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Abstract

analyses of the role of m°A regulators in cancer.

The methylation of N® adenosine (m°®A) plays a critical role in diverse biological processes. However, knowledge
regarding the reconstitution of m°A across cancer types is still lacking. Here, we systematically analyzed the
molecular alterations and clinical relevance of m®A regulators across > 10,000 subjects representing 33 cancer types.
We found that there are widespread genetic alterations to m°A regulators, and that their expression levels are
significantly correlated with the activity of cancer hallmark-related pathways. Moreover, m°A regulators were found
to be potentially useful for prognostic stratification, and we identified IGF2BP3 as a potential oncogene across
multiple cancer types. Our results provide a valuable resource that will guide both mechanistic and therapeutic
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Methylation of N® adenosine (m°A) is the most common
type of RNA modification, and it plays crucial roles in the
development and progression cancer [1, 2]. RNA methyla-
tion, similar to DNA or protein modification, is regulated
by different types of regulators, including methyltransfer-
ases (‘writers’), RNA binding proteins (readers’), and
demethylases (‘erasers’). Discovery of these different m°A
regulators has dramatically increased our understanding of
the role of RNA methylation in the regulation of gene ex-
pression [3, 4]. In addition, m°A perturbations mediated by
these regulators have been shown to dysregulate cell death
and cell proliferation, contributing to multiple different hu-
man diseases [5, 6]. A comprehensive understanding of the
genetic alterations and expression perturbations underlying
cancer cell heterogeneity is necessary to elucidate RNA
methylation-based therapeutic targets.

In this study, we aimed to systematically characterize
the molecular alterations and clinical relevance of m°®A
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RNA regulators across 33 cancer types [7]. We found
that there exist widespread genetic alterations (including
mutations and copy number variations) in m°A regulators
across cancer types. We also aimed to assess whether per-
turbations in the expression of m°A regulators was corre-
lated with the activity of cancer pathways. Moreover, we
explored the clinical prognostic value of m°A regulators,
and found that m°®A regulators are potentially useful
markers for prognostic stratification. Our analysis high-
lights the importance of m°A regulators in cancer devel-
opment, and lays a foundation for the development of
therapeutic strategies based on RNA methylation.

Results and discussion

Widespread genetic alterations of m°A regulators across
cancer types

The numbers of m°A regulators have been identified,
and they can be broadly classified as readers, writers,
and erasers (Fig. 1a). We reviewed the literature and cu-
rated a catalog of 20 genes that function mainly as regula-
tors of RNA methylation (Fig. 1b), including 11 readers,
seven writers, and two erasers. We first determined the
prevalence of m®A regulator alterations across 33 cancer
types (Additional file 1: Table S1) by integrating data on
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Fig. 1 Pan-cancer genetic and expression alterations of m°A regulators. a Diagram of m6A regulators. b The proportion of readers, writers and
erasers among mCA regulators. ¢ The mutation frequency of m°A regulators across 33 cancer types. d The CNV alteration frequency of m°A
regulators across cancer types. The upper part of each grid shows the deletion frequency, and the bottom part shows the amplification
frequency. e The gene expression alterations of m°A regulators in 17 cancer types. The heat map shows the fold changes, with red representing
up-regulated genes, and blue representing down-regulated genes. f Box plots showing the expression distribution of IGF2BP3 across tumor and
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somatic mutations and copy number variations (CNVs).
The overall average mutation frequency of m°A regulators
was low, ranging from 0.02—-8.07% (Fig. 1c and Additional
file 1: Table S2). Cancer types with a higher global muta-
tion burden (such as UCEC and SKCM) also exhibited a
higher mutation frequency in m°A regulators. We found
that YTHDCI, IGF2BP1, YTHDC2 and FTO showed
higher mutation frequencies (Fig. 1c). Moreover, we found
that several cancer types exhibited relatively few mutations
in m®A regulators compared to other cancers, such as

PCPG, THCA and UVM. We next collected the mutation
data for 967 cell lines across 23 cancers from the Cancer
Cell Line Encyclopedia (CCLE) and 652 cell lines across
22 cancers from the Genomics of Drug Sensitivity in Can-
cer (GDSC) database. We found that the writers had rela-
tively high mutation frequencies across cancer types
(Additional file 2: Figure S1).

We next investigated the CNV alteration frequency for
all m°®A regulators, and found that CNV alterations are
prevalent. IGF2BP1/2/3, YTHDF1/3, HNRNPA2B1, and
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VIRMA showed widespread CNV amplification across
cancer types (Fig. 1d and Additional file 1: Table S3). In
contrast, YTHDC1/2, METTL14, RBM15B, and ALKBH5
had prevalent CNV deletions (Fig. 1d and Additional file 1:
Table S4). There were also prevalent CNV alterations in
mCA regulators across cell lines (Additional file 2: Figure
S2). An intriguing question is whether these genetic alter-
ations affect the expression of m°A regulators. We there-
fore explored the expression perturbations of mC°A
regulators across 17 cancer types with at least five normal
controls. We found that CNV alterations are most likely
one of the prominent mechanisms leading to perturbations
in the expression of m°®A regulators (Fig. 1e). The m°A reg-
ulators with CNV amplification showed significantly higher
expression in cancer cells when compared to normal cells
(e.g. IGF2BP1 and IGF2BP3), while the regulators with
CNV deletion showed significantly lower expression (e.g.
METTL14 and ALKBHS5). In particular, we found that
IGF2BP3 showed significantly higher expression in 15 can-
cer types (Fig. 1f). Moreover, we analyzed the expression of
m6A regulators across another ~ 7400 samples, represent-
ing 11 cancer types, and found that IGF2BP3 also showed
higher expression in cancer cells (Additional file 2: Figure
S3). These results reveal a highly heterogeneous genetic
and expression alteration landscape of m°A regulators
across cancer types, suggesting that m®A regulator dysregu-
lation is of importance in different cancer contexts.

Oncogenic pathways regulated by m°®A regulators

To further understand the molecular mechanisms by which
mC°A regulators are involved in cancer, we examined the
correlation between the expression of individual m®A regu-
lators and the activity of 50 cancer hallmark-related path-
ways (Additional file 2: Methods). We found that the
expression of m®A regulators is correlated with the activa-
tion or inhibition of multiple oncogenic pathways (Fig. 2a
and Additional file 1: Table S5). The expression of
YTHDEF2, RBMX, and RBM15 was correlated with a higher
number of activated pathways, such as the PI3K-AKT-
MTOR, G2M checkpoint, and P53 pathways. In particular,
we found that the m®A reader YTHDF3 was correlated with
the activation of several pathways (Fig. 2b), including pro-
tein secretion (in 18/33 cancers), androgen response (in 8/
33 cancers) and the TGFb signaling pathway (in 6/33 can-
cers). In contrast, we found that the expression of
HNRPA2B1 was correlated with the activity of several can-
cer pathways (Fig. 2b), including the E2F, G2M checkpoint,
and KRAS signaling pathways. These correlations were fur-
ther validated using HNRPA2B1 knockdown experiments
(Additional file 2: Figure S4). In addition, different readers,
writers, or erasers were associated with distinct cancer path-
way alterations, suggesting different functional effects of
mCA regulators within the same functional class.
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Moreover, genes do not function in isolation, and evi-
dence has shown that collaboration among writers, erasers,
and readers exists in the context of cancer [8, 9]. We thus
investigated the co-occurrence of genetic alterations and
expression correlation among m°A regulators. We found
not only that genes within the same functional class showed
significant co-occurrences of genetic alterations and highly
correlated expression patterns (Additional file 2: Figure S5),
but that a high correlation also existed among writers,
erasers, and readers (Fig. 2c). For instance, the reader
YTHDC1 was significantly correlated with writers, such as
METTL3 and METTL14. We also found that there were
higher correlations among genes in the same protein com-
plex, such as RBM15 and WTAP of the spliceosome com-
plex (Fig. 2¢, R = 0.51 and p-value < 2.2E-16). Moreover, we
found that these writers, erasers, and readers interacted
with each other frequently in protein-protein interaction
networks (Fig. 2d). There was an especially high number of
interactions among the writers. Taken together, these re-
sults suggest that cross-talk among the writers, readers, and
erasers of RNA methylation, play critical roles in the devel-
opment and progression of different types of cancers.

Clinical relevance of m°A regulators across cancer types
The prevalent genetic and expression alterations in m°A
regulators in various types of cancers, may provide import-
ant insight into translational medicine developments. First,
we found that m6A regulators were more likely to be essen-
tial genes across cell lines, suggesting that they play critical
roles in cell growth (Additional file 2: Figure S6). Next, we
focused on m®A regulators that showed significant associ-
ation with patient survival across the 33 cancer types. We
found that all of the m°®A regulators were associated with
the overall survival of patients in at least one cancer type
(Fig. 3a). Several m°A regulator genes showed oncogenic
features, such as IGF2BP1 and IGF2BP3, and higher expres-
sion of these genes was associated with worse survival across
cancer types. In particular, high expression of IGF2BP3 was
correlated with worse survival in 13 cancer types (Fig. 3b),
including KIRC (log-rank p =2.11E-7), KIRP (log-rank p =
5.68E-8), and LGG (log-rank p=1.16E-9). Moreover, we
collected another 13 datasets across seven tissues from Gene
Expression Omnibus (GEO), and found that high expression
of IGF2BP3 was associated with poor patient survival (Fig.
3b and Additional file 2: Figure S7). These observations indi-
cate that IGF2BP3 might function as an oncogene across
cancer types. In contrast, we found that several m®A regula-
tors also showed features of tumor suppressors, such as
METTLI14. Higher expression of METTL14 was signifi-
cantly associated with better survival in seven cancer types
(Fig. 3a and Additional file 2: Figure S8).

Moreover, we found more m°A regulators that were
correlated with patient survival in two types of kidney can-
cer. We thus explored whether the expression of m°A
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regulators could contribute to the stratification of kidney
cancer. Based on the global expression pattern of m°A reg-
ulators, we identified two subgroups of kidney cancer pa-
tients (Fig. 3c). The first subgroup consisted of 572 patients
that showed higher expression of m°A regulators (RM-
high), and the second of 223 patients with low expression
(RM-low). Compared to the RM-low subgroup, patients in
the RM-high subgroup had significantly better survival
rates (Fig. 3d, log-rank p =0.005). To further understand
the clinical implications of m°®A regulators, we examined
the correlation between m®A regulators and 150 clinically
actionable genes [10], and observed that mCA regulators
frequently interacted with these genes (Additional file 2:
Figure S9). Moreover, we manually searched the literature

and found that the majority of these regulators have been
found to play critical roles in cell growth, proliferation, and
metastasis (Additional file 1: Table S6). However, the func-
tion of several regulators still require further validation in
low throughput experiments. Together, these results sug-
gest a diverse potential of m°A regulators in the prognostic
stratification of specific types of cancer and in the develop-
ment of novel treatment strategies.

Conclusions

We have demonstrated the prevalent genetic and expres-
sion alterations of RNA methylation regulators across can-
cer types. These m°®A regulators are tightly correlated with
the activation and inhibition of cancer pathways, and are
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also correlated with prognostically relevant tumor subtypes.
In conclusion, this systematic analysis of the landscape of
molecular alterations and clinical relevance of m°A regula-
tors lays a critical foundation for understanding the dysreg-
ulation of RNA methylation. It will also provide insights
into the development of related therapeutic targets.
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