METTL3 expression.
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It is known that m°A modification regulating
genes function as either tumor suppressors or on-
cogenes depending on cancer types?>. METTLI4,
another m°A “writer” gene, was found to func-
tion as a tumor suppressor gene and oncogene in
case of liver and breast cancer, respectively? 2,
We found that METTL3 was downregulated in all
four types of cancer tissues. Given these findings,
it is reasonable to say that METTL3 acts as a tu-
mor suppressor gene in BRCA, COAD, LUAD,
and STAD. In these four cancer types with de-
creased METTL3 expression, SRSF11 expression
was also substantially decreased.

Among the 13 splicing factor expressions that
showed a positive correlation with METTL3 ex-
pression, SRSF11 was the consistent prognostic
factor in all four analyzed cancer types. Though
SRSF11 is found to be a crucial splicing factor,
little is known about it. Interestingly, SRSF11
mutations and different isoforms were found in
neurodevelopmental disorders and myelodysplas-
tic syndromes, respectively? 2, This finding sug-
gests that aberrant splicing caused by SRSFII
mutations and isoforms could affect the patho-
genesis of those diseases. Similarly, our study
showed that decreased SRSF11 expression could
affect BRCA, COAD, LUAD, and STAD by de-
creasing the survival period of cancer patients
and affecting the genes associated with the p53/
apoptosis, inflammation/immune response, and
UV/ROS stimulus response pathways.

Survival analysis data suggested that similar to
METTL3, SRSF11 splicing factor behaves as a
tumor suppressor in BRCA, COAD, LUAD, and
STAD. Decreased SRSF11 expression was cor-
related with poor survival of patients with BRCA,
COAD, LUAD, and STAD. This suggests that an
effective method to increase SRSF11 expression
could be used as a cancer treatment to increase the
survival period of patients. One of the most com-
mon molecular mechanisms of METTL3-mediated
regulation of SRSF11 is direct m°A modification
of SRSF11 mRNA by METTL3. The m°A target
database  (http:/m6a2target.canceromics.org/#/)*’
showed that several m°A reader proteins, including
IGF2BP1/2/3, YTHDC1/2, and HNRNPC interact
with SRSF11 mRNA, as evaluated by eCLIP-seq. In
particular, IGF2BP1/2/3 is one of the most common
m°A binding proteins that promote target mRNA
stability®®, suggesting that METTL3 positively reg-
ulates SRSF11 in an m°A/ IGF2BP1/2/3-dependent
manner. However, further studies are necessary
to elucidate the molecular mechanism of MET-
TL3-regulated SRSF11 expression.
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Conclusions

METTLS3 expression is substantially correlated
with the expression of several splicing factors,
and among these factors, SRSF11 has a prognos-
tic effect in cancer patients by regulating sever-
al cancer-related pathways. Our data suggest a
novel molecular mechanism through which m°A
RNA methylation modulates alternative splicing
by regulating splicing factor expressions.
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