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Cancer stem cells (CSCs) are a small population of less differentiated cells with
robust self-renewal ability. CSCs have been recognized as the root cause of
tumor initiation, progression, relapse, and drug resistance. Recent studies from us
and others have highlighted that N®-methyladenosine (m°®A), the most prevalent
modification in mRNA, plays a crucial role in carcinogenesis and CSC
homeostasis. Dysregulation of the mC°A modification machinery has been
implicated in CSC survival and self-renewal, thereby regulating cancer
progression and therapeutic resistance. In this review, we provide an overview
of the roles and molecular mechanisms of the RNA m®A modification machinery
in CSC survival and self-renewal. Additionally, we summarize the currently known
small-molecule inhibitors targeting the dysregulated m®A modification
machinery and discuss proof-of-concept studies focusing on the efficacy of
these compounds in eliminating CSCs and cancers.
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1 Introduction

Over the past decade, RNA modifications have attracted widespread attention not only
because these chemical modifications play crucial roles in determining the fate of various
RNA types but also because the dysregulation of RNA modifications can lead to
pathogenesis, including tumorigenesis (Barbieri and Kouzarides, 2020). Thus far, over
170 distinct chemical modifications have been identified. Current methods for mapping and
sequencing RNA and its modifications - also known as the epitranscriptome-have revealed
the landscape of RNA modifications, including N°-methyladenosine (m°A), pseudouridine
(W), 5-methylcytidine (m°C), N'-methyladenosine (m'A), and N’-methylguanosine (m’G).
Among these chemical modifications, m°A is the most abundant internal mRNA
modification and is also present in other RNA types, such as long non-coding RNA
(IncRNA) (Fazi and Fatica, 2019). m°®A was first reported in bacterial DNA as early as 1955
(Dunn and Smith, 1955) and was later identified in the mRNA of mammalian cells in 1974
(Perry and Kelley, 1974). However, the potential biological functions of m°A methylation in
determining mRNA fate were not appreciated until 2011 when fat mass and obesity
associated (FTO) protein was characterized as a demethylase of RNA m°A modification (Jia
et al,, 2011). This identification suggests that akin to epigenetic modifications at DNA and
histone levels, RNA modification is also reversible and dynamic. Subsequently,
transcriptome-wide m°A mapping revealed that “DRACH” (D = A, Gor U; H= A, C
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or U) as the canonical motif of mRNA m°A modification
(Dominissini et al., 2012; Meyer et al, 2012). Since then, a
significant wave of studies has focused on characterizing the m°A
machinery, including “writers”, “erasers”, and “readers”, and
determining their biological functions in various biological
contexts. Moreover, considering the crucial role of m°A
modification in tumorigenesis, several small-molecule inhibitors
targeting m°A machinery have been developed. Proof-of-concept
studies have shown that pharmacological inhibition of the
dysregulated m°A machinery exhibits robust anti-tumor efficacy.
Cancer stem cells (CSCs), similar to normal stem cells in healthy
tissue, are a small population of tumor cells with a potent self-
renewal ability and the potential to differentiate into multiple
cellular subtypes. While the concept of CSCs was proposed in the
1970s, these cells were not identified until the 1990s, initially in
leukemia (Lapidot et al, 1994). Subsequently, CSCs have been
definitively identified in many other tumor types, including
breast cancer (Al-Hajj et al., 2003), brain cancer (Singh et al,
2004), liver cancer (Ma et al., 2007), colon cancer (O’Brien et al.,
2007), lung cancer (Eramo et al., 2008), pancreatic cancer (Li et al.,
2007), and prostate cancer (Patrawala et al., 2006; Dalerba et al.,
2007; Walcher et al., 2020; Yang et al., 2020b; Zhou H.-M. et al.,
2021). The CSC hypothesis suggests that many cancers are not
merely monoclonal expansions of cells but may actually resemble
abnormal organs, sustained by a diseased stem cell population. CSCs
can initiate tumorigenesis and cause drug resistance, metastasis, and
relapse, often leading to the failure of conventional cancer
(Clarke, 2019).
represents one of the most promising strategies to eliminate or

treatments Consequently, targeting CSCs
potentially cure cancers.

Current studies have reported that dysregulation of m°A
strongly
stemness and CSC maintenance (Ma and Ji, 2020; Kumari et al,,
2023; Feng et al., 2024). Better understanding the biological

functions of RNA m°A modification and machinery could

modification is implicated in modulating tumor

substantially advance the development of innovative and effective
strategies to eradicate CSCs, marking a new frontier in cancer
treatment. Herein, we review the molecular mechanisms of RNA
m°A modifications in post-transcriptional regulation of gene
Additionally,
implication of m°A modification in CSC survival and self-

expression. we provide an overview of the
renewal. Furthermore, we summarize current knowledge on

small-molecule inhibitors targeting the dysregulated m°A
modification machinery as well as the anti-tumor efficacy of

these inhibitors.

2 Fundamental mechanisms and
biological functions of m°A

modification

mC°A modification is installed onto mRNAs at the consensus
DRACH motifs by m°A methyltransferases (called “writers”),
removed by m6A demethylases (called “erasers”), and recognized
by “readers” that directly recognize the modification and mediate its
downstream impacts and biological functions. Transcriptome-wide
mapping of m°A sites revealed a biased distribution of m°A
modification on mRNAs-it is usually enriched in the 3'-
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untranslated region (3'UTR) and near the stop codon area of
mRNAs (Meyer et al, 2012), whereas the distribution of the
DRACH motifs is relatively even. m°A modification is involved
in almost all stages of mRNA metabolism and gene expression
regulation, including transcriptional regulation, alternative splicing,
mRNA export, mRNA turnover, and translation (Shi et al., 2019;
Deng et al., 2023; Qing et al., 2023).

2.1 The m°®A “writers”

The deposition of most m°A sites on mRNA is catalyzed by the
m°A methyltransferase complex (MTC) (Liu et al., 2014) (Figure 1).
This complex contains methyltransferase like 3 (METTL3),
METTL14, and Wilms tumor I-associating protein (WTAP)
2014). As the
serves as the primary catalytic subunit and is

(Ping et al, first discovered mC°A writer,
METTL3
implicated in various physiological processes, including
controlling the speed of the circadian clock (Fustin et al., 2013),
embryogenesis (Wang Y. et al., 2014), the DNA damage response
(Xiang et al., 2017), spermatogenesis (Xu et al., 2017), immune cell
homeostasis (Li et al., 2017), and tumorigenesis (Deng et al., 2023).
Although METTLI4 is a homolog of METTL3, it lacks
activity due to the absence of an
S-adenosylmethionine  (SAM)-binding domain. Importantly,
METTL14 directly interacts with METTL3 to maintain its
stability and catalytic activity of the MTC (Wang et al, 2016).
METTL14 also plays an important role in maintaining cardiac
(Wang et al., 2022) and kidney homeostasis (Lu et al., 2021), the
development of osteoporosis (He et al., 2022), and antiviral innate
immunity (Qin et al, 2021). The third core component, WTAP,
facilitates the binding of the METTL3-METTL14 complex to mRNA
targets and guides the localization of METTL3-METTL14 into
nuclear speckles (Ping et al., 2014). In addition to WTAP, other
accessory RNA-binding subunits include VIRMA (vir like m°A
methyltransferase associated) (Yue et al, 2018), RBM15 (RNA
binding motif protein 15) and its paralogues RBM15B (Patil
et al, 2016), ZC3H13 (zinc finger CCCH-type containing 13)
(Wen et al.,, 2018), and HAKAI/CBLLI (Cbl proto-oncogene like
1) (Ruzicka et al, 2017; Bawankar et al, 2021). Those proteins

contribute to determining the substrate RNAs and/or the precise

methyltransferase

sites of m°A methyltransferase activity.

Besides the MTC, other methyltransferases such as METTLI16,
METTL5, and ZCCHC4 (zinc-finger CCHC domain-containing
protein 4) also deposit m°A on various RNA subtypes.
METTLI16 is responsible for methylating U6 small nuclear RNAs
(snRNAs) as well as several mRNAs, such as MAT2A, BCATI, and
BCAT?2 (Pendleton et al., 2017; Warda et al., 2017; Han et al., 2023).
METTL5 (van Tran et al., 2019; Ignatova et al., 2020; Sepich-Poore
et al.,, 2022) and ZCCHC4 (Ma et al., 2019; Ren et al., 2019; Pinto
etal., 2020) are responsible for the m°A modification of 18S and 28S
rRNA, respectively.

2.2 The m°®A “erasers”

m°A methylation in mRNAs can be reversibly removed by m°A
demethylases such as FTO and alkB homologue 5 (ALKBHS).
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FIGURE 1

The regulators of m®A modification and its roles in determining RNA fates. The m6A modification is predominantly installed to mRNA by the
methyltransferase complex (MTC) in the nucleus. Besides METTL3, METTL14 and WTAP, MTC also comprises a set of accessory subunits, such as VIRMA,
RBM15/15B, ZC3H13, and HAKAI. Additionally, other m6A writers like METTL16, METTL5, and ZCCHC4 specifically deposit the m6A modification on
certain RNAs. The m6A modification can be removed by demethylase FTO and ALKBHS5. In the nucleus, YTHDC1 and HNRNP families recognize
m®A-marked transcripts and affect mRNA splicing and export. Once the m6A-modified transcripts are exported to the cytoplasm, they can be recognized
by cytoplasmic readers, which determine their fate. Created with BioRender.com

Despite both belonging to the AlkB family of a-ketoglutarate (a-
KG)-dependent dioxygenases, they exhibit distinct expression
patterns in various cell types, suggesting their involvement in
different biological pathways (Chen Y. et al, 2020; Shen et al,
2020; Tang et al,, 2020; Zhou J. et al., 2021; Gao et al., 2024). FTO
was first reported in 2011 to localize in nuclear speckles and remove
m°A residues from RNA (Jia et al., 2011). It regulates the splicing of
runt-related transcription factor 1 (RUNX1T1) by modulating the
RNA binding ability of serine and arginine rich splicing factor 2
(SRSF2), thereby influencing adipogenesis (Zhao et al, 2014).
Additionally, FTO can regulate dopaminergic signaling pathways
through the demethylation of specific mRNAs, affecting neuronal
activity (Hess et al.,, 2013). FTO is also capable of binding and
demethylating other RNA modifications, including cap N6,2'-O-
dimethyladenosine (m°A,,) in mRNA and snRNAs, as well as N'-
methyladenosine (m'A) in tRNA (Mauer et al., 2017; Wei et al,
2018). In ALKBH5 m°A
modifications. It can modulate mRNA export, the assembly of

contrast, specifically removes
mRNA processing factors, and RNA metabolism in nuclear
speckles by removing m°A modifications (Zheng et al., 2013).
ALKBHS5 also participates in antiviral and antibacterial innate
responses by erasing the m°A modification of DDX46-binding
antiviral transcripts in the nucleus (Zheng et al,, 2017) and by
regulating the protein expression of neutrophil migration-related
molecules, including CXCR2 and NLRP12, to enhance the intrinsic
migratory ability of neutrophils (Liu Y. et al., 2022).
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2.3 The m°®A “readers”

RNA m°A can be specifically recognized by multiple reader
proteins, crucial for mediating various biological functions,
including regulating mRNA stability, splicing, export, translation
efficiency, and miRNA biogenesis. The primary readers of m°A are
the YTH family proteins. This family comprises five members:
YTHDFI1, YTHDF2, YTHDF3, YTHDCI, and YTHDC2, all of
which possess a YTH domain responsible for directly recognizing
m°A sites. YTHDF2 was the first characterized reader known to
promote mRNA decay via the CCR4-NOT complex in the cytosol
(Du et al., 2016). YTHDF2 interacts with m°A-modified mRNAs,
guiding them from the translatable pool to mRNA degradation sites,
such as processing bodies (Wang X. et al, 2014). In contrast,
YTHDFI1 enhances the translation efficiency of its target mRNAs.
Interestingly, YTHDF1 and YTHDEF2 share a set of common target
mRNAs, with YTHDFI binding earlier than YTHDF2 (Wang et al.,
2015). YTHDF3, partnering with both YTHDF1 and YTHDE2,
assists in the translation and decay of m°A-modified RNA (Shi
etal., 2017). The nuclear-localized m°A reader, YTHDC1, influences
the fate of m°A-modified mRNAs through regulation of nuclear
export, alternative splicing, and RNA degradation (Yan et al., 2022).
While YTHDC2 primarily localizes in the cytosol and enhances the
translation efficiency of its targets (Hsu et al., 2017).

Besides the YTH family, another important group of m°A
readers is the insulin-like growth factor 2 mRNA-binding protein
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(IGF2BP) family, which includes IGF2BP1, IGF2BP2, and IGF2BP3
(Huang et al., 2018). These proteins contain six canonical RNA-
binding domains: two RNA recognition motif (RRM) domains and
4 K homology (KH) domains. Notably, the KH3 and KH4 domains
are essential for m°A recognition. IGF2BPs target thousands of
mRNA transcripts that contain the consensus motif GG (m°A)C.
IGE2BPs recruit known mRNA stabilizers, such as ELAV-like RNA
binding protein 1 (ELAVL1), matrin 3 (MATR3), and poly(A)
binding protein cytoplasmic 1 (PABPC1), to promote the
stability and storage of m°A-modified mRNA targets (Huang
et al,, 2018). IGF2BPs can also recruit eIF proteins to their target
mRNAs, increasing their translation (Weng et al., 2022).

The heterogeneous nuclear ribonucleoproteins (hnRNPs) family
also functions as m6A-binding proteins, such as hnRNPA2BI, and
hnRNPC. HNRNPA2BI1 was reported to bind to m°A on primary
microRNA  (pri-miRNAs) transcripts and induce pri-miR to
premature-miR processing (Alarcon et al., 2015; Alarcon et al,
2015). HNRNPC regulates the processing of m°A-modified RNA
transcripts, harboring m°A as a structural switch to make those
transcripts more accessible for binding (Liu et al, 2015). The
proline-rich and coiled-coil-containing protein (PRRC) family is
another novel m°A reader family, including PRRC2A, PRRC2B, and
PRRC2C. PRRC2A promotes the translation efficiency of transcripts
involved in meiotic cell division (Tan et al, 2023). During
oligodendrocyte development, PRRC2A stabilizes
Oligodendrocyte Transcription Factor 2 (Olig2) mRNA by
binding to a consensus GGm®ACU motif (Wu et al, 2019).
PRRC2B was reported to stabilize SRY-Box transcription factor 2
(SOX2) mRNA, displaying separate and cooperative functions with
PRRC2A (Zhang Y. et al., 2024). Additionally, other proteins have
been identified to preferentially bind m°A-modified RNA, including
fragile X messenger ribonucleoprotein 1 (FMR1) and its paralogs
FXRI and FXR2 (Edupuganti et al., 2017). Furthermore, eukaryotic
translation initiation factor 3 (eIF3) recognizes a subset of
transcripts with m®A modifications in their 5’'UTR and recruits
the 43S translation initiation complex, thereby facilitating cap-
independent translation (Patil et al., 2018). RNA Binding Fox-1
Homolog 2 (RBFOX2) preferentially recognizes m°A-modified
chromatin-associated RNAs (caRNAs) and regulates chromatin
silencing and transcription suppression by recruiting the RBM15/
YTHDCI1/PRC2 axis (Dou et al., 2023).

3 m®A modification in CSCs

Despite  significant — advancements in  chemotherapy,
immunotherapy, and surgery, cancer remains the leading cause
of death globally. In certain cancer types, CSCs are recognized as
the root cause of tumorigenesis and are also responsible for relapse
and drug resistance. Thus, eradicating CSCs holds the potential to
ultimately cure cancers. Evidence is emerging that aberrant m°A
modification is associated with the survival and self-renewal of CSCs
(Ma and Ji, 2020). Importantly, m°A plays a crucial role in
pluripotency and reprogramming. Many key pluripotent genes,
such as nanog homeobox (NANOG), octamer-binding
transcription factor 3/4 (OCT3/4), kruppel-like factor 4 (KLF4),
and SOX2, have abundant m°A modifications in their transcripts.
Here, we summarize the reported functions and molecular
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mechanisms of m°A modification and its machinery in CSCs
across various cancer types (Figure 2).

3.1 Writers and CSCs

3.1.1 METTL3 and CSCs

METTL3 is implicated in the development of breast cancer,
colorectal cancer, glioma, and bladder cancer. In these cancers,
METTL3 expression is significantly upregulated and its high
expression correlates with poor prognosis. In breast cancer,
METTL3 directly catalyzes the formation of m°A modification in
SOX2 mRNA, thereby increasing the protein levels of SOX2 and
stem cell markers CD133 and CD44. This enhances the stemness of
breast CSCs (Xie et al., 2021). In colorectal cancer (CRC), METTL3
knockdown significantly suppresses the self-renewal and frequency
of CRC cells and inhibits tumorigenesis in vivo. Mechanistically,
METTL3 promotes SOX2 expression through an m°A-IGF2BP2-
dependent mechanism in CRC cells (Li T. et al., 2019). Consistently,
in glioblastoma, SOX2 acts as a bona fide m°A target of METTL3.
The m°A modification of SOX2 mRNA by METTL3 enhances its
stability, thereby promoting the growth and self-renewal of glioma
stem cells (GSCs) (Visvanathan et al, 2018). Additionally,
METTL3 knockout (KO) significantly suppresses the growth and
self-renewal of GSCs via targeting serine- and arginine-rich splicing
factors (SRSF). METTL3 KO decreases m°A levels of SRSF
transcripts as well as protein levels of SRSF through a YTHDCI-
dependent nonsense-mediated mRNA decay (NMD) mechanism
(Li F.etal, 2019). LncRNAs such as LINC00839 are also implicated
in GSC¢ METTL3-mediated m°A
modification on LINC00839 enhanced its expression via a
YTHDF2-dependent manner. LINCO00839, in turn, facilitates
GSCs’ stemness and radiation resistance by activating the Wnt/[-

stemness maintenance.

catenin pathway through c-Src-mediated p-catenin phosphorylation
(Yin et al, 2023). Another independent study reported that
METTL3-mediated m°A modification enhances the mRNA
of DNA genes, O6-methylguanine-DNA
methyltransferase (MGMT) and alkylpurine-DNA-N-glycosylase
(APNG), thereby reducing the sensitivity of GSCs to
temozolomide (Shi et al, 2023). In gastric cancer,
METTL3 promotes oxaliplatin resistance in CD133" gastric CSCs
by stabilizing PARP1 mRNA through recruiting YTHDF1 to its 3'-
UTR (Li et al, 2022). In bladder cancer and hepatocellular
carcinoma (HCC), METTL3 enhances the self-renewal and
tumorigenicity of CSCs by regulating the expression of key
factors such as AFF4, TEK, VEGF-A, and FZD10, which are
extensively implicated in cancer progression and stemness
maintenance (Wang J. et al., 2023). Conversely, METTL3 exhibits
an opposing role in renal cell carcinoma, where its upregulation,

stability repair

induced by Eriani treatment, enhances the expression of
ALOX12 This
upregulation promotes the expression of ferroptosis-related

and p53 in an m°A-dependent manner.

protein, thereby inhibiting the tumorigenicity of human renal
CSCs (CD44*/CD105%) (Shen et al., 2023).

3.1.2 METTL14 and CSCs
METTL14 is highly expressed in acute myeloid leukemia (AML)
cells and is essential for leukemia stem cell (LSC) self-renewal.
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FIGURE 2
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The roles of m°A regulators in CSCs. The m°®A regulators, including METTL3, METTL14, WTAP, FTO, ALKBH5, YTHDF1, YTHDF2, IGF2BP1, IGF2BP2.
YTHDF3, and HNRNPA2B1, along with their respective downstream targets, are listed for the relevant cancer types’ CSCs. Highly expressed m®A in CSCs
are highlighted in red, while those decreased expression in CSCs are marked in blue. Similarly, targets positively regulated (upregulated) by m°A regulators
are shown in red, and negatively regulated (downregulated) targets are indicated in blue. Created with BioRender.com.

METTL14 plays an oncogenic role by suppressing myeloid

differentiation and promoting LSC self-renewal through
positively regulating MYB and MYC mRNA via m°A
modification. Notably, METTLI14 expression is negatively

regulated by SPII, a potent inducer of granulocytic/monocytic
differentiation (Weng et al., 2018). In breast cancer stem-like
(BCSCs; CD44"/CD24), (AURKA)
stabilizes METTL14 by inhibiting its ubiquitylation and
degradation, thereby promoting DROSHA mRNA methylation
and overall expression. Specifically, METTL14-mediated m°A
methylation in DROSHA mRNA can be recognized by
IGF2BP2 to maintain its stability. DROSHA interacts with [-
Catenin to transactivate STCI in an RNA cleavage-independent

cells aurora kinase A

manner, thereby maintaining BCSC phenotype (Peng et al.,, 2021).
In lung cancer, METTL1 methylates and stabilizes IncRNA-
AC026356.1 to maintain CSC stemness and mediate drug
resistance. Silencing AC026356.1 blocks the oncogenicity of lung
(Zhang et al, 2023). Conversely,
METTL14 plays an opposite role in CRC. It is downregulated

cancer stem-like cells

and negatively correlated with poor prognosis in CRC patients.

Frontiers in Drug Discovery

Mechanistically, METTL14 inhibits the self-renewal of colorectal
SCSs by regulating p-catenin, thereby decreasing the expression of
NANOG, a key regulator of stemness, self-renewal, metastasis,
invasiveness, and chemoresistance in cancer cells (Sun et al., 2023).

3.1.3 WTAP and CSCs

In breast cancer, the transmembrane glycoprotein Neuropilin-1
(NRP1) increases the expression of WTAP to enhance CSC
properties and potentiate radioresistance. Furthermore, WTAP
reduces the mRNA level of Bcl-2 via an m6A-dependent
mechanism (Wang Y. et al., 2023).

3.1.4 METTL16 and CSCs

Our studies showed that METTLI6 is aberrantly overexpressed
in human LSCs (CD34") (Han et al., 2023) and liver CSCs (CD133")
(Xue et al., 2024) in contrast to their bulk cancer cell counterparts.
Branched-chain amino acid (BCAA) transaminase 1 (BCAT1) and
BCAT2 reprogram cancer metabolism to facilitate the malignant
and clonal expansion of tumor cells through regulation of the TCA
cycle, oxidative phosphorylation, and nucleotide biosynthesis (Wei
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et al, 2020). In AML, METTL16 promotes the expression of
BCAT1 and BCAT2 in an m°A-dependent manner, thereby
reprogramming BCAA metabolism to sustain leukemogenesis
and LSC 2023). METTL16 KO
significantly suppresses HCC initiation and progression, and

self-renewal (Han et al,
decreases the frequency of liver CSCs. These effects are largely
attributed to the suppressed translation efficacy of mRNAs,
especially elF3a, following METTL16 KO (Su et al, 2022; Xue
et al., 2024).

3.2 Erasers and CSCs

3.2.1 FTO and CSCs

Dysregulation of m°A demethylase FTO has been reported in
various CSCs. In AML, FTO is highly expressed in LSCs and
maintains the stability of MYC CEBPA mRNAs via removing
m°A sites, thereby sustaining LSC frequency. Notably, genetic
depletion or pharmacological inhibition of FTO significantly
reduces the self-renewal ability of LSCs (Su et al,, 2020). High
expression of FTO is also observed in pancreatic cancer, where it
is essential for maintaining pancreatic CSCs and their self-renewal
(Garg et al., 2022). In glioblastoma, pharmacological inhibition of
FTO suppresses GSC self-renewal and frequency. This effect is likely
mediated through FTO-mediated demethylation of m6A in ADAM
metallopeptidase domain 19 (ADAM19) mRNA, a member of the
metalloproteinase family with pro-tumorigenic functions (Cui
et al.,, 2017).

Controversially, FTO exhibits a tumor-suppressor role in
ovarian cancer and colorectal cancer. Decreased expression of
FTO is identified in ovarian CSCs and FTO reduced their self-
renewal and tumorigenesis through its demethylase activity.
FTO  enhances 3/,
monophosphate (cAMP) signaling by demethylating and
destabilizing PDEIC and PDE4B mRNA, which regulate cAMP
degradation (Huang et al., 2020). In colorectal cancer, Berberine

Specifically, 5'-cyclic  adenosine

transcriptionally increases FTO expression to suppress stemness and
tumorigenicity of colorectal cancer stem-like cells (Zhao et al., 2021).
Berberine treatment inhibits sphere formation of colorectal CSCs
and reduces the expression of stem cell markers (CD44 and CD133).
These effects can be reversed by pharmacological inhibition of FTO.

3.2.2 ALKBH5 and CSCs

ALKBHS5 is highly expressed and exerts tumor-promoting
effects in various CSCs, including GSCs, LSCs, breast CSCs, and
non-small-cell lung CSCs. In glioblastoma, ALKBHS5 upregulates the
expression of the transcription factor forkhead box protein M1
(FOXM1) by removing the m°A site from its transcript. FOXM1 is
known to regulate GSC proliferation, self-renewal, and
tumorigenicity through activating p-catenin and STAT3 or
2017).

Furthermore, ALKBH5 promotes radioresistance in GSCs by

inducing the expression of SOX2 (Zhang et al,
increasing the expression of DNA repair proteins involved in
homologous recombination, such as RADS51 and CHKI
(Kowalski-Chauvel et al., 2020). ALKBH5 is overexpressed in
AML, where it plays a crucial role in promoting leukemogenesis
and LSC self-renewal as an m°A demethylase. ALKHB5 post-
transcriptionally regulates the expression of its functionally
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important targets, such as Transforming Acidic Coiled-Coil
Containing Protein 3 (TACC3). Genetic depletion of ALKBH5
leads to the accumulation of m°A methylation in TACC3 mRNA,
resulting in decreased expression of TACC3 at both mRNA and
protein levels. This, in turn, decreases MYC level and increases
P21 to suppress LSC self-renewal (Shen et al., 2020). Exposure of
hallmark of the
microenvironment, activates ALKBH5 gene transcription to
induce m°A demethylation and stabilize NANOG mRNA, thereby
promoting the specification and maintenance of breast CSCs (Zhang
et al, 2016). In endometrial CSCs (CD133"ALDHI1"), hypoxia
promotes a stem-like state in ECSCs and hypoxia-inducing

breast cancer cells hypoxia, a tumor

factors (HIFs) are crucial for hypoxia-induced pluripotency.
Moreover, hypoxia induces ALKBH5 expression in a HIF-
dependent manner and ALKBH5 promotes SOX2 expression as
an m6A demethylase to sustain the stem-like state of ECSCs (Chen
G. et al., 2020). It is worth mentioning that NANOG and SOX2 are
that CSC
maintenance and self-renewal (Novak et al.,, 2020; Vasefifar et al.,
2022). In triple-negative breast cancer, ALKBH5 demethylates,
stabilizes, and upregulates ubiquitin-conjugating enzyme E2C

well-characterized pluripotency factors facilitate

(UBE2C), which in turn induces p53 ubiquitination to facilitate
its degradation and enhances cancer stemness, growth, and
metastasis (Hu et al, 2022). ALKBH5 is highly expressed in
CSCs (NSCLC).
Knockdown of ALKBHS5 increases global m°A level, decreases

isolated from non-small-cell lung cancer

stem markers, Nanog and Oct4, and inhibits stemness of CSCs.
Furthermore, p53 transcriptionally enhances ALKBH5 expression
and promotes CSCs’ malignancies (Liu X. et al., 2022).

However, ALKBHS5 is reported to exert a tumor suppressor in
pancreatic cancer. IncRNA DDIT4-AS1, encoded by DNA damage-
inducible transcript 4 (DDIT4), contributes to tumorigenesis and
maintains cancer stemness. ALKBH5 depletion-mediated m°A
modification leads to DDIT4-AS1 overexpression in pancreatic
cancer, and DDIT-AS]1 increased cancer stemness and suppressed
chemosensitivity to Gemcitabine (Zhang et al., 2022).

3.3 Reader and CSCs

3.3.1 YTH family and CSCs

YTHDFI has been reported to play a pivotal oncogenic role in
CSCs of colorectal cancer, AML, glioblastoma, and HCC. In
colorectal cancer, YTHDFI1 is elevated in colonospheres and it
promotes tumorigenicity and cancer stem cell-like activity by
activating the Wnt/B-catenin pathway (Bai et al., 2019). In LSCs,
YTHDF1 promotes their self-renewal capacity by facilitating the
translation efficacy of cyclin E2 in an m°A-dependent manner
(Hong et al,, 2023). In glioblastoma, high levels of YTHDFI are
associated with poor patient survival. YTHDFI is required for
maintaining cancer stem cell properties of glioblastoma cell line
and its depletion reduces the expression of CSC markers CD133,
NANOG, OCT4, and REX1 (Yarmishyn et al., 2020). Similarly, in
HCC, elevated YTHDF1 levels correlate positively with stemness
signatures. YTHDFI promotes liver CSC renewal and resistance to
the multiple tyrosine kinase inhibitors lenvatinib and sorafenib.
Mechanistically, YTHDF1 recognizes the m°A modification in
NOTCHI mRNA to enhance its stability and translation, thereby
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increasing expression of NOTCHI target genes (Zhang X.
et al.,, 2024).

YTHDEF?2 is upregulated in advanced-stage HCC and its high
expression is associated with poor overall survival of HCC patients.
Moreover, YITHDF2 promotes liver CSC stemness and HCC
metastasis by modulating the m°A methylation in the 5'UTR of
OCT4 mRNA, thereby facilitating OCT4 mRNA translation (Zhang
et al., 2020). OCT4, a pluripotency factor, plays a crucial role in
promoting cancer stemness (Mohiuddin et al., 2020). Another study
focusing on glioblastoma reported elevated levels of YTHDF2 GSCs
compared to normal neural stem cells (NSC). YTHDE?2 stabilizes,
rather than destabilizes, the oncogenes required for GSCs survival,
such as MYC and VEGFA transcripts, in an m°A-dependent manner
(Dixit et al., 2021). Dysregulated cholesterol metabolism is a
hallmark of glioblastoma. YTHDEF2 promotes mRNA decay of
LXRA and HIVEP2 which regulate cholesterol homeostasis, and
then impacts the GSCs survival (Fang et al., 2021). YTHDEF2 is also
overexpressed in a broad spectrum of AML patient samples and it is
necessary for AML initiation and progression. YTHDF2 shortens
the half-life of diverse m°A-modified transcripts contributing to the
overall integrity of LSC function, such as the tumor necrosis factor
receptor TNFRSF2. Thus YTHDF2-mediated suppression of
TNFRSF2 leads to resistance against TNF-induced apoptosis in
LSCs (Paris et al.,, 2019).

Interestingly, depletion of YTHDF2 enhances the expansion of
healthy hematopoietic stem cells (HSCs) by increasing the levels of
key transcription factors such as Gata2, Etv6, Stat5, and Tall, which
are critical for HSCs self-renewal (Li et al., 2018). Thus, inhibiting
YTHDEF2 not only decreases the frequency of LSCs but also
promotes the expansion of HSCs. These dual effects suggest a
potentially promising therapeutic strategy to selectively eliminate
LSCs while supporting healthy hematopoiesis by targeting YTHDF2.

In ocular melanoma, YTHDF3 is associated with poor prognosis
and is required for tumor propagation. YTHDF3 is highly expressed
in melanoma CSCs (CD133") compared to non-CSC melanoma
cells (CD1337). The mechanistic study demonstrates that
YTHDEF3 promotes the translation of catenin beta 1 (CTNNBI)
mRNA by binding to its m°A methylation site (Xu et al., 2022a).
CTNNBI serves as a crucial regulator of the Wnt signaling pathway
and enhances CSC properties through activation of Wnt/p-
catenin signaling.

3.3.2 IGF2BP family and CSCs

IGF2BP1 is implicated in regulating the stemness of CSCs in
HCC, NSCLC, and leukemia. In HCC, IGF2BP1 is upregulated in
CSCs and promotes the liver CSC phenotypes by
enhancing the stability of alpha-1,6-mannosylglycoprotein 6-beta-
N-acetylglucosaminyltransferase (MGAT5) mRNA stability through
2021).
IGF2BP1 expression is increased in NSCLC cells, especially in the

liver

recognition of m°A modification (Yang et al,
enriched CSCs. Depletion of IGF2BP1 suppresses proliferation,
mobility and epithelial-mesenchymal transition activity of
NSCLC cells and CSCs, and reduces CSCs’ stemness, self-renewal
ability, and xenograft tumorigenesis. IGF2BP1 affects stem cell
properties of the CSCs by upregulating BUBI mitotic checkpoint
serine/threonine kinase B (BUBI1B) expression via m°A RNA
methylation (Hu et al, 2023). In leukemia, IGF2BP1 maintains
LSC properties and promotes leukemogenesis by upregulating
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critical regulators of self-renewal such as HOXB4 and MYB, as
well as the expression of aldehyde dehydrogenase 1A1 (ALDH1A1)
(Elcheva et al., 2020). In breast cancer, under hypoxic conditions, the
IncRNA KB1980E6.3 is upregulated and recruits IGF2BP1 to
stabilize c-Myc mRNA through m°A modification. This IncRNA
KB-1980E6.3/IGF2BP1/c-Myc signaling axis enhances the self-
renewal and tumorigenic potential of breast CSCs in the hypoxic
microenvironment (Zhu et al., 2021).

We reported the high expression of IGF2BP2 in AML,
particularly in LSCs. IGF2BP2 drives AML pathogenesis and
enhances the self-renewal ability of LSCs as an m°A reader
protein. Mechanistically, IGF2BP2 stabilizes and upregulates the
expression of critical targets such as MYC, GPT2, and SLCIA5,
which activate glutamine metabolism pathways to provide energy
for the proliferation and survival of AML cells (Weng et al., 2022). In
addition, that
IGF2BP2 upregulates protein arginine methyltransferase PRMT6

another  independent  study  revealed
in an m®A-dependent manner. PRMT6 impairs the expression of the
lipid transporter MFSD2A and reduces docosahexaenoic acid levels,
thereby increasing LSC self-renewal and frequency (Cheng et al.,
2023). In glioma, IGF2BP2 supports the maintenance of CSCs by
modulating miRNA-mediated mRNA silencing. Specifically,
IGF2BP2 binds to the let-7 miRNA and prevents let-7-mediated
target gene silencing to maintain GSC stemness (Degrauwe et al.,
2016). Moreover, IGF2BP2 interacts with IncRNA to increase the
maintenance of mesenchymal GSCs. IncRNA HIF1A antisense RNA
2 (HIF1A-AS2) is highly expressed in GSCs and enhances the
expression of high mobility group Al (HMGAL), promoting
cancer occurrence and metastasis through interactions with
IGF2BP2 and ATP-dependent RNA helicase A (Mineo et al,
2016). Despite the crucial role of IGF2BP2 in GSCs, it remains
unclear to what extent these reported functions rely on IGF2BP2-

m°A recognition.

3.3.3 HNRNPs family and CSCs

Studies focusing on HNRNPs as m°A “readers” in CSCs are
limited. HNRNPA2B1 is upregulated lung adenocarcinoma CSCs
and promotes cell stemness, migration, and tumor growth.
Mechanistically, HNRNPA2BI1 facilitates the maturation of miR-
106b-5p by recognizing the m°A site on primary microRNA-106b.
miR-106b-5p represses the level of secreted frizzled-related protein 2
(SFRP2), thereby activating Wnt/B-catenin signaling, which is
crucial for maintaining CSC traits and promoting tumor
progression (Rong et al, 2022). Another study reported that
hnRNPA2B1 may enhance the stemness of pancreatic ductal
adenocarcinoma cells via interacting with a long noncoding RNA
UCAL, thereby increasing the activity and expression of oncogenic
KRAS (Liu et al., 2019). However, it is unclear whether this function
is related to hnRNPA2B1’s m°A recognition ability.

3.3.4 RBFOX2 and CSCs

In AML, the level of RBFOX2 is upregulated and is crucial for
LSC self-renewal and inhibiting AML cell differentiation.
Mechanistically, RBFOX2 increases m°A level in caRNA and
binding of YTHDCI and PRC2 to the
TGFB1 promoter region. This interaction inhibits the expression

promotes the

of TGFBI, a gene that plays a tumor suppressor role in hematologic
malignancies (Dou et al., 2023).
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FIGURE 3

Identification of small-molecular inhibitors targeting m°®A regulators. Writers: All these inhibitors target METTL3, except for Aminothiazolone which
targets METTL16. Readers: BTYNB targets IGF2BP1; CWI1-2 and JX-5 target IGF2BP2; Tegaserod targets YTHDF1; DF-A7 targets YTHDF2.

4 Development of small molecular
inhibitors targeting m°A modification

As reiterated above, the majority of m°A regulators are
upregulated in various CSCs, exerting an oncogenic role in

Frontiers in Drug Discovery

tumor pathogenesis. Furthermore, these m°A regulators play
crucial roles in cancer cell resistance to chemotherapy and
radiotherapy. These findings suggest that targeting these
oncogenic m°A regulators represents a promising therapeutic
strategy to eradicate CSC. Currently, multiple small molecule
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inhibitors targeting m°A modifiers, including “writer”, “eraser”, and
“reader”, have been developed, offering attractive insights and
guidance for future clinical treatments. These inhibitors could
potentially overcome therapeutic resistance by specifically
targeting the m°A modification pathways critical for CSC
maintenance and survival, thus improving the efficacy of cancer
treatments. Here, we summarize the currently known inhibitors of
m°A machinery and highlight proof-of-concept studies that support
the promise of targeting m°A modification as a promising and

exciting strategy to eradicate CSCs and combat cancers (Figure 3).

4.1 Targeting m°®A writers

4.1.1 METTLS3 inhibitors

During the methyltransferase assay, METTL3 catalyzes the
transfer of a methyl group from its cofactor S-adenosyl-L-
methionine (SAM) to the N° atom of adenine. Adenosine, the
competitor of SAM, was the first characterized METTL3 inhibitor
(Bedi et al., 2020). However, adenosine as a METTL3 inhibitor
has serious drawbacks, such as poor selectivity and low
permeability. In 2021, Dr. Caflisch’s team identified two non-
nucleoside derivatives, UZHla and UZH2, via a homogeneous
time-resolved fluorescence (HTRF) enzyme inhibition assay.
Both compounds reduced m°A levels in mRNAs of different
cell lines (Moroz-Omori et al., 2021). Dr. Kouzarides’s team
discovered a potent catalytic inhibitor of METTL3, STM2457,
through high-throughput screening of 250,000 drug-like
compounds combined with synthetic optimization. The crystal
structure of STM2457 in complex with
METTL3-METTL14 reveals that it binds competitively in the
SAM binding pocket of the METTL3 (Yankova et al, 2021).
STM2457 treatment reduces m°A levels in METTL3’s mRNA
substrates, such as MYC and HOXA 10, and effectively eliminates
AML. The anti-tumor effects of STM2457 have also been reported
in solid tumors, including oral squamous cell carcinoma,
intrahepatic ~ cholangiocarcinoma, renal cell carcinoma,
NSCLC, and HCC (Gao et al., 2023; Liu et al., 2023; Xiao H.
et al., 2023; Chen et al., 2024; Liu L. et al., 2024). Furthermore, a
derivative of STM2457, STC-15, has advanced to phase I clinical
trials (NCT05584111). By modifying STM2457’s structure, a new
compound, STM3006, was created with improved binding affinity
and enzymatic inhibition (Guirguis et al., 2023). STM3006-
of METTL3
immunity and synergizes with anti-PD-1 immunotherapy.

mediated  inhibition enhances anti-tumor
Natural products such as coptisine chloride (COP) and
quercetin also inhibit METTL3 m°A methyltransferase activity.
COP has demonstrated therapeutic effects on periodontitis by
targeting METTL3, although its impact on tumor progression
and CSCs remains unclear (Zhou et al., 2024). Quercetin reduces
intracellular m°A methylation and suppresses tumor cell
further
investigation is needed to understand its selective inhibition of
METTL3 (Du et al., 2022). Dr. Kim’s team reported two allosteric
inhibitors, CDIBA (Lee et al., 2022b) and eltrombopag (Lee et al.,
2022a), which directly with the METTL3/

METTL14 complex and suppress the proliferation of AML cell

proliferation in a dose-dependent manner, but

interact

lines by decreasing m°A levels.

Frontiers in Drug Discovery

10.3389/fddsv.2024.1465222

4.1.2 METTL16 inhibitor

In 2024, Dr. Wu’s team reported the first METTL16 inhibitor.
They identified Aminothiazolone from an in-house compound
library screening as a potential METTL16 inhibitor. Although
this compound can bind to METTLI16 and disrupt its interaction
with RNA, it does not display antiproliferative effects in human
cancer cells (Liu Y. et al., 2024). Current knowledge suggests that
METTL16 may play a more critical role in the survival of cancer cells
compared to METTL3 and METTL14 (Campeanu et al., 2021; Su
et al.,, 2022; Han et al,, 2023). Thus, further extensive studies are
necessary to develop small-molecule
METTL16 with robust anti-tumor effects.

inhibitors  targeting

4.2 Targeting m°®A erasers

4.2.1 FTO inhibitors

The crystal structure of FTO was reported in 2010 (Han et al,,
2010). Since then, extensive efforts from different groups have been
devoted to developing FTO inhibitors. In 2012, Dr. Yang’s team
identified the first FTO inhibitor, rhein, through structure-based
virtual screening. Rhein, a natural compound, competitively binds to
the catalytic domain of FTO, increasing m°A levels in mRNA (Chen
etal, 2012). In AML, rhein effectively inhibits the proliferation and
migration of AML cells by targeting FTO and impairing the AKT/
mTOR signaling pathway (Zhang S. et al,, 2024). Nevertheless, rhein
also targets DNA damage repair enzymes ALKBH2 and
ALKBH3 in vitro, underscoring the unmet need for FTO
inhibitors with increased selectivity. Dr. Yang’s team further
identified meclofenamic acid (MA) and MA2 (the ethyl ester
form of MA) as selective FTO inhibitors (Huang et al., 2015).
MA2 treatment increases mRNA m°A levels in HeLa cells and
suppresses the growth and self-renewal of GSCs (Cui et al,
2017). Since the discovery of MA as a selective FTO inhibitor,
several MA-derived FTO inhibitors with increased sensitivity and/or
anti-tumor efficacy have been developed, such as FB23, FB23-2,
Dac51, and ZLD115 (Huang et al,, 2019; Liu et al., 2021; Xu et al,,
2022b; Xiao P. et al, 2023). In AML and clear cell renal cell
carcinoma, FB23-2 significantly suppresses tumor growth and
extends survival by targeting FTO (Huang et al,, 2019; Xu et al,
2022b). Dac51, optimized from FB23-2, inhibits FTO activity,
reduces glycolytic metabolites in B16-OVA cells, and increases
CD8" T cell infiltration in the tumor microenvironment (Liu
et al.,, 2021). 44/ZLD115, a flexible alkaline side chain-substituted
benzoic acid FTO inhibitor derived from FB23, demonstrates
improved anti-tumor capacity in AML (Xiao P. et al, 2023). To
enhance the permeability of FTO inhibitor FB23, Dr. Rana’s team
develops two additional inhibitors, FTO-04 and FTO-43, via a
combination of structure-based drug design and molecular
docking. Consistent with FTO inhibition, FTO-04 increases m°A
and m®A,, levels in GSCs (Huff et al., 2021). FTO-43, derived from
FTO-04, elevates m°A levels and suppresses the Wnt/PI3K-Akt
signaling pathways in gastric cancer cells, thereby inhibiting the
proliferation of AML and glioblastoma cells (Huff et al., 2022).

FTO belongs to Fe(Il)/a-KG-dependent dioxygenases. R-2-
hydroxyglutarate (R-2HG), produced at high levels by mutant
isocitrate dehydrogenase 1/2 (IDH1/2), is structurally close to a-
KG and competitively inhibits the enzymatic activity of Fe(II)/a-
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KG-dependent dioxygenases (Dang et al., 2009). In 2018, we
reported R-2HG as a competitive inhibitor of FTO (Su et al,
2018). Via targeting FTO/m°A/MYC/CEBPA signaling, R-2HG
exhibits a broad and intrinsic anti-tumor activity. As an FTO
inhibitor, R-2HG suppresses aerobic glycolysis in AML (Qing
et al, 2021). Another independent study showed that through
inhibiting FTO, R-2HG suppresses glioma growth and induces
m°A hypermethylation (Pianka et al, 2024). Dr. Olsen’s team
synthesized an FTO inhibitor, MO-I-500, which inhibits the
survival and colony formation of breast cancer cells by inhibiting
FTO enzymatic activity (Zheng et al., 2014; Singh et al, 2016).
Despite the identification of multiple FTO inhibitors, their clinical
implication is limited due to mild biological function or low
sensitivity. To address this question, we conducted a high
throughput structure-based screening and characterized two
potent FTO inhibitors, CS1 (NSC337766) and CS2 (NSC368390).
Compared to FB23-2 and MO-I1-500, CS1 and CS2 exhibit much
higher efficiency in killing AMLs. Additionally, CS1 and CS2 repress
LSC self-renewal and reprogram the immune response by
suppressing FTO activity (Su et al, 2020). Dr. Feng’s team
developed a method to encapsulate an FTO inhibitor into GSH-
imprinted gold nanoclusters (GNPIPP12MA) for targeted delivery
to AML cells and LSCs. Their study showed that GNPIPP12MA
suppresses FTO, increases m°A levels, and induces ferroptosis by
depleting GSH. This “nano-epidrug” offers new insight into anti-
cancer therapies (Cao et al., 2022).

4.2.2 ALKBHS5 inhibitors

The first characterized ALKBH5 inhibitors were a-KG analogs,
such as IOX3 and citrate, but these inhibitors lack selectivity, sensitivity,
or crucial biological functions (Aik et al., 2014). In 2020, Dr. Nicolini’s
team discovered a novel ALKBH5 inhibitor, MV1035, through 3D
proteome-wide scale screening. This compound reduces the

proliferation, migration, and invasion of glioblastoma cells
(Malacrida et al, 2020). In the same year, Dr. Rana’s group
identified another inhibitor, ALK-04, through in silico screening of
compounds. Although ALK-04 shows a moderate impact on
suppressing tumor cell proliferation in vitro, it enhances the efficacy
of anti-PD-1 immunotherapy in vivo (Li et al, 2020). In 2021, Dr.
Karelson’s team reported two ALKBHS5 inhibitors (Cmp 3 and Cmp 6)
with promising anti-tumor activity in leukemia cell lines, discovered
through high-throughput virtual screening of a library of
144,000 compounds (Selberg et al,, 2021). In 2022, Dr. Xiang’s team
reported a new class of ALKBH5 inhibitor through fluorescence
polarization-based screening, naming it 20 m. This compound
displayed high selectivity for ALKBH5 over FTO, not only
increasing global m°A levels but also stabilizing ALKBHS5 in
HepG2 cells (Fang et al, 2022). In 2024, Dr. Yang’s team identified
a covalent inhibitor, TD19, which specifically targets ALKBHS5.
TD19 exhibited potent anticancer efficacy in AML and glioblastoma

(Lai et al., 2024).
4.3 Targeting m°A readers
4.3.1 Inhibitors of IGF2BP family

In 2017, Dr. Shapiro’s team reported BTYNB as an inhibitor of

IGF2BP1. This compound displayed high selectivity and
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antiproliferative effects by reducing c-Myc and E2F1 target gene
expression in IGF2BP1-expressing ovarian cancer and melanoma
cells (Mahapatra et al., 2017). However, it is unknown whether
BTYNB suppresses IGF2BP1’s m°A
modification. In 2022, we reported an effective small-molecule
inhibitor, CWI1-2, which preferentially binds to IGF2BP2 and
inhibits its interaction with m°®A-modified mRNA targets, such as
MYC, SLCIA5 and GPT2. Pharmacological
IGF2BP2 by CWI1-2 shows promising therapeutic efficacy in
treating AML and eradicating LSCs (Weng et al, 2022).
Moreover, Dr. Ji’s team identified another IGF2BP2 inhibitor,

ability to

recognize

inhibition of

JX5. Treatment with JX5 suppresses the activation of
NOTCHI1 signaling and the progression of T-ALL (Feng
et al.,, 2022).

4.3.2 Inhibitors of YTHDF family

In 2023, Dr. Chen’s team identified tegaserod as a potential
YTHDFI1 inhibitor through structure-based virtual screening of
FDA-approved drugs. Tegaserod reduced the proliferation of
AML cells and inhibited AML progression in vivo by targeting
YTHDFI1 (Hong et al., 2023). Most recently, Dr. Yu’s team reported
DF-A7 as an inhibitor of YTHDF2. DF-A7 induces the degradation
of the YTHDF2 protein, thereby suppressing tumorigenesis and
enhancing cancer immunotherapy (Xiao et al., 2024).

5 Discussion

CSCs are a rare population of immortal cells within the
tumors that can self-renew through division and differentiate
into many cell types, leading to high heterogeneity. CSCs not only
initiate and drive tumorigenesis but also contribute to metastasis,
relapse, and drug resistance. CSC populations have been
functionally validated across multiple cancers, and targeting
CSC has been the focus of therapeutic development efforts,
although it is still in the early stages of clinical evaluation
(Bayik and Lathia, 2021). The maintenance and self-renewal of
CSCs are mediated by multiple factors, including SOX2,
NANOG, OCT4, KLF4, and MYC. Additionally, intracellular
signaling pathways, such as Wnt/B-catenin, Notch, JAK-STAT,
and PI3K/AKT, as well as the tumor microenvironment, play
crucial roles in sustaining CSC frequency. Investigating CSC
the
identification of novel strategies against various types of

regulatory mechanisms can substantially improve
cancers. Of note, certain drugs, antibodies, and vaccines
targeting these pathways have also been developed to eradicate
CSCs (Yang et al., 2020a).

As the most prevalent internal modification in eukaryotic
mRNA, m°A participates in almost every stage of mRNA
that  the

dysregulation of m°A modification and its machinery contribute

metabolism. Numerous studies have reported
to pathogenesis in different types of cancer. Moreover, m°A
modification is extensively implicated in regulating the self-
and function of CSCs

controlling the expression of key pluripotent transcription factors

renewal by  post-transcriptionally

and oncogenic genes. Based on current knowledge, the majority of

these m°A regulators are demonstrated to be highly expressed in
CSCs in contrast to the bulk cancer cells and/or healthy controls.
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This presents a promising therapeutic opportunity to target m°A
regulators for eliminating CSCs and treating cancers.

Indeed, over the past few years, scientists have developed a series
of potent and selective small-molecule inhibitors targeting m°A
regulators such as METTL3, METTL14, FTO, ALKBHS5, and
IGF2BP. Multiple proof-of-concept studies strongly support the
of “RNA-modification
pharmacologically targeting m°A regulators with small-molecule

promise as  druggable target™:
inhibitors demonstrates promising and robust anti-tumor
efficacy. Moreover, these inhibitors targeting METTL3, FTO, and
IGF2BPs show robust impacts on eradicating CSCs. More
encouragingly, the METTL3 inhibitor STC-15 has advanced to
phase I clinical trials. Considering that m°A modification
mediates CSCs’ resistance to chemotherapy, radiotherapy, and
immunotherapy, it would be beneficial to synergize inhibitors of
m°A modification with other first-line therapeutic drugs to achieve
better efficacy. Notably, m°A modification is highly dynamic and the
biological functions of m°A regulators are context-dependent. For
instance, FTO acts as an oncogene to maintain AML and glioma
CSC frequency while inhibiting ovarian CSC self-renewal. This
suggests that a given small-molecule inhibitor of m°A regulators
may be applicable only for certain cancer types. To date, the US Food
and Drug Administration (FDA) has approved multiple epigenetic
drugs for cancer therapy, such as Azacitidine and Decitabine, which
target DNA methyltransferases, and Vorinostat and Romidepsin,
which target histone deacetylases (Davalos and Esteller, 2023).
there

epitranscriptomic modifications.

However, are no FDA-approved drugs targeting

Despite the identification of various small-molecule inhibitors
targeting the RNA m°A machinery, most of these inhibitors have not
progressed to further development, except for STC-15, which is
currently undergoing Phase I clinical trials. Potential reasons for the
lack of advancements include, but are not limited to, low sensitivity
or specificity, poor solubility, or limited bioavailability in vivo.
Another issue we observed is that, while many compounds
targeting m°A methylation have shown promising anti-tumor
effects, their potential toxicity to normal cells or normal tissues
remains underexplored. Pre-clinical studies suggested that
METTL3 inhibitor STM2457 shows a nuanced and manageable
effect on normal hematopoiesis in vivo (Sturgess et al., 2023).
Specifically, while STM2457 showed robust anti-leukemia activity
in animal models, it significantly impacts erythropoiesis during
To this

nanomaterial-based carriers for specific drug delivery could be a

toxicity  evaluation. address challenge, utilizing
viable solution. These carriers can be loaded with inhibitors,
allowing for targeted delivery to tumor cells and selective
accumulation at the tumor site in vivo (Pérez-Herrero and
Ferndndez-Medarde, 2015; Li et al, 2024). For many other
compounds targeting the m®A machinery, such as ALKBH5 (Lai
etal., 2024), YTHDF2 (Xiao et al.,, 2024) and IGF2BP2 (Weng et al.,
2022) inhibitors, their potential toxicity and pharmacokinetics are

unclear. Therefore, to advance further, more extensive toxicity
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