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Abstract

N1-methyladenosine (m1A) is a post-transcriptionally modified RNA molecule that plays a pivotal role in the regula-
tion of various biological functions and activities. Especially in cancer cell invasion, proliferation and cell cycle regula-
tion. Over recent years, there has been a burgeoning interest in investigating the m1A modification of RNA. Most
studies have focused on the regulation of m1A in cancer enrichment areas and different regions. This review provides
a comprehensive overview of the methodologies employed for the detection of m1A modification. Furthermore, this
review delves into the key players in m1A modification, known as the “writers, “erasers,"and “readers” m1A modifica-
tion is modified by the m1A methyltransferases, or writers, such as TRMT6, TRMT61A, TRMT61B, TRMT10C, NML, and,
removed by the demethylases, or erasers, including FTO and ALKBH1, ALKBH3. It is recognized by m1A-binding
proteins YTHDF1, TYHDF2, TYHDF3, and TYHDCT1, also known as “readers”. Additionally, we explore the intricate
relationship between m1A modification and its regulators and their implications for the development and progres-
sion of specific types of cancer, we discuss how m1A modification can potentially facilitate the discovery of novel
approaches for cancer diagnosis, treatment, and prognosis. Our summary of m1A methylated adenosine modification
detection methods and regulatory mechanisms in various cancers provides useful insights for cancer diagnosis, treat-
ment, and prognosis.
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Introduction

Classical genetics encompasses alterations in gene func-
tion arising from variations in gene sequence, such as
gene mutations, thereby yielding inheritable modifica-
tions in phenotype. In contrast, epigenetics pertains
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RNA modification is a prevalent post-transcriptional
regulatory mechanism present in various RNA types,
such as messenger RNA (mRNA), transfer RNA (tRNA),
ribosomal RNA (rRNA), and long non-coding RNA
(IncRNA) [5-8]. RNA modifications encompass diverse
chemical alterations, including methylation, hydroxy-
methylation, acetylation, and others. Among these,
methylation modifications have been subject to the
most extensive research, including N6-Methyladeno-
sine (m6A) [8, 9], N1-methyladenosine (m1A) [10], and
5-methylcytidine (m5C) [11], each exerting distinct func-
tions within different biological contexts. Historically, the
primary focus was on m6A modifications [12], with lim-
ited attention directed towards other modification types,
including m1A, particularly the roles of m1A.

m1lA refers to a methylation modification occurring at
the first adenosine position within RNA, carrying a posi-
tive charge under physiological conditions. Positioned
at the Watson-Crick base-pairing interface, m1A exerts
influence over base complementarity and RNA-pro-
tein interactions, thereby impacting transcription and
translation processes [13]. m1A assumes a pivotal role
in the pathogenesis of human diseases, with a particu-
larly strong correlation to cancer development. Previous
studies have shown that RNA methylation modification,
specifically m1A, is closely associated with cancer-related
processes such as proliferation, apoptosis, metabolism,
and cell cycle regulation. For example, it contributes to
tumorigenesis by perturbing the stability of relevant
RNA molecules and further fuels cancer progression by
modulating the translation of target mRNA, among other
mechanisms. It also has implications for the diagnosis,
prognosis, and treatment of cancer patients [14]. Recent
research has increasingly demonstrated the involve-
ment of “writer; “reader;” and “eraser” regulators of m1A
in regulating cancer occurrence and progression [3, 5,
10]. A few researchers have utilized these regulators for
cancer detection, prognostication, clinical staging, and
as targets for drug-based disease treatment. A compre-
hensive exploration of m1A relies heavily on the devel-
opment of detection methodologies, which have evolved
from traditional chemical analysis to contemporary high-
throughput sequencing methods. This review provides a
comprehensive overview of m1A detection methods and
examines their respective strengths and weaknesses.

m1A detection methods

As science and technology advance, methods for detect-
ing methylation modifications are continually evolving.
Initially, traditional detection approaches encompassed
two-dimensional thin-layer chromatography (2D-TLC),
high-performance liquid chromatography (HPLC),
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liquid chromatography-mass spectrometry (LC-MS),
and primer extension. LC-MS and primer extension
techniques frequently serve as complementary assays to
validate novel experimental approaches. Subsequently,
high-throughput sequencing methods have emerged,
enabling precise identification of modification sites and
stoichiometry on transcripts. Similar to the detection
of m6A modifications, strategies exploiting the distinc-
tive chemical properties of m1A to render it detect-
able after reverse transcription have been developed.
These approaches involve altering the identity of the
modified base or specifically attaching large residues
to the modified base. Consequently, such modifica-
tions lead to premature truncation or misincorporation
during reverse transcription, facilitating the inference
of modification sites. High-throughput sequencing
methodologies encompass various modalities for the
detection of RNA modifications. One of the methods
is a-ketoglutarate-dependent dioxygenase (AlkB)-facil-
itated RNA methylation sequencing (ARM-seq), which
is based on ALKB enzyme-mediated demethylation.
During the library preparation stage, this approach can
elucidate modification sites that might otherwise elude
detection due to potential interference by RNA con-
taining modified nucleosides during reverse transcrip-
tion. Other methods are antibody-based enrichment
techniques, such as methylated RNA Immunoprecipita-
tion sequencing (MeRIP-seq), (or m1A-seq) and m1A
sequencing technique combining antibody enrichment
and specific enzymatic reaction (m1A-ID-seq). Both of
these methodologies incorporate additional strategies
aimed at enhancing the reliability and resolution of the
assay. The former method converts rt-interfering m1A
to rt-silencing m6A through a chemically assisted reac-
tion, while the latter employs RNA/DNA demethylase
to eliminate the m1A modification after immunopre-
cipitation. Both methods infer the presence of m1A by
analyzing peak values [15]. Furthermore, a single-base
resolution technique called misincorporation-assisted
profiling of m1A (m1A-MAP-seq), which is based on
the thermostable group II intron reverse transcriptase
(TGIRT) method, combines an antibody-mediated pre-
enrichment step with an in vitro demethylation step.
Substituting conventional reverse recruitment with
TGIRT and superscript (SS) leads to m1A-seq-TGIRT
with a higher false incorporation rate and m1A-seq-SS
with a higher truncation rate. The more contemporary
approaches, IP for immunoprecipitation sequencing
with an anti-m1A antibody (m1A-IP-seq) and spiked in
synthetic m1A oligonucleotides with various m1A frac-
tions (m1A-quant-seq), offer improvements by replac-
ing and enhancing the demethylation step [15, 16]
(summarized in Table 1).
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2D-TLC

This technique is employed to detect the presence of
mlA by separating nucleotides based on their differen-
tial retention values (Rf values) and subsequently com-
paring them with established nucleotide controls. The
specific positioning of nucleotides depicted in this chro-
matographic approach is influenced by factors such as
temperature, cellulose plate, solvent concentration, and
the number of utilization cycles. Due to its user-friendly
nature and cost-effectiveness, this method is the pre-
ferred choice of most researchers [17].

HPLC and LC-MS

Uziel et al. compared the HPLC method to the prior
hydrolysis of nucleic acids to nucleotides and hydro-
lyzed nucleic acids to nucleosides. High-resolution liq-
uid chromatography, employing a small-diameter cation
exchange resin and monitored by an ultraviolet spectro-
photometer system, can be used to detect and analyze
nucleotides under conditions of high line speed and
pressure [18]. HPLC proves advantageous over 2D-TLC
due to its speed and lack of necessity for radiolabeling.
Additionally, it facilitates the separation of nucleotides
based on their distinct Rf values and enzymatic hydrol-
ysis for the analysis of RNA modifications. Neverthe-
less, HPLC is primarily suited for the examination of
abundant RNA modifications. However, LC-MS, which
offers greater sensitivity and the capability to detect
individual nucleotides, initially hydrolyzes nucleic acids
into nucleotides and subsequently utilizes LC/MS, or
reverse-phase HPLC. It constitutes the coupling of liq-
uid chromatography and mass spectrometry. However,
LC-MS faces two limitations: firstly, it relies on the
complete digestion of nucleosides; secondly, the detec-
tion and interpretation of low-abundance modifications
prove challenging, with high levels of modifications
often being overestimated [7, 15, 17, 19].

Primer extension

Although all three of the aforementioned methods can
be utilized for detecting m1A modifications, they entail
enzymatic hydrolysis, resulting in the partial loss of RNA
sequence integrity. With advancements in medicine, an
increasing number of RNA modification sites are being
linked to the onset and progression of diseases. Conse-
quently, the demand for accurate m1A site detection has
risen significantly. To address this, a more comprehensive
method for discerning m1A modification—the primer
extension method—has been developed. This technique
obstructs complementary base pairing, truncating the
synthesis of cDNA containing m1A modifications. Sub-
sequently, it is compared with a known ¢cDNA library to
glean m1A modifications. Nevertheless, this approach
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is best suited for RNA modifications characterized by
prominent peaks and necessitates prior knowledge of the
corresponding DNA sequence [17].

High-throughput sequencing approaches

ARM-seq

ARM-seq involves the treatment of RNA with ALKB
demethylase from Escherichia coli prior to reverse tran-
scription. Following reverse transcription, the precise
location of m1A methylation within RNA is determined
through differential abundance analysis (Fig. 1A). These
findings indicate the presence of numerous m1A modifi-
cations in human tRNA. ARM-seq can enable the detec-
tion of methylated small RNAs originating from tRNAs.
Additionally, it more than doubles the proportion of
small RNA sequencing reads attributed to tRNA genes,
from 6.9 to 15.1%. This enhancement facilitates a more
comprehensive exploration of the association between
tRNA and various disease states in humans. Further-
more, ARM-seq effectively identifies methylation-modi-
fied pre-tRNA and mitochondrial RNA and predicts the
methylation status of adenosine at position 58 in mature
tRNA. Consequently, ARM-seq holds promise as a valu-
able tool for disease detection [20].

m1A-ID-seq

After RNA fragmentation, the extracted RNA is immu-
noprecipitated using an anti-m1A antibody. The resulting
c¢DNAs are then divided into two portions: one portion is
subjected to demethylation and reverse transcription to
generate full-length cDNA, while the other is subjected to
reverse transcription to produce truncated cDNA. Subse-
quently, differential abundance analysis is conducted on
these two portions to ascertain the specific locations of
mlA modifications (Fig. 1B). This approach employs an
antibody with high specificity for m1A, thereby minimiz-
ing any potential cross-reactivity with m6A and facilitat-
ing more efficient purification of m1A-modified RNA. In
addition, E. coli-derived ALKB is utilized to demethylate
the RNA. By employing m1A-ID-seq technology, one can
identify known m1A modification sites, including those
within rRNA, as well as 901 novel m1A modification sites
within the human transcriptome. Furthermore, the m1A
peak is predominantly enriched in proximity to the 5’
untranslated region (5'-URT) and the start codon [21].

MeRIP-seq

After RNA fragmentation, immunoprecipitation is
performed using an anti-m1A antibody. Following elu-
tion, the RNA is divided into two fractions: one frac-
tion is subjected to direct sequencing, while the other
is subjected to rearrangement in an alkaline environ-
ment to convert mlA to m6A before sequencing. By
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m1A-MAP (ALKBH, immunoprecipitation, and TGIRT-RT)

comparing the sequencing results of these two frac-
tions, the relative abundance of m1A can be deter-
mined (Fig. 1C). Utilizing the Dimroth rearrangement
method, a lower mutation rate and mismatch rate
during reverse transcription can be achieved, thereby
enhancing the precision and comprehe mlA-map
nsiveness of m1A abundance detection [22].

m1A-map

RNA is subjected to immunoprecipitation following
anti-m1A treatment and subsequently divided into
two fractions: one fraction is subjected to in vitro
demethylation using ALKB, while the other fraction is
left untreated. The methylated RNA is then subjected
to TGIRT-mediated reverse transcription to gener-
ate full-length ¢cDNA, followed by library preparation
through a linked strand-specific approach for subse-
quent comparison (Fig. 1D). However, the unmeth-
ylated RNA is reverse transcribed, exploiting m1A’s
inherent ability to induce transcription truncation and
misincorporation, resulting in the generation of mul-
tiple truncated cDNA fragments. By aligning these
truncated cDNAs with the full-length ¢cDNA library
produced during transcription, the precise location
of the ml1A modification can be determined. This
method facilitates the identification of m1A modifica-
tion sites within mRNA cap structures and the GUU
CRA base sequence in tRNA [6].

m1A-IP-seq

In this technique, the novel technology RT-1306 yields
a 10-fold increase in full-length cDNA production and
a higher ratio of reads to truncated products com-
pared to TGIRT. Consequently, it enables the acquisi-
tion of more comprehensive cDNA. The sequencing
method employed is similar to that of ARM-seq. Ini-
tially, RNA is subjected to treatment with the dem-
ethylase o-ketoglutaric acid-dependent dioxygenase
(ALKB) from E. coli, followed by reverse transcription
using RT-1306 to generate comparable cDNA. Sub-
sequently, the specific position of m1A is ascertained
through differential abundance analysis (Fig. 2A). How-
ever, due to the necessity for immunoprecipitation and
demethylation processing, data reproducibility may be
compromised. In addition, reliance on demethylation
treatment may lead to false negatives, particularly when
RNA methylation abundance is low or when the meth-
ylation site is situated within intricate structures that
are impervious to enzymatic demethylation treatment.
In the future, the development of a combination of
enzymatic and chemical demethylation techniques will
enhance sensitivity to these sites. The current data pro-
cessing procedure mandates sequence alignment using
soft clipping to circumvent potential errors arising
from non-templated addition by reverse transcriptase
(RT) However, this approach may render the detection
of potential sites located at or in proximity to the 5'-cap
ineffective [23].
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m1A-quant-seq

Small RNA is isolated from total RNA and subjected to
DNase-mediated degradation and subsequent enrich-
ment through polyA selection. Then, 100-nt fragments of
RNA are screened. Subsequently, the fragments associ-
ated with m1A are directly incorporated into the RNA,
thereby partitioning it into two fractions. One fraction
is subjected to demethylation via ALKB treatment, fol-
lowed by reverse transcription employing RT-1306 to
generate cDNA encompassing m1A modifications. The
other fraction, not subjected to any treatment, is directly
reverse transcribed using RT-1306, yielding multiple
truncated cDNAs. Differential abundance analysis allows
for the precise identification of the specific m1A posi-
tions (Fig. 2B). The immunoprecipitation (IP) and quan-
tification methods are employed to produce high-quality
libraries of 250-bp fragments, characterized by a high
alignment rate and broad transcriptome coverage. These
methods demonstrate suitability for cell culture applica-
tions, with robust reproducibility of expressed transcripts
across replicate experiments [23].

m1A-seq-TGIRT and m1A-seq-SS

After DNAse digestion, RNA fragments of approxi-
mately 100 nucleotides in length are selected fol-
lowing polyA screening. Subsequently, the RNA is
divided into two fractions: one fraction is subjected to

immunoprecipitation using an anti-m1lA antibody and
is ligated at the 3' end, followed by reverse transcrip-
tion mediated by TGIRT. The other fraction is subjected
to immunoprecipitation with an anti-m1A antibody and
subjected to an alkaline environment to induce Dimroth
rearrangement, converting mlA to m6A. Afterward,
it too is ligated at the 3' end and subjected to reverse
transcription, either utilizing TGIRT or SS. The precise
localization of m1A modifications can then be deter-
mined through differential abundance analysis (Fig. 2C).
Research has revealed that, compared to the use of m1A-
seq, the utilization of TGIRT results in a higher incorpo-
ration rate and lower truncation rate, whereas the use of
SS yields a higher truncation rate but a lower false incor-
poration rate. Both methods exhibit enhanced sensitivity
and specificity in detecting m1A modifications, leading
to a reduction in false-positive rates and a more accurate
estimation of m1A stoichiometry compared to previous
approaches [23-25].

Regulators of m1A modification

Similar to m6A modification, m1A modification has
its own set of regulators, which encompass “writ-
ers, “readers,” and “erasers” The group responsible
for m1A methylation, the “writers,” consists of tRNA
methyltransferase 6(TRMT6), TRMT61A, TRMT61B,

TRMT10C, and a nucleolar factor, nucleomethylin
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(NML) [24, 26-29]. The “readers” that recognize this
methylation include (YTH) domain-containing pro-

teins (YTHDF1), TYHDF2, TYHDES3,

and TYHDCI1.

AlkB homolog 1 (ALKBH1), ALKBH3, and fat mass and

obesity-associated protein (FTO) serve
responsible for demethylation (Fig. 3A

as the “erasers”
). Each of these

three regulatory classes will be elaborated upon below.
The members of the ALKBH family, comprising nine
members, including ALKBH1 to ALKBHS8 and FTO,

have evolved from prokaryotic DNA

(30, 31]. Demethylation in this family relies on Fe?

repair enzymes

*and

a-ketoglutarate to initiate the dealkylation reaction,
whereby a bound water molecule is replaced, allow-
ing oxygen to bond with Fe [32]. Wang et al. reported
direct binding of YTH domain proteins, namely
YTHDF1, YTHDF2, and YTHDCI1, to m1A-modified
RNA oligonucleotides [6]. However, differing findings
were reported by Kyung W. Seo and Ralph E. Kleiner
et al., who corroborated and expanded on the binding
of YTHDF1/2 to m1A. Nevertheless, the specific bind-

ing of YTHDCI1 to m1A could not be o
studies [33].

bserved in their
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Writers

Through high-throughput sequencing, the presence of
mlA modification has been identified in mRNA, tRNA,
and rRNA. While mRNA displays a relatively low occur-
rence of m1A modification, tRNA exhibits a stable m1A
modification in the neck loop region, characterized by a
robust hairpin structure consisting of a 5-base pair (bp)
stem and a 7-bp loop. The m1A modification in tRNA
is attributed to the TRMT6/TRMT61A complex, and
it is contingent upon the cloverleaf structure inherent
to tRNA. Such mRNA modification requires a struc-
ture similar to the tRNA neck loop structure along with
the GUUCRA sequence. Knockdown of the TRMT6/
TRMT61A complex results in diminished m1A modifica-
tion in the neck loop structure, whereas the overexpres-
sion of both subunits leads to an augmentation of m1A
modification at corresponding positions. Notably, this
effect is most pronounced at position 384 in cytoplas-
mic mRNAs, IncRNAs, and select tRNA sites. In human
cells, the use of small interfering RNAs to knock down
TRMT61A and TRMT6 has been observed to retard cell
growth, suggesting that TRMT61A and TRMT6 play

A TRMT10C NML
YTHDF1
INS\S\ TRMT6 TRMTe1A TRMT61B -
writer W
N\NN - > fa
Demethylated RNA ALKBH’] ALKBH3 methylated RNA YTHDFZ
FTO reader
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\l/
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down-regulation
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pivotal roles in influencing cell proliferation. TRMT61B
encodes the mitochondria-specific tRNA methyltrans-
ferase responsible for catalyzing the m1A58 modifica-
tion within RNA-Leu (UUR), tRNA-Lys, and tRNA-Ser
(UCN) [27]. In addition, TRMT10C has been identified
as the catalyst for the m1A modification at position 9 in
mitochondrial ND5 mRNA. Knockdown of TRMT10C
results in the loss of methylation at ND5:1374, whereas
overexpression of TRMT10C increases methylation
levels by 50%. These methylation levels exhibit tissue-
specific variation and require precise regulation. Further-
more, it has been demonstrated that m1A modifications
found within the Sequence coding for amino acids in
protein (CDS) and 5'-UTR can impede the translation
process. This inhibition may depend on ribosome scan-
ning and translation mechanisms.

NML serves as a catalytic factor in the modification
of 28S rRNA. The NML-dependent C-terminal region
encompasses a Rossman-fold methyltransferase-like
domain, which plays a pivotal role in the methylation
of A1309 and A1136 on 28S rRNA in both humans and
murine organisms. Depletion of NML leads to a reduc-
tion in the formation of the 60S ribosomal subunit with-
out impacting protein synthesis. Additionally, it triggers
the activation of the p53 pathway through its interaction
with the RPL11/MDM2 complex. NML does not exert
an influence on ribosomal deoxyribonucleic acid (rDNA)
transcription under normal sugar conditions, nor does it
affect the processing of precursor rRNA into its mature
form [34].

Erasers

Demethylation of target tRNAs catalyzed by ALKBH1
leads to attenuated translation initiation and reduced
utilization in protein synthesis. ALKBH1 predomi-
nantly targets the m1A modification on tRNA, possess-
ing a tRNA-binding domain employed by tRNA ligases
for tRNA recognition. ALKBH1 primarily functions by
recognizing the neck loop structure within tRNA. The
mlA modification at position 58 in tRNA serves as the
primary recognition site for ALKBH1. ALKBH1 mod-
ulates protein synthesis through the modification of
58m1A on specific RNA molecules. Notably, ALKBH1
selectively modifies m1A and does not interact with
N7-methylguanosine(m7G), m5C, or 3-methylcytidine
(m3C) modifications. Additionally, ALKBH1 exhibits
limited recognition of mlA in mRNA. mlA-hyper-
modified tRNA-Val (mAC), tRNA-His (GUG), and
tRNA-Gly (GCC) preferentially bind to translationally
active polysomes. Overexpression of ALKBHI results
in reduced methylation levels of tRNA-His (GUG) and
tRNA-Gly (GCC), accompanied by decreased tRNA
quantities. ALKBH1 knockout induces an upsurge in
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tRNA-iMet, thereby promoting translation initiation
and the overall translation process. Methylated tRNA
molecules are more likely to be recruited by ribosomes
for translation [35].

A study conducted by Zhuo Jia Chen et al. yielded
valuable insights into ALKBH3, highlighting its pos-
session of a tRNA-binding domain similar to ALKBH]1,
suggesting a potential tRNA recognition function. How-
ever, ALKBH3 exhibits unique specificity for tRNA rec-
ognition, effectively engaging with most tRNAs, with the
notable exceptions of tRNA-iMet and tRNA-Phe (GAA).
ALKBH3 effectively modulates the stability of 58m1A.
Moreover, their investigation revealed the ubiquitous
expression of ALKBH3 in cancer cells, where it can act
as a catalyst for cancer progression, generating tRNA
fragment (tDRs) that facilitate ribosome assembly while
inhibiting apoptosis in cancer cells [36]. ALKBH3 exhib-
its a pronounced preference for short sequences and sin-
gle-stranded DNA/RNA, a characteristic corroborated
by other studies [7, 22, 35, 37].

FTO, similar to ALKBH]1, functions as an m1A dem-
ethylase with a greater preference for the neck loop
structure within tRNA over unstructured RNA. It also
affects translation through tRNA demethylation, consist-
ent with the pathway through which ALKBHI exerts its
translational influence [38].

Readers

TYHDF1, TYHDF2, TYHDF3, and TYHDC1 are all
members of the YTH family and can directly bind to
mlA RNA. In YTHDEF2, Trp432, a conserved residue
within the hydrophobic pocket of the YTH domain, is
crucial for m6A recognition, and it is a prerequisite for
N-6 binding as well as m1A recognition [39].

YTHDE3 directly binds to m1A, exerting a negative
regulatory effect on trophoblast cell invasion and migra-
tion. This is achieved through the promotion of mRNA
degradation, which subsequently leads to reduced pro-
duction of the insulin-like growth factor receptor 1 pro-
tein. Furthermore, YTHDF3 inhibits the downstream
signaling pathway of matrix metallopeptidase 9, ulti-
mately diminishing the migration and invasion capabili-
ties of trophoblast cells [40].

Using YTHDEF1 as the target transcript for analysis
instead of considering all methylated mRNAs, research-
ers have revealed a role of YTHDF1 in enhancing transla-
tion in HeLa cells. YTHDF1 and YTHDF2 interact with
distinct protein partners and assemble into dissimilar
higher-order structures. Concurrent knockdown of all
three YTHDF proteins leads to an augmentation in cellu-
lar P-body formation and a global stabilization of mRNA
molecules, irrespective of their methylation status [41].
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m1A and cancer

The exploration of m1A modification in cancer research
has consistently demonstrated its impact on various cel-
lular processes, including cell proliferation, metabolism,
and apoptosis. Therefore, it has found extensive utility in
the realms of disease diagnosis, treatment, and prognosis.
Notably, in the context of cancer, numerous studies have
elucidated the relationship between m1A regulators and
a diverse spectrum of malignancies. These regulators play
pivotal roles in the initiation, therapeutic strategies, and
prognostication of diseases such as liver cancer, prostate
cancer, glioma, colorectal cancer (CRC), bladder cancer
(BC), lung cancer, and pancreatic cancer (PC) (summa-
rized in Table 2).

Lung adenocarcinoma (LUAD)

Lung cancer stands as one of the most prevalent and
deadliest malignancies globally [42, 43]. This disease is
categorized into two primary subtypes: non-small cell
lung cancer (NSCLC) and small cell lung cancer. NSCLC
can be further classified into LUAD, squamous cell carci-
noma, and large cell carcinoma.

NSCLC, constituting approximately 80% of all lung
cancer occurrences, has attracted research interest
extending beyond the exploration of EGFR, KRAS, and
ALK genes. Particularly in recent years, epigenetic RNA
modifications have garnered attention in the context of
NSCLC [44—47]. Some studies have divided patients with
LUAD into two distinct cohorts: the high writer-score
group and the low writer-score group. In the high writer-
score group, heightened activation of the cGMP/PKG
and mTOR signaling pathways has been observed, with
notable associations to apoptosis and tumor metabolism.

Table 2 Overview of m1A and its role in cancer mechanisms
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In contrast, the low-score group has exhibited significant
activation of the PI3K/AKT, Ras, and MAPK signaling
pathways, aligning with cell cycle regulation and normal
cell growth (Fig. 3B). These findings suggest a potential
relationship between RNA modification writer-score,
tumor prognosis, and the tumor microenvironment. In
addition, writer-score demonstrates promise in predict-
ing the prognosis of patients with NSCLC undergoing
neoadjuvant anti-PD-1 therapy [48]. ALKBH3, a dem-
ethylase targeting m1A, has also emerged as a participant
in carcinogenesis. Its heightened expression in LUAD
has been correlated with post-recurrence survival [49].
ALKBH3 plays a role in the demethylation of tRNA,
resulting in an increased abundance of small RNA tDRs
and tRFs derived from tRNA. This, in turn, elevates the
translation rate while inhibiting cell apoptosis [36]. The
tRF/Leu/CAG complex has been shown to promote cell
cycle progression at the GO/G1 phase, inducing cell pro-
liferation in NSCLC [50, 51] (Fig. 3C).

BC

BC ranks as the tenth most prevalent form of cancer
globally, with 573,278 cases in 2020. Notably, the inci-
dence of BC in males is approximately four times higher
than in females. Despite the significant advancements
in medical technology, there has been limited progress
in reducing the incidence and mortality rates associated
with this disease [52]. In 2022, BC emerged as the second
most common malignant tumor within the urinary sys-
tem, accounting for 17,100 out of the 81,180 new cases
reported. Despite the availability of a wide array of treat-
ment modalities, the prognosis for BC remains unsatis-
factory [53-56].

Cancer Regulator Pathway Function Resource
LUAD Writer ALKBH3 cGMP PKG mTOR Signaling, tRF- cell apoptosis and tumor [47-50]
leu-CAG metabolism, cell cycle progression
and proliferation
Breast cancer ALKBH3 TRMT6 CSF-1 miR-191-5p Invasion, proliferation and migra- [57,58]
tion
Colorectal-cancer ALKBH1 Writer SMAD7, MFAP2-CLK3 metastasis and prognosis, develop-  [68-70]
ment, AJCC stage
Pancreatic-cancer ALKBH1, ALKBH3, TRMT61B, Writer ~ mTOR poor survival, proliferation, invasion  [75-77]
YTHDC1, YTHDF2 and ErbB, EMT, TGF - and mTOR and migration
C1 signaling
Hepatocellular-carcinoma TRMT6/TRMT61A, TRMT10C, Hedgehog PPAR Signaling, PI3K/Akt  CSCs self-renewal and tumori- [68, 80-82]
YTHDF1 signaling pathway genesis, process of proliferation
and apoptosis resistance
Glioma- ABCC3, ALKBH1, ALKBH3, TRMT61B, - Proliferation and resistance [88-92]
TRMT6, TRMT10C, TRMT6TA
Bladder-cancer- TRMT6/TRMT61A, ALKBH3 tRF-3- UPR, NOX-ROS signaling Tumorigenesis, tumor angiogen- [97,98]

esis and invasiveness
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In recent years, the advancement of our understand-
ing of BC has been significantly augmented by increased
research into RNA modification. It has come to light that
elevated levels of m1A modification in BC coincide with
dysregulation of genes associated with the unfolded pro-
tein response (UPR). Specifically, in bladder urothelial
carcinoma, the heightened m1A modification of tRF-3b
is catalyzed by the TRMT6/61A complex, resulting in the
dysregulation of tRF-targeted mRNA. This dysregulation
subsequently impacts cancer progression by influencing
the UPR (Fig. 4A). Therefore, UPR holds promise as a
potential therapeutic target in the future [57].

Beyond the writers of RNA modification, ALKBH3,
functioning as an eraser of mlA, also plays a role in
promoting the development of human urothelial carci-
noma. It does so by modulating NADH oxidase (NOX)
and Fnl4/VEGF signaling pathways. This effect is con-
tingent on the generation of reactive oxygen species
(ROS), which can induce cell cycle arrest at the G1 phase
[58]. Notably, while NOX/ROS signaling does not exert
a significant influence on tumor angiogenesis and inva-
siveness in human BC, it does promote angiogenesis
in ovarian cancer [59, 60] (Fig. 4B). Zhang Yang et al.
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validated that mutations and copy number alterations in
the m1A writer genes may be associated with BC. Fur-
thermore, they identified TRMT61A as a poor prognostic
factor for BC. Notably, the poor-prognosis writer-score-
high group exhibited enrichment of oncogenic, prolifera-
tive, and apoptotic pathways [61]. Alterations in the CNV
of writers also contribute to the distinctions between
patients with BC and healthy individuals. Furthermore,
the RNA modification “writers” score(RMS) has been
positively correlated with the malignancy of BC [62].

Ovarian cancer and breast cancer

In 2020, breast cancer emerged as the most prevalent
malignancy globally, with 2.3 million new cases, sur-
passing lung cancer. It constitutes 24.5% of all cancer
cases in females. Notably, Asia accounted for nearly
half of breast cancer diagnoses (45.4%) [63]. The con-
temporary therapeutic repertoire for breast cancer
includes surgery, chemotherapy, radiotherapy, hormone
therapy, and targeted interventions [64]. However, the
efficacy of these modalities remains limited, necessi-
tating a pressing exploration of novel and more radi-
cal treatment strategies [65]. Ovarian cancer, among
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gynecologic cancers, assumes the distinction of being
the deadliest. In 2016, China recorded an estimated
57,200 new ovarian cancer cases, resulting in 27,200
fatalities. Due to the absence of reliable early detection
methods, the majority of diagnoses occur at advanced
stages, marked by poor prognoses and elevated recur-
rence rates. While significant strides have been taken
in ovarian cancer treatment, its overall survival rate
remains low [66]. The incidence and mortality rates
of ovarian cancer in China have exhibited an upward
trajectory over the past three decades, with this trend
anticipated to persist over the next 30years [67].

The modulation of breast cancer through RNA m6A
modification has been the subject of extensive research.
This modification orchestrates the proliferation, inva-
sion, and metastasis of breast cancer by effecting
changes in diverse signaling pathways [68]. However,
existing research on the influence of mlA in breast
cancer remains insufficient. In recent years, studies on
RNA modifications in both ovarian and breast cancer
have revealed that Macrophage Colony Stimulating Fac-
tor 1(CSF-1) is associated with unfavorable prognoses
in both cases. Furthermore, the expression of CSF-1 is
subject to post-transcriptional modification, particu-
larly RNA modification. Specifically, the demethyla-
tion of RNA by ALKBHS3 regulates the degradation of
CSF-1 mRNA and controls its half-life. In summary,
the overexpression of ALKBH3 in ovarian and breast
cancer leads to a reduction in m1A levels within CSF-1
mRNA. This reduction prolongs the mRNA’s half-life,
enhancing its stability and consequently promoting
cancer cell invasiveness. This alteration does not affect
cancer cell proliferation or migration capabilities [69]
(Fig. 4C). Overexpression of TRMT6 augments breast
cancer cell proliferation and migration. Jiang Zhao
et al. demonstrated that high TRMT6 expression in
patients with ovarian cancer correlates with poor prog-
noses compared to those with low TRMT6 expression.
The adverse effects of high TRMT6 expression can be
mitigated through targeted regulation of TRMT6 by
upstream miR-191-5p [70]. MicroRNAs (miRNAs) serve
as regulatory factors that inhibit translation and protein
expression by binding to mRNA. They play pivotal roles
in the regulation of cell proliferation and migration
(Fig. 4D). Among miRNAs, miR-191-5p exerts a regu-
latory function in various other cancers, demonstrating
distinct roles in different contexts. For instance, it has
been implicated in the suppression of miRNA expres-
sion in gastric cancer, renal epithelial cancer, and other
malignancies, while promoting osteosarcoma devel-
opment through the targeting of Recombinant Early
Growth Response Protein 1(EGR1) [70-73].

Page 11 of 17

CRC
CRC ranks third in incidence and second in mortality
among all cancers [74, 75]. Some patients are diagnosed
with distant metastasis at the time of diagnosis [53].
In recent years, significant progress has been achieved
in CRC treatment; however, the 5-year survival rate
remains notably low [76]. The investigation of RNA
modification has revealed that RNA regulators can
influence the onset and progression of CRC [77, 78].
ALKBHLI is notably overexpressed in CRC tissues and
is associated with metastasis and prognosis in patients
with CRC. These findings align with those reported by
Yue Shui Zhao et al., who observed that m1A regula-
tors, except TRMT61A, which is typically expressed in
esophageal cancer and colon adenocarcinoma, are over-
expressed in all gastrointestinal tumors. Furthermore,
their study established a negative correlation between
ALKBHI1 overexpression and overall survival in CRC.
In contrast, a diminished expression of ALKBH3 in
CRC correlates with poorer overall survival [79]. Over-
expression of ALKBHI1 leads to increased expression
of methyltransferase 3 (METTL3). Consequently, this
upregulation of METTL3 results in enhanced meth-
ylation of drosophila mothers against decapentaplegic
protein 7(SMAD?7), ultimately leading to its downregu-
lation. Consequently, these molecular events promote
the migration and invasion of CRC cells, contributing
to CRC development and predicting an unfavorable
prognosis (Fig. 5A). ALKBH1 exhibits distinct roles
in various diseases. In PC, low ALKBHI1 expression
is linked to a dismal prognosis, while in most other
tumors, ALKBHI1 typically functions as an oncogene.
Examples include glioma and gastric cancer [80].
Microfibrillar-associated protein 2(MFAP2), which
is closely associated with lymph node metastasis, dis-
tant metastasis, and the advanced AJCC stage in CRC,
exhibits high expression levels in patients with CRC,
influenced by mlA regulation (Fig. 5A). Specifically,
mlA upregulates MFAP2 expression in CRC cells.
Knocking down ALKBHI1 leads to increased mlA
methylation levels and elevated MFAP2 mRNA expres-
sion. MFAP2 operates through its downstream target,
CDC-like splicing factor kinase 3 (CLK3), a member
of the CLK family possessing bispecific kinase activ-
ity [81]. MFAP2, an extracellular matrix glycoprotein,
plays a pivotal role in microfibril assembly, elastin
production, and tissue homeostasis [82]. In addition,
MFAP2 promotes the migration and invasion of gastric
cancer cells by enhancing the PI3K/AKT pathway [83].
CLKS3 also fosters the migration and invasion of CRC
cells, with studies indicating its involvement in cholan-
giocarcinoma and liver cancer invasion [84, 85].
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PC

PC ranks as a prevalent malignancy in the digestive sys-
tem and currently stands as the seventh leading cause
of cancer-related mortality, as reported by the Interna-
tional Agency for Research on Cancer. Despite ongoing
advancements in chemotherapy and immunotherapy,
their effectiveness remains suboptimal. Surgical interven-
tion remains the primary mode of treatment, underscor-
ing the imperative for the discovery and development of
more efficacious therapeutic strategies. Within the realm
of RNA modification research, the application of m1A
modification has emerged as a promising avenue for PC
treatment.

n HCC

Shen P, Yang T, and Chen Q et al. reported a significant
upregulation of ALKBH3 in patients with PC [86]. The
diminished expression of ALKBH1 is associated with an
unfavorable prognosis in PC. Through Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis,
Qingyuan Zheng and Xiao Yu et al. incorporated m1A
regulatory genes, revealing that these regulatory genes
were predominantly implicated in 24 signaling pathways,
notably the mTOR and ErbB pathways. These findings
underscored a substantial correlation between ALKBH1
and both mTOR and ErbB, with all regulated genes
except for TRMT61A. The mTOR pathway, downstream
of PIBK/AKT, directs serine-threonine protein kinase,
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thereby modulating tumor cell proliferation, invasion,
and metastasis via ribosomal protein kinase activation
(Fig. 5B). Missense mutations and Copy Number Varia-
tion (CNVs) in m1A regulators also hold significance in
PC. Zheng Qing Yuan et al. identified YTHDCI as the
mlA reader with the highest mutation frequency and
YTHDF2 as the m1A reader with the highest CNV in
patients with PC. This suggests that alterations in these
regulatory genes may potentially impact the ATM signal-
ing pathway, with CNVs of m1A linked to the prognostic
outcomes of patients with PC [87].

ALKBH3, a demethylase, exhibits elevated expres-
sion levels in patients with PC [86]. An investigation
of the relationship between mutations in RNA writer
genes and PC showed that the high writer modifica-
tion (WM) -score subgroup displayed an unfavorable
prognosis, along with activation of oncogenic pathways
such as EMT, TGF-B, and mTORCI1 signaling path-
ways. Conversely, the low writer-score subgroup exhib-
ited a more favorable prognosis. In patients with PC,
the CNVs of TRMT61B showed an increase, resulting
in higher TRMT61B expression compared to writers
with unaltered CNVs [88]. In an examination of IncRNA
methylation in PC, Hu Yu Quan et al. noted a signifi-
cant elevation in resting memory CD4 T cells, MO mac-
rophages, and activated dendritic cells in the high-risk
group compared to the low-risk group. Furthermore, it is
suggested that modifications of these IncRNAs can serve
as potential markers for early PC diagnosis, prognosis
assessment, and identification of potential biological tar-
gets for immune response modulation [89].

Glioma

Gliomas, including low-grade gliomas and glioblastomas
(GBMs), represent the most prevalent and lethal malig-
nancies in the central nervous system. Although surgery
combined with radiotherapy and chemotherapy remains
the primary treatment approach, the prognosis remains
suboptimal. Despite undergoing clinical phase 3 tri-
als, immune checkpoint inhibitor therapy has failed to
enhance patient survival rates. The tumor microenviron-
ment and tumor heterogeneity are pivotal factors in this
context [90-93].

Regulatory factors of m1A modification offer insights
into prognosis and may be potential therapeutic targets.
Specifically, NML, TRMT61B, TRMT6, TRMT10C,
ALKBH1, ALKBH3, YTHDEF2, and YTHDEF3 exhibit
upregulation, while YTHDCI1 displays downregula-
tion. These m1A modification regulators exert signifi-
cant influence on glioma prognosis. Among them, NML,
TRMT6, TRMT10C, TRMT61B, ALKBH1, ALKBH3,
YTHDF1, YTHDF2, and YTHDEF3 are considered risk
factors, while YTHDC1 is considered a protective factor.
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These regulators can, in turn, be upregulated through the
activation of the ABCC3 gene. ABCC3, in turn, can alter
the tumor microenvironment to induce drug resistance
and promote tumor proliferation [94, 95] (Fig. 5C).

TRMT61A is also highly expressed in highly aggressive
gliomas. Under hypoxic conditions, c-MYC is suppressed
in GBM, resulting in the downregulation of TRMT61A
[96]. In addition, ALKBH1 has been found to inhibit cell
proliferation and extend the lifespan of mice with GBM;
however, this effect has not been achieved through stabi-
lization. Zhao Kai et al. categorized gliomas into cluster
1 and cluster 2 based on RNA epigenetic modifications.
Their study revealed that the overall survival rate was
significantly lower in cluster 1 than in cluster 2. Cluster
1 was enriched in cell cycle-related processes, primary
immunodeficiency, cytokine-receptor interactions, extra-
cellular matrix receptor interactions, and various glioma
carcinogenic pathways [97]. Additionally, low expression
of TRMT6 was observed in cancer tissues [98].

Hepatocellular carcinoma (HCC)

HCC constitutes the predominant form of liver cancer,
accounting for approximately 90% of liver cancer cases.
Despite the utilization of targeted drugs in HCC treat-
ment, the challenges posed by its heterogeneity and ele-
vated recurrence rates continue to impede progress in
precision medicine and prognosis. Several factors con-
tribute to the heightened mortality rate associated with
liver cancer, including atypical early manifestations that
hinder early diagnosis and the liver’s rich blood supply,
which facilitates metastasis [99]. We summarize certain
RNA modifications associated with HCC and explore
their precise impacts on the initiation and progression of
this malignancy.

Notably, a significant elevation in m1A levels has been
observed in the tissue tRNA of patients with HCC. The
catalysis of m1A is facilitated by TRMT6/TRMT61A and
is highly upregulated in patients with advanced HCC.
Furthermore, Kaplan—Meier analysis conducted by Yue
Shui Zhao et al. demonstrated a correlation between high
expression of m1A-regulated genes and a poor prognosis
in HCC [79].

The TRMT6/TRMT61 complex enhances peroxisome
proliferator-activated receptor (PPARS) translation by
elevating methylation levels, thereby instigating choles-
terol synthesis and activating the Hedgehog pathway.
This ultimately results in the self-renewal of tumor stem
cell (CSCs) and tumorigenesis. Cholesterol synthesis is
essential for Hedgehog pathway activation, implying that
targeting the TRMT6/TRMT61A complex could offer a
therapeutic approach for HCC (Fig. 5D). Jianping Zhang,
Jie Gao, et al. proposed that RNA methylation modifi-
cation regulators could serve as potent biomarkers or
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potential therapeutic targets for HCC [100, 101]. TP53
is a well-established tumor suppressor, and its muta-
tions are known to promote cancer development. These
mutations are associated with m1A regulators, includ-
ing TRMT6, TRMT61A, TRMT10C, and YTHDF], all
of which also function as predictors of cancer risk. Fur-
thermore, these regulators exert their effects through the
PI3K/AKT signaling pathway [102]. HCC research has
highlighted that modulation of the PI3K/AKT signaling
pathway can effectively regulate the processes of prolif-
eration and resistance to apoptosis in HCC [102, 103].

Conclusion

In this review, we elucidated the regulatory factors gov-
erning m1A, its detection methodologies, and its modi-
fication status in the context of cancer. This review
primarily focused on the identification techniques for
diverse m1A modifications and their implications for
cancer. Specifically, we explored how alterations in the
mlA modification status across various RNA molecules
can influence the pathogenesis and progression of sev-
eral cancer types, including liver cancer, BC, ovarian
cancer, breast cancer, lung cancer, glioma, PC, and CRC.
Furthermore, we explored the potential for establish-
ing prognostic models based on the regulatory factors
of m1A. These models can serve to grade the severity of
patients’ diseases, predict patient outcomes, and even
be employed as prospective therapeutic targets. Despite
the availability of reasonably accurate m1A detection
methodologies for monitoring its role in tumor develop-
ment, the precise m1A modification sites remain elusive,
particularly in cases such as CRC where m1A has been
shown to regulate the MFAP2/CLK3 axis [82]. Therefore,
it is imperative to undertake further research and devel-
opment efforts to refine the accuracy of m1A detection
techniques, enabling their versatile application. Addi-
tionally, fostering advancements in m1A detection meth-
odologies may not only benefit cancer research but also
facilitate the exploration of specific molecular targets
where m1A exerts its influence in cancer treatment. This,
in turn, can pave the way for the development of more
effective cancer-targeting drugs, ultimately contributing
to the extension of human life.

Despite the growing interest in mlA modification
of RNA, further research should prioritize investigat-
ing the interplay between m1A and other modification
types, such as m6A. It is crucial to explore the potential
cross-linking effects between these modifications while
studying m1A. Existing evidence has demonstrated that
mlA modification can enhance the impact of m6A on
RNA by leveraging its regulatory factor [104]. Conse-
quently, uncovering the cross-linking effect with other
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modification types becomes imperative. Moreover, it is
worth noting that ALKBH family proteins and FTO fam-
ily proteins are co-regulatory proteins of both m1A and
m6A modifications. Therefore, a comprehensive under-
standing of the combined influence of these shared regu-
latory factors on the two modification types within the
same pathway necessitates further investigation.
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