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Highlights

What are the main findings?

1. An integrated synthesis of m5C in stem cells centered on NSUNs, covering subcellular
distribution, RNA substrates, and functional outputs.

2. A critical appraisal of the NSUN–m5C axis in cancer stem cells, including its potential
clinical relevance.

What is the implication of the main finding?

3. A call for experiments to define bona fide m5C targets and causal mechanisms in stem
cells and cancer stem cells.

4. A proposal of the NSUN-m5C pathway as a candidate diagnostic and prognostic
biomarker and therapeutic target, and as evidence for testing its role as a cell state-
specific RNA regulatory axis.

Abstract

RNA modifications comprise a core epigenetic dimension of gene regulation; among these,
N6-methyladenosine (m6A) and 5-methylcytosine (m5C) have been most intensively in-
vestigated. While the functions of m6A in stem cell biology have been well characterized,
the contributions of m5C remain comparatively less well defined. This review focuses
on m5C modifications catalyzed by the NSUN family of RNA methyltransferases and
their roles in regulating stem cell identity, pluripotency, and differentiation. Evidence
from embryonic and mesenchymal stem cells, as well as animal models, demonstrates that
NSUN-mediated m5C is deposited on diverse RNA substrates, including rRNA, tRNA,
mRNA, mitochondrial RNA, and enhancer RNAs, thereby influencing processes such as
self-renewal, cell cycle progression, RNA stability, metabolic activation, and lineage specifi-
cation. Disruption of m5C regulation often leads to developmental defects, underscoring
its essential role during embryogenesis. Collectively, these findings establish m5C as a
versatile and dynamic regulator in stem cell biology and underscore the need for future
studies to delineate the roles of the NSUN family in stem cells and define the RNA targets
of m5C. In addition, its broader implications for development, regenerative medicine, and
disease, including cancer, as well as its potential interplay with other RNA modifications
such as m6A and pseudouridine, remain important areas for further investigation.

Keywords: RNA modification; 5-methylcytosine (m5C); NSUN; stem cells; pluripo-
tency; differentiation

Cells 2025, 14, 1609 https://doi.org/10.3390/cells14201609

https://doi.org/10.3390/cells14201609
https://doi.org/10.3390/cells14201609
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0009-0003-1266-9510
https://orcid.org/0009-0006-6254-9092
https://orcid.org/0009-0004-0132-774X
https://orcid.org/0000-0001-9776-4047
https://doi.org/10.3390/cells14201609
https://www.mdpi.com/article/10.3390/cells14201609?type=check_update&version=2


Cells 2025, 14, 1609 2 of 19

1. Introduction
Among the various types of epigenetic regulation, RNA modifications constitute a

diverse set of chemical marks that decorate RNA molecules, with more than 170 distinct
modifications identified to date [1–7]. These include the well-studied N6-methyladenosine
(m6A), 5-methylcytosine (m5C), pseudouridine (Ψ), N1-methyladenosine (m1A), and
many others, whose biological functions are becoming increasingly clear [1,4,6]. RNA
modifications occur across multiple RNA classes—mRNA, tRNA, rRNA, lncRNA, and
snRNA—and their effects depend on the modification type, RNA substrate, cell type, and
environmental context, highlighting the complex and dynamic roles of RNA modifications
in gene regulation [1,4,7–9].

Stem cells are characterized by their capacity for self-renewal and pluripotency, which
allow them to differentiate into multiple lineages in response to developmental and envi-
ronmental cues [10–12]. Different types of stem cells, such as embryonic stem cells (ESCs),
adult stem cells, and induced pluripotent stem cells (iPSCs), exhibit distinct differentiation
potentials and efficiencies depending on their origins and developmental stages [13,14]. To
sustain self-renewal while remaining poised for differentiation, stem cells rely on highly
dynamic transcriptional programs that integrate diverse regulatory signals controlling both
pluripotency and lineage specification [15,16].

Given these unique features, understanding the epigenetic regulation of stem cells
is of fundamental importance. Although significant progress has been made in eluci-
dating the role of m6A in stem cell biology [17–19], investigations into the functions of
other RNA modifications remain relatively limited. In particular, m5C has only recently
gained attention as a regulatory mark in mammalian cells. This modification is catalyzed
mainly by members of the NOP2/Sun domain (NSUN) family of RNA methyltransferases,
which includes enzymes such as NOP2, NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, and
NSUN7 [20,21]. Each family member exhibits distinct substrate specificities, targeting di-
verse classes of RNA, ranging from tRNAs and rRNAs to mRNAs and mitochondrial RNAs,
thereby linking m5C to processes such as translation, RNA stability, and mitochondrial
activity [22–24]. Among these enzymes, NSUN2 has been most extensively studied and is
implicated in cell proliferation, differentiation, and stress responses [25–30], whereas the
functions of other family members are only beginning to be explored.

In stem cell contexts, loss of proper m5C regulation has been shown to impair
pluripotency, disrupt cell cycle progression, and cause developmental abnormalities, un-
derscoring its essential role in embryogenesis [9,31,32]. However, compared with the
well-characterized roles of m6A, our knowledge of m5C-mediated regulation remains
fragmentary, and its downstream mechanisms and biological consequences in stem cells
are not yet fully defined. Here, we synthesize current knowledge on NSUN-mediated m5C
in stem cells and discuss its functional implications, with the aim of defining outstanding
gaps and priorities for future work.

2. Molecular Mechanisms of NSUN-Mediated m5C RNA Modification
Similarly to other RNA modifications, m5C is governed by three classes of proteins:

writers, which catalyze the addition of the modification; readers, which recognize and bind
it to mediate downstream effects; and erasers, which remove the modification to restore the
original cytosine state [6,8,33].

2.1. Writers

The deposition of m5C is primarily mediated by the NSUN family of RNA methyl-
transferases (NOP2/NSUN1-NSUN7) and by DNMT2, a DNA methyltransferase ho-
molog [34–38]. This review focuses specifically on the NSUN family. Unlike DNMT2, which
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carries a single catalytic cysteine residue, NSUN proteins contain two catalytic cysteines in
their active sites [39]. Additionally, the NSUN family installs m5C through the evolution-
arily conserved motifs IV and VI [40] (Figure 1A). Mechanistically, NSUN enzymes use S-
adenosylmethionine (SAM) as the methyl donor and convert it to S-adenosylhomocysteine
(SAH) while methylating cytosine to form m5C [9,41] (Figure 1B).

Figure 1. Conserved catalytic motifs in the NSUN family and the m5C methyl-transfer reaction.
(A) Multiple sequence alignment of mouse NSUN1–NSUN7. Residues are colored by type using
ClustalX coloring (Jalview; 2.11.5.0, Windows). Red boxes denote the conserved motif IV and motif
VI. (B) Substrate state prior to catalysis: SAM (S-adenosyl-L-methionine) as the methyl donor and a
target cytidine in RNA. Product state after NSUN-mediated transfer: formation of 5-methylcytidine
(m5C) in RNA and release of SAH (S-adenosyl-L-homocysteine). The installed C5-methyl group
is highlighted. Mouse NSUN sequences (UniProt, reviewed/canonical) were aligned with MAFFT
and visualized in Jalview; motif boxes were added on alignment columns. Chemical depictions of
Figure 1B were adapted from UniProt/ChEBI resources.

2.1.1. NOP2 (NSUN1)

Nucleolar protein 2 (NOP2), also known as NSUN1, is localized predominantly in
the nucleolus and acts as a cytosine-C5 rRNA methyltransferase [42]. It is evolutionarily
conserved across eukaryotes and modifies pre-rRNA to promote ribosome biogenesis.
Beyond ribosomal RNA processing, NOP2 has also been linked to cell-cycle progression
and proliferation [43,44].

2.1.2. NSUN2

NSUN2 is the best-characterized member of the NSUN family. It is mainly localized
in the nucleoplasm but can also be found in the cytoplasm during mitosis [31,45]. NSUN2
catalyzes m5C formation on diverse substrates, including mRNA, tRNA, mitochondrial
tRNA (mt-tRNA), and specific long non-coding RNAs (lncRNAs) [9,46,47]. Functionally,
NSUN2-catalyzed m5C enhances mRNA stability and translation efficiency [46]. In tRNAs,
NSUN2 modifies cytosines at positions C34 and C48 of precursor tRNA-Leu (CAA), as well
as C48-C50 of precursor tRNA-Gly (GCC), thereby influencing the generation of tRNA-
derived fragments (tRFs) [9,48]. Moreover, NSUN2 also localizes to the mitochondrial
matrix, where it catalyzes m5C on mitochondrial tRNAs, thereby linking its activity to
mitochondrial function [47] (Figure 2).
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Figure 2. Cellular compartments and RNA substrates modified by NSUN family methyltransferases.

2.1.3. NSUN3

NSUN3 is restricted to the mitochondrial matrix and specifically methylates C34 (wob-
ble position) of mt-tRNA-Met. This modification expands codon recognition, enabling the
AUA codon to be decoded as methionine during mitochondrial translation [49] (Figure 2).

2.1.4. NSUN4

Similarly to NSUN3, NSUN4 is another mitochondrial methyltransferase, targeting
12S mt-rRNA at C911 of the small ribosomal subunit. This modification is critical for
mitochondrial ribosome assembly and function [9,50]. Recent studies indicate that NSUN4
can deposit m5C on mRNAs in a cell type-specific manner, with potential impacts on
multiple cell-signaling pathways [51,52] (Figure 2).

2.1.5. NSUN5

NSUN5 is localized in both the nucleolus and nucleoplasm. It methylates 28S rRNA
in mammals and 25S rRNA in yeast, supporting ribosomal activity and protein synthe-
sis [53,54]. Notably, the human Nsun5 locus lies within a genomic region frequently deleted
in Williams-Beuren syndrome, linking NSUN5 loss to multisystem developmental abnor-
malities [9,53,54] (Figure 2).

2.1.6. NSUN6

NSUN6 primarily localizes to the cytoplasm and Golgi apparatus [55]. It selectively
methylates C72 of tRNA-Cys and tRNA-Thr. NSUN6 also deposits m5C at CTCCA-
containing stem-loop motifs within mRNA 3′UTRs, which stabilizes transcripts, fine-tunes
translation output, and influences translation termination [55,56] (Figure 2).

2.1.7. NSUN7

NSUN7 exhibits cell type-dependent subcellular localization, being detected in the cy-
toplasm, nucleolus, and nucleus, and has been reported to methylate both enhancer RNAs
(eRNAs) and mRNAs [57–59], although its precise biological functions remain poorly un-
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derstood. Enrichment in testis and a requirement for sperm flagellar development suggest
tissue-specific functions, despite NSUN7 not being strictly essential for spermatogenesis
itself [58] (Figure 2).

The NSUN family of RNA methyltransferases installs 5-methylcytosine (m5C) on
diverse RNA species across distinct cellular compartments. NOP2/NSUN1 and NSUN5
target rRNA in the nucleolus and nucleoplasm. NSUN2 modifies mRNA, tRNA, and
lncRNA in the nucleus and cytoplasm, and also mt-tRNA within mitochondria. NSUN3 and
NSUN4 act in mitochondria on mt-tRNA and mt-rRNA, respectively. NSUN6 methylates
specific tRNAs and mRNAs in the cytoplasm and Golgi apparatus. NSUN7 modifies
mRNA and enhancer RNA (eRNA) in the cytoplasm, nucleolus, and nucleoplasm.

2.2. Readers

The biological consequences of m5C modifications are determined by reader pro-
teins that selectively recognize and bind the modified nucleotide, thereby linking m5C
to downstream processes such as RNA export, stability, splicing, and translation. Well-
characterized m5C readers include ALYREF, YBX1, YBX2, and YTHDF2 [31] (Figure 3).
Their distinct recognition modes emphasize that m5C is not a passive chemical mark but
an active regulatory signal in RNA metabolism.

 

Figure 3. Reader and eraser proteins regulating m5C-modified RNA metabolism.

2.2.1. ALYREF

Aly/REF export factor (ALYREF) functions as an mRNA export adaptor that shuttles
between the nucleus and cytoplasm. By recognizing m5C modified transcripts, mediated
in part by the comparatively conserved Lys-171 (K171) residue [34], ALYREF facilitates
nuclear export and enhances mRNA stability [34,60,61]. Through these actions, ALYREF
can modulate cellular programs, including those relevant to cancer [60].

2.2.2. YBX1

Y-box binding protein 1 (YBX1) is present in both nucleus and cytoplasm and uses
the indole ring of Trp-65 within its cold-shock domain to directly recognize m5C-modified
mRNAs [25,62]. This interaction recruits additional RNA-binding proteins and regu-
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lates multiple post-transcriptional processes, including stability, splicing, and nuclear
export [25,63,64].

2.2.3. YBX2

Y-box binding protein 2 (YBX2), a member of the Y-box protein family, also interacts
with m5C-modified mRNAs through the conserved Trp-100 within its cold shock domain
(Trp-101 in mouse), and is present in both the nucleus and the cytoplasm [65]. Notably, YBX2
contributes to liquid–liquid phase separation (LLPS), thereby influencing RNA metabolism
such as transcription, splicing, and translation [65,66].

2.2.4. YTHDF2

Initially identified as an m6A reader [67,68], YTH N6-methyladenosine RNA-binding
protein 2 (YTHDF2) has also been reported to recognize m5C in specific contexts [69,70].
Predominantly localized in the cytoplasm, YTHDF2 may interact with m5C through a
conserved hydrophobic pocket centered on Trp-432 and has been observed to translocate
to the nucleus under cellular stress [71]. It contributes to pre-rRNA processing, regulates
mRNA stability, and participates in broader RNA metabolism [69,71]

2.2.5. Other Readers

Beyond the best-characterized m5C readers-ALYREF, YBX1, YBX2, and YTHDF2-
recent studies have identified additional proteins that may recognize m5C in specific
contexts. FMRP preferentially binds m5C-modified RNA-DNA hybrids, thereby facilitating
cellular m5C demethylation [72], and RAD52 has likewise been reported to engage m5C-
bearing RNA-DNA hybrids more avidly in the setting of DNA damage-associated R-loops,
linking m5C recognition to DNA repair pathways [73]. Moreover, the splicing factor
SRSF2 has been shown to bind m5C and its expression or mutation status correlates with
cancer prognosis [74]. As the repertoire of putative m5C-interacting proteins continues
to expand, further systematic and orthogonal validation will be essential to define their
binding specificity, structural determinants, and functional consequences in physiology
and disease.

2.3. Erasers

The m5C mark deposited by the NSUN family is reversible. In mammals, its removal
is mediated by dioxygenases such as TET1, TET2, and TET3 (Ten-eleven translocation
family dioxygenases), which are primarily nuclear, and AlkB homolog 1 (ALKBH1), which
is distributed across the nucleus, cytoplasm, and mitochondria [75–77]. These enzymes
catalyze the stepwise oxidation of m5C to produce intermediates including hm5C (5-
hydroxymethylcytosine) and f5C (5-formylcytosine) [72,78,79] (Figure 3). These enzymes
are often referred to in the literature as m5C erasers in the operational sense that they
remove the m5C state. Mechanistically, however, they oxidize m5C to hm5C or f5C.
In particular, TET2 can generate hm5C, with reported roles in RNA decay, chromatin
regulation, and transcriptional control [80,81]. ALKBH1 oxidizes m5C to hm5C and f5C,
which has been implicated in mitochondrial translation and oxygen consumption as well
as mRNA stability [82,83]. These observations suggest that hm5C and f5C may serve as
functional RNA marks in their own right, rather than mere intermediates en route to full
demethylation; further investigation is warranted to define their prevalence, mechanisms,
and context-specific effects.

Reader proteins (top) recognize m5C-modified RNAs and regulate diverse aspects
of RNA metabolism. ALYREF shuttles between the nucleus and cytoplasm to promote
mRNA export. YBX1, present in both compartments, stabilizes mRNA and regulates
splicing, while YBX2 contributes to liquid–liquid phase separation (LLPS). YTHDF2 is
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predominantly localized in the cytoplasm but can also function in the nucleus, where
it has been implicated in pre-rRNA processing. Eraser proteins (bottom) catalyze the
oxidation and removal of m5C. Nuclear TET1-3 and ALKBH1, which localizes to the
nucleus, cytoplasm, and mitochondria, convert m5C into intermediates such as hm5C and
f5C, thereby enabling dynamic regulation of RNA cytosine methylation.

2.4. Detection of m5C

To detect m5C in biological samples, researchers commonly use RNA bisulfite sequenc-
ing (RNA-BS-seq), MeRIP-m5C (antibody enrichment) sequencing, Aza-IP (5-azacytidine
trapping), and miCLIP, as well as the more recent direct RNA sequencing (DRS) approach.
Because each method differs in resolution, strengths, limitations, and practical caveats,
selecting the appropriate assay according to the study’s objectives and experimental context
is critical [36,84,85] (Table 1).

Table 1. Comparative overview of RNA m5C detection methods.

Sequencing Resolution Notes and Cautions

RNA
Bisulfite-seq

(RNA-BS-seq)
Single-base resolution

Fails to deaminate base-paired/structured cytosines,
leading to non-conversion and false positives.

Bisulfite treatment induces substantial RNA degradation.
Limited sensitivity at low input; cannot discriminate

m5C from other cytosine modifications.

MeRIP-seq
Low resolution (~100–200 nt)

Whereas deep sequencing enables
high-resolution

Antibodies preferentially recognize single-stranded
nucleic acids.

RNA secondary structure can hinder detection of
potential m5C sites.

Aza-IP Single-base resolution

Labile or partially converted m5C sites may escape
detection.

5-azaC is cytotoxic to cells.
Low-abundance RNAs may be poorly detected.

MiCLIP Single-base resolution Requires substantial input material.
Multi-step RNA detection workflows reduce usable yield

and negatively impact sensitivity.
Direct RNA
Sequencing

(DRS)
Single-base resolution Results can vary across prediction algorithms.

Side-by-side comparison of commonly used assays for mapping RNA m5C. The table
summarizes resolution and key notes/cautions for RNA bisulfite sequencing (RNA-BS-
seq), MeRIP-m5C, Aza-IP (5-azacytidine trapping), miCLIP, and direct RNA sequencing
(DRS). Method-specific limitations-including incomplete bisulfite conversion in structured
regions, antibody cross-reactivity and structure dependence, 5-azaC cytotoxicity and low-
abundance detection sensitivity, input and workflow losses, and algorithm-dependent
variability in DRS calls-are highlighted to explain why studies may report discordant sites
or functions.

In summary, RNA m5C regulation results from the coordinated activities of NSUN
writers, reader proteins that interpret the mark, and oxidative erasers that enable its re-
versibility. Comparatively, nucleolar/nuclear NSUN1/NSUN5 act on rRNA to support
ribosome biogenesis; mitochondrial NSUN3/NSUN4 modify mt-tRNA and 12S mt-rRNA
to sustain organellar translation; and NSUN2/NSUN6 regulate tRNA and selected mR-
NAs across multiple subcellular compartments. NSUN7 shows tissue-restricted, context-
dependent activity-with reports of mRNA and eRNA methylation-suggesting specialized
roles in testis (Figure 2). Readers such as ALYREF and YBX1/YBX2 route methylated
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transcripts toward nuclear export, RNP assembly/LLPS, or stabilized expression, whereas
YTHDF2 links m5C to selective turnover in defined contexts. Oxidative enzymes under-
score the reversibility of the mark and raise the possibility that hm5C and f5C function
as regulatory states rather than mere intermediates (Figure 3). These assignments are
supported by site-resolved mapping (RNA-BS-seq, MeRIP-m5C, Aza-IP, miCLIP, and di-
rect RNA sequencing) together with genetic and functional readouts. At the same time,
method-specific limitations materially shape interpretation: RNA-BS-seq can suffer from
structure-dependent incomplete conversion; MeRIP-m5C from antibody cross-reactivity
and structure dependence; Aza-IP from 5-azaC cytotoxicity and limited sensitivity to
low-abundance targets; miCLIP from input/workflow losses and crosslinking bias; and
DRS from signal-model and algorithmic variability (Table 1). Given these caveats-and the
possibility that studies will report discordant sites or effects-cross-validation that combines
multiple assays with genetics and function is essential. Conceptually, m5C represents a
versatile and dynamic layer of post-transcriptional regulation, with broad implications for
gene expression and cell fate, providing a reversible mechanism to fine-tune the transition
from pluripotency to differentiation in a state- and context-dependent manner. This per-
spective is supported by genetic evidence across multiple systems: NSUN2-knockout mice
display impaired tRNA methylation accompanied by defects in cell-cycle progression and
synaptic differentiation [48,86], whereas loss of mitochondrial NSUN3 disrupts mt-tRNA
modification and compromises oxidative phosphorylation [87]. Together, these genetic and
functional studies form the foundation of our current understanding of NSUN diversity
and its context-dependent activities.

3. Mechanistic Insights into m5C-Mediated Regulation of Stem Cell Fate
The NSUN family of RNA methyltransferases is abundantly expressed in developing

tissues and has been implicated in embryonic development [32]. In mouse embryonic
stem cells (ESCs), global m5C levels are higher and more widely distributed than in
brain tissues [88], suggesting greater diversity of deposition. In mesenchymal stem cells
(MSCs), m5C is preferentially enriched within the first 100 nucleotides downstream of the
translation initiation site [89], and ESCs display unique m5C sites whose patterns change
during differentiation. Together, these observations indicate stage-specific programs of m5C
deposition that operate during early embryogenesis and lineage commitment. Functionally,
m5C modifications have been associated with cell cycle regulation, RNA processing and
transport, chromatin modification, and developmental programs [37,90–93]. In this section,
we outline how individual NSUN writer proteins shape stem cell identity and fate decisions
(Figure 4).

NOP2 (NSUN1) is highly expressed in neural stem cells and declines during differenti-
ation. It supports proliferative neural stem cell populations required for brain regeneration
by modifying the 28S rRNA subunit, thereby promoting ribosome biogenesis, cell cycle
progression, and stem cell proliferation [43,94].

NSUN2 is the most extensively studied NSUN enzyme. Loss of NSUN2 reduces
tRNA methylation and drives the accumulation of tRNA-derived fragments, blunting
neural stem-cell responses to growth factors such as FGF2 and resulting in impaired cell
motility and aberrant neural development [48,95]. In skin stem cells, NSUN2 regulates
tRNA-Leu methylation and c-Myc expression to maintain the balance between self-renewal
and differentiation, with loss leading to cell cycle abnormalities and aberrant differentia-
tion [86]. In ESCs, NSUN2 deposits m5C on mRNAs encoding pluripotency-related genes
to stabilize transcripts, and its depletion compromises differentiation into neuroectodermal
lineages [96].
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Figure 4. Functional roles of NSUN family members in stem cell biology.

NSUN3 is not strictly required for ESC pluripotency maintenance but supports pro-
liferation and differentiation via mitochondrial translation. It also promotes proliferation
by modulating Wnt signaling and mitochondrial reactive oxygen species (ROS). Loss of
NSUN3 reduces mt-tRNA methylation and formylation, thereby impairing mitochondrial
translation and respiration. Consequently, mitochondrial activation processes normally
required during ESC differentiation, including increased mitochondrial mass and enhanced
enzymatic activity, are disrupted. Functionally, NSUN3 deficiency suppresses neuroecto-
dermal differentiation [49,87].

NSUN4 promotes chondrogenic differentiation in bone marrow-derived MSCs (BM-
SCs) by depositing m5C within the 3′UTR of Sox9 mRNA. This activity cooperates with
methyltransferase-like 3 (METTL3)-mediated m6A modification, leading to translational
reprogramming that drives cartilage lineage commitment [97].

NSUN5 protects BMSCs from ferroptosis by regulating iron metabolism and ROS
accumulation. Specifically, it modifies ferritin heavy chain 1 (FTH1) and ferritin light
chain (FTL) transcripts to sustain protein synthesis, thereby antagonizing erastin-induced
ferroptotic cell death and extending stem cell viability [98].

NSUN6 is required for proliferation and colony formation in BMSCs [99]. In human
embryoid body differentiation models, NSUN6 depletion downregulates its target mR-
NAs and reduces the expression of mesodermal markers such as Hoxa1, implicating it in
mesoderm and neural tube development [100].

NSUN7 is essential for spermatogenesis. Its loss impairs post-meiotic translation of
mRNAs encoding proteins required for sperm function, leading to defects in germ cell
differentiation [58,101–103].

Together, these findings indicate that m5C exerts diverse, context-dependent effects on
stem cell identity, pluripotency, and lineage specification. Each NSUN family member acts
on specific RNA substrates-including rRNA, tRNA, mRNA, and mitochondrial tRNA-to
modulate translation, RNA stability, and cellular metabolism. These activities converge on
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key processes such as cell cycle progression, stress responses, and differentiation. While
significant progress has been made in dissecting the functions of NSUN2 and NSUN3, the
roles of other family members remain less understood. Future studies should aim to clarify
their context-specific targets and interactions with other epigenetic modifications, which
will be crucial for fully define how m5C contributes to stem-cell biology.

Schematic summary of NSUN family-mediated m5C functions in stem cells. Each
NSUN protein contributes to distinct biological processes: NOP2/NSUN1 in ribosome
biogenesis and cell cycle regulation; NSUN2 in pluripotency maintenance and ectodermal
differentiation; NSUN3 in mitochondrial translation and reactive oxygen species (ROS)
regulation; NSUN4 in chondrogenic differentiation; NSUN5 in iron metabolism and cell
survival; NSUN6 in proliferation and mesoderm/neural tube development; and NSUN7 in
post-meiotic translation and sperm differentiation. Collectively, these activities support
stem cell identity, pluripotency, and lineage specification.

4. Roles of m5C RNA Modification in Embryonic Development
m5C is primarily associated with cell cycle regulation, RNA processing, transport,

chromatin modification, and developmental pathways. In stem cells, NSUN family mem-
bers broadly regulate both pluripotency and differentiation [104]. These stem cell-specific
roles extend into embryogenesis, where m5C is crucial for lineage specification, germ layer
formation, and overall embryo development [32] (Table 2).

NSUN2 is indispensable for early embryogenesis in Drosophila; by depositing m5C in
mRNA 5′UTRs, it secures proper cell-cycle progression, and its loss delays development.
Loss of NSUN2 delays embryonic development [105]. In mouse embryos, NSUN2 is
broadly expressed during gastrulation (E7.5) and becomes enriched in neuroectoderm-
derived tissues such as the cerebellum and forebrain as development proceeds [32,106].

NSUN3 is essential for mouse embryonic development, as knockout embryos are
significantly smaller than wild-type and fail to survive gestation. Mechanistically, NSUN3
deficiency impairs mitochondrial respiration, disrupts cristae structure, and results in
embryonic lethality. NSUN3 is highly expressed in the extraembryonic endoderm and
lateral mesoderm at E7.5, although its precise developmental functions remain incompletely
understood [107].

NSUN4 is also indispensable for embryogenesis. At E7.5, it is highly expressed in
the outer embryo and neuroectoderm. Loss of NSUN4 causes structural defects in mt-
rRNA, leading to impaired mitochondrial ribosome assembly and translation, which in
turn produces embryonic lethality or severe developmental delays by E8.5 [50].

NSUN5 expression peaks around embryonic day 12 and decreases thereafter. NSUN5
knockout mice show cortical thinning during early development (postnatal day 10), partic-
ularly in layers II-V, accompanied by reduced dendritic arborization of layer V neurons.
Mechanistically, NSUN5 deficiency suppresses CDC42 expression, impairing glial growth
and migration. At E7.5, it is prominently expressed in mesoderm-derived tissues [108].

NSUN6 and NSUN7 are both highly expressed in embryos and extraembryonic tissues
at E7.5. NSUN6 is enriched in developing neural tubes and somites, suggesting specific
roles in neuroectodermal and axial development [32].

In addition to NSUN proteins, the RNA-binding protein Y-box binding protein 1
(YBX1), a known m5C reader, emerged as a critical regulator of mRNA stability during
early zebrafish embryogenesis. Loss of YBX1 results in developmental arrest, underscoring
its essential role in mRNA surveillance and stabilization during the earliest stages of
life [63].
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Table 2. Expression patterns and functional roles of NSUN family proteins during embryogenesis.

Protein Name Function/Expression Embryonic Stage

NSUN2

Regulates cell cycle progression during
early embryogenesis; essential for brain

development
In Drosophila embryo

Broadly expressed during gastrulation,
including in ectoderm and forebrain (FB)

E7.5
in mouse embryos

NSUN3

Modulates mitochondrial respiratory
complex activity, cristae organization,

and mitochondrial size

E9.5
in mouse embryos

Enriched in extraembryonic tissues,
including allantois (AL), chorion (CH),

and ectoderm (EE)

E7.5
in mouse embryos

NSUN4

Controls rRNA modification and
mitochondrial ribosome biogenesis;

regulates mitochondrial respiration and
respiratory chain complex assembly

E7.5
in mouse embryos

Highly expressed in the chorion (CH)
and anterior neuroectoderm (ANE)

E8.5
in mouse embryos

NSUN5

Involved in brain development;
maintains cortical thickness and laminar

structure

E10
in mouse embryos

Widely expressed in both embryonic and
extraembryonic compartments

E7.5
in mouse embryos

NSUN6

Potentially involved in body axis
elongation

Exhibits widespread expression in
embryonic and extraembryonic

compartments, with modest enrichment
in ANE

E7.5
in mouse embryos

NSUN7

Required for proper germ cell function
Broadly expressed in embryonic and
extraembryonic tissues, with slight

enrichment in ANE

E7.5
in mouse embryos

NSUN family proteins contribute to various aspects of embryonic development, in-
cluding cell cycle regulation, mitochondrial function, ribosomal RNA modification, neu-
rodevelopment, and germ cell maturation. The table summarizes their reported functions
along with stage-specific expression patterns in mouse and Drosophila embryos.

Overall, these findings highlight the essential roles of m5C and its regulators during
embryonic development. Each NSUN family member acts at specific developmental stages
and tissues-from early gastrulation to neuroectodermal and mesodermal differentiation-by
regulating RNA stability, translation, and mitochondrial function. Loss of these regu-
lators commonly results in embryonic lethality or severe developmental abnormalities,
highlighting the essential requirement of m5C for normal embryogenesis. Furthermore,
the involvement of reader proteins such as YBX1 suggests that the functional impact of
m5C extends beyond writers, reinforcing the complexity of this modification in shaping
developmental trajectories.
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5. m5C RNA Modification in Cancer Stem Cell Maintenance and
Tumor Progression

Cancer stem cells (CSCs) share the fundamental properties of normal stem cells, such
as self-renewal and multipotency, yet they constitute a distinct subpopulation capable of
driving tumor progression. Beyond their self-renewal and multilineage potential, CSCs
exhibit invasive traits essential for metastasis. Unlike normal stem cells, CSCs both produce
heterogeneous progeny through unlimited divisions and display aneuploidy resulting from
chromosomal rearrangements [109–112]. Telomere states in CSCs are heterogeneous. While
some populations show shortening, many CSCs maintain telomeres through telomerase
activation or alternative lengthening of telomeres (ALT), reflecting context-dependent
dynamics [112–115]. Because CSCs express many of the same genes as normal stem cells,
insights into stem cell biology provide a valuable framework for understanding CSC
characteristics [109–112].

Among RNA modifications, m6A has been the most extensively studied and is estab-
lished as a regulator of CSC functions [116,117]. Given that m6A is essential for embryonic
development and supports CSC emergence and maintenance [117], the critical roles of m5C
in embryogenesis imply that it may similarly influence CSC biology, warranting systematic
investigation. For instance, NSUN7 is highly expressed in glioblastoma and correlates
with poor prognosis. Mechanistically, NSUN7 deposits m5C on circular RNAs (circRNAs),
stabilizing these transcripts, enhancing the expression of stemness markers, and sustaining
self-renewal in glioblastoma stem-like cells [118]. In addition, the RNA demethylase TET2
functions in leukemia stem cells, where its depletion enhances self-renewal and migratory
capacity, thereby accelerating leukemogenesis [119].

Beyond NSUN7, other NSUN family members have also been implicated in tumorige-
nesis [120]. Notably, NSUN2—the most extensively studied paralog—has been associated
with the progression of hepatocellular carcinoma, pancreatic cancer, breast cancer, and
other malignancies [121–123], NSUN5 has likewise been linked to hepatocellular carcinoma
and gastric cancer [124,125], and NSUN6 has been reported in connection with cervical
cancer and glioma [126,127]. While these observations highlight the oncogenic potential of
NSUN proteins, their precise functions in CSC biology remain largely unexplored.

Taken together, these findings suggest that m5C modification contributes to the unique
biology of CSCs by stabilizing stemness-related transcripts and modulating self-renewal
and invasiveness. Although m6A is firmly established as a central regulator of CSC func-
tions, emerging data from NSUN7 in glioblastoma and TET2 in leukemia highlight the
potential significance of m5C in maintaining CSC properties and promoting tumor pro-
gression. Moreover, recent studies raise the possibility that m5C may functionally interact
with other RNA modifications, including m6A and other RNA modifications, highlight-
ing the potential significance of such cross-talk in regulating CSC plasticity [46,128,129].
Thus, investigating m5C dynamics in CSCs may provide new insights into the epigenetic
regulation of malignancy and uncover novel therapeutic vulnerabilities.

6. Conclusions and Future Perspectives
m5C is a critical—but still incompletely understood—layer of epigenetic regulation

across stem cells, embryonic development, and cancer stem cells. The NSUN family of
“writers,” together with reader and eraser proteins, act on diverse RNA substrates, in-
cluding rRNA, tRNA, mRNA, and enhancer RNAs, to regulate translation, RNA stability,
cellular metabolism, and post-transcriptional processes. These regulatory activities con-
verge on fundamental aspects of stem cell biology, such as self-renewal, pluripotency,
lineage specification, and stress responses.
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The conserved motifs IV and VI in the NSUN family underpin their catalytic activity
and contribute to substrate recognition, influencing RNA stability and translation efficiency.
Recent studies have begun to illuminate functional differences among NSUN proteins,
reflecting variations in subcellular localization and RNA target specificity. Expanding
the repertoire of high-throughput sequencing and experimental approaches beyond those
described in Section 2.4 will be essential to fully elucidate the mechanistic diversity of
NSUN-mediated RNA methylation and its broader implications for stem cell biology and
developmental processes (Figures 1 and 2, and Table 1).

At the stem cell level, NSUN2, NSUN3, and NSUN4 target distinct RNA substrates-
tRNAs, mRNAs, and mitochondrial tRNAs, respectively, to regulate cell cycle progression,
energy metabolism, and transcriptional programs. Among them, NSUN2 has emerged as a
central regulator across neural, skin, and embryonic stem cells, maintaining the delicate
balance between self-renewal and differentiation. Collectively, these findings establish m5C
as a molecular mechanism that safeguards stem cell fate decisions, with implications for
regenerative medicine and stem cell-based therapies.

During embryonic development, the loss of NSUN-mediated m5C frequently results in
embryonic lethality or severe developmental abnormalities, underscoring its indispensable
role in lineage commitment and tissue morphogenesis. In cancer stem cells, NSUN7 and
TET2 have been implicated in sustaining self-renewal and invasiveness, highlighting how
dysregulation of m5C contributes to tumor initiation and progression.

Despite these advances, significant gaps remain. The precise RNA targets of several
NSUN proteins are still undefined, and recent studies suggest that m5C may functionally
interact with other RNA modifications, including m6A [46,128,129], highlighting the poten-
tial significance of such cross-talk in stem cells—a concept that remains largely unexplored.
In addition, the roles of reader proteins are only beginning to be characterized. Moreover,
technical limitations, including incomplete bisulfite conversion, antibody cross-reactivity,
and low stoichiometry of m5C sites, have contributed to inconsistent mapping results,
further underscoring the fragmentary state of current knowledge. Future studies should
aim to generate high-resolution maps of m5C across distinct stem cell states, clarify the
molecular crosstalk among writers, readers, and erasers, and determine how aberrant m5C
regulation contributes to disease pathogenesis.

Integrating m5C biology with stem cell and cancer research promises new biomarkers
and therapeutic angles; defining how NSUN-mediated m5C programs gene expression and
governs fate decisions could enable precision control of pluripotency, advance regenerative
medicine, and selectively target cancer stem cells.
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Ψ (Psi) Pseudouridine
m1A N1-methyladenosine
mRNA messenger RNA
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lncRNA long non-coding RNA
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iPSC induced pluripotent stem cell
NSUN NOP2/Sun RNA methyltransferase
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