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Cytosine DNA methylation is widespread in animal genomes and occurs
predominantly at CG dinucleotides (mCG). While the roles of mCG, such as
ingenomicimprinting and genome stability, are well established, non-CG

DNA methylation (mCH) remains poorly understood. In most vertebrate
tissues, roughly 80% of CGs are methylated, whereas mCH levels are
generally low, typically ranging from 1% to 3%. In vertebrates, mCH is most
prevalentin neural tissue, oocytes and embryonic stem cells and has been
linked to neurodevelopmental disorders. Moreover, mCH appears to have
aconservedroleinregulating vertebrate neural genomes, and recent
studies suggest that it has functions in the embryogenesis of teleost fish.
Overall, mCH represents an intriguing emerging aspect of gene regulation
with potential implications for cellular identity, repeat silencing and neural
function. In this Review, we provide a critical overview of the patterning,
mechanisms and functional implications of mCH in animals.

DNA methylation (5-methylcytosine (SmC)) is a major covalent modi-
fication of eukaryotic genomes mostly associated with transcriptional
repression’. The deposition of 5SmC inanimalsis catalyzed by DNA meth-
yltransferases (DNMTs), which are broadly classified into maintenance
methyltransferases (DNMT1), de novo methyltransferases (DNMT3A
and DNMT3B) and tRNA methyltransferases (DNMT2)% Moreover, 5mC
canbe read by methyl-CpG-binding proteins (MBDs)’ or transcription
factors* and removed either passively through replication-dependent
dilution or actively viaiterative oxidation catalyzed by ten-eleven trans-
location (TET) enzymes®”.5mCis required for cellular differentiation
and animal embryonic development, and deletions or mutations in
DNMTs®’, MBDs'*" and TETs"> " frequently result in severe developmen-
tal phenotypes or embryonic death. Besidesits roles in differentiation,
5mChasbeenimplicated inamyriad of diseases, including cancers™®,
neurodevelopmental disorders™, immune disorders'*° and aging®.
In animals, 5SmC predominantly occurs at CG dinucleotides (mCG),
with ~80% of CG dyads methylated in vertebrate genomes®. By con-
trast, nonvertebrate species tend to have more sparsely methylated
genomes, with mCG typically ranging from 0% to 12%”>. Noncanonical
DNA methylation (mCH, whereH=A, Cor T) isacommon phenomenon
inplants, whereit existsin either the CHG or CHH contexts and is mostly
associated with repetitive elements** (Box 1). Inmammals, mCH was
already observed decades ago”**’; however, its function remained
disputed for along time, mostly because of the low genomic levels in
most tissues and its colocalization with mCG, which are suggestive of

DNMT off-targeting effects or bisulfite conversion artifacts*>*’. These
low levels stem from the differences in the maintenance of each con-
text; mCG is faithfully maintained by DNMT1, whereas mCH requires
constant remethylation after each cell division (Fig. 1a). The advent
of massively parallel sequencing technologies and whole-genome
bisulfite sequencing (WGBS)***' allowed for an unprecedented view of
sequence contexts of 5SmC and their classification based on cell types
and genomic features. In addition to confirming previous findings
from plantgenomes, these studies uncovered substantialmCH enrich-
mentin the CAG context withingene bodies of human embryonic stem
cells (hESCs)**and germ cells***, aswell as prominent mCHin the CAC
context in mammalian neurons® (Fig. 1b,c). Inaddition to identifying
the sequence and cell-type specificity of mCH, WGBS enabled precise
quantification of this modification, which is commonly represented
either as the proportion of methylated cytosines in the mCH context
(forexample, pie chartsinFig.1c) or as globalmCH levels, calculated as
the fraction of reads supporting methylation at CHssites over the total
reads covering CH positions genome-wide (Fig. 1cand Supplementary
Table1).Since then, studies have extended to other animals from both
vertebrate and nonvertebrate lineages, providing important insights
into the function and genomic patterning of mCH**"*, Nevertheless,
the extent to which mCH contributes to genome regulation remains
unclear.In mammals, investigating this is challenging due to the shared
mechanism of mCG and mCH deposition, as both are deposited by
the DNMT3 family of enzymes. Consequently, generating a knockout
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BOX1
mCH in other eukaryotes

Although this Review focuses on the presence and function of

mCH in animals, mCH is also highly abundant and well-studied

in other eukaryotes, particularly in plants™. In plants, mCH

tends to be enriched at repetitive elements in CHH and CHG
contexts. Repeat-associated mCH is primarily linked to transposon
silencing, although in some species, it is also associated with gene
silencing”"**7*°, While there is some redundancy between mCH and
mCG in silencing transposons and variation between plant species,
mCH appears to be the predominant factor mediating CG-poor
transposon silencing. In plants, mCHH is deposited through de novo
RNA-directed DNA methylation targeting domain-rearranged
methylases, early plant orthologs of DNMT3 (ref. 153) or by the
plant-specific chromomethylase (CMT) CMT2 (ref. 156). mCHG,

in the symmetrical context, is maintained by plant-specific CMTs,
which functionally resemble DNMT1 in their role as maintenance
methyltransferases, although they are structurally distinct and
specific to plants*'’. Notably, mCH in CHH and CHG contexts
occurs via distinct pathways associated with different functional
roles—mCHG contributes to stable transposon silencing, whereas
mCHH is more dynamic and often guided by small RNA pathways™.
Beyond plants, some fungi also exhibit relatively high levels of mCH,
predominantly found in repetitive sequences and transposable
elements, where it is similarly associated with their silencing’™>"*%'°,
Fungi possess several methyltransferases, including DNMT1

and DNMT5 homologs, and the repeat-induced point mutation
defective and Masc1 methyltransferases, which are believed to
mediate de novo methylation in both CG and CH contexts, although
it is hard to predict the preferred methylation context based
exclusively on DNMT repertoires*®'°>7'%3, Other divergent eukaryotic
lineages, including the ameba Naegleria or dinoflagellates, also

use CH methylation to mark silenced transposable elements®'®*,

By contrast, many unicellular eukaryotes have exclusive mCG,
including many algal lineages or protists closely related to
animals' ", In summary, mCH has been recurrently deployed

to transposon silencing across diverse eukaryotic lineages, with
lineage-specific methyltransferases and regulatory pathways
adapting this mechanism to their genomic contexts. These
similarities underscore the evolutionary importance of mCH beyond
the animal kingdom.

model that selectively affects mCH is challenging because DNMT3
loss disrupts both marks. At the same time, recent advances in Oxford
Nanopore Technologies (ONT) have enabled more accurate detection
of DNA modifications, including mCH, particularly across long and
repetitive regions that were previously inaccessible with short-read
sequencing*>*. In this Review, we summarize current knowledge on
noncanonical DNA methylation in animal genomes, focusing on its
patterning, mechanisms and functionalimplicationsin vertebrates and
beyond. We also discuss the remaining challenges and how technologi-
caladvancements will enhance the study of this gene-regulatory mark.

mCH during pluripotency and germline formation

AlthoughmCHis very low inmost mammalian tissues and cell types**,
substantialmCH levels have been detected in female germ cells, hESCs
andinduced pluripotent stem cells (iPSCs)* (Supplementary Table1).
In hESCs, mCH, mainly in the CAG context, is enriched in gene bodies
(Fig.2a) but depleted from transcription factor-binding sites and distal
regulatory elements®>*°, A similar distribution was observed iniPSCs,

although differences in mCH content and localization exist between
iPSCs and hESCs**". For example, iPSCs exhibit large differentially
methylated regions (DMRs) of hypomethylated CH that overlap with
regions of differential CG methylation*’. These hypomethylated CH
DMRsare foundinregions enriched for histone 3 lysine 9 trimethylation
(H3K9me3), typically associated with transcriptional silencing, indicat-
ingbroader deficiencies in epigenome reprogramming characteristic
of the iPSC state (Fig. 2a). In general, primed iPSCs, generated using
Yamanaka factors*®, retain features of somatic cell memory, which can
be defined as the epigenetic resemblance to their tissue of origin* =",
However, alternative culture methods have been developed to produce
naive iPSCs, which exhibit global DNA hypomethylation, reminiscent
of natural early embryonic stages, including atimprinted regions®* .
A hybrid approach combining naive and primed culture conditions,
named transient-naive-treatment reprogramming, has been shown
to generate iPSCs more closely resembling hESCs, while also improv-
ing consistency and reducing heterogeneity during reprogramming
(Fig.2a). Notably, human® and mouse embryos*both display negligible
mCH levels, whereas in mouse ESCs, mCH was only found associated
with major satellite repeat (mSat) classes and not in gene bodies as in
hESCs®. Overall, mCH patterns appear to correlate with in vitro pluri-
potency status and may serve as abiomarker for assessing reprogram-
ming efficiency and stem cell identity®®°".

In mammalian germ cells, mCH is mainly present in the female
germline, where it accumulates during oocyte growth. By contrast,
male germ cells exhibit peak mCH levels in gonocytes and neonatal
prospermatogonia, but these levels drop sharply in mature sperm,
where mCH is largely absent®>*, Unlike sperm, oocytes maintain rela-
tively highlevels of mCH, which increase with maturation, particularly
at CAG and CAC trinucleotides®**, Interestingly, in mouse oocytes,
~65% of allmethylated cytosines are found at mCH sites***®, Asin hESCs
and iPSCs, mCH in oocytes largely overlaps with mCG and is enriched
in gene bodies and repetitive regions®***’. Moreover, a study in mice
revealed that oocytes from older animals exhibitaglobal reductionin
mCG, accompanied by an increase in mCH. As age is associated with
reduced oocyte viability, mCH may thus serve as a suitable marker to
assess oocyte quality®®.

While both oocytes and hESCs display mCH enrichmentin similar
sequence contexts and at similar levels, how mCH is depositedin these
two systems is somewhat different. Both DNMT3A and DNMT3B con-
tribute tomCHin hESCs (Fig. 2a); however, DNMT3B preferentially does
sointhe CAG context, whereas DNMT3A shows a higher preference for
CAC®. The preference for a G or a C in the third base downstream of
the methylated Cisalso evidentfor DNMT3A-and DNMT3B-mediated
mCG deposition patterns’. In hESCs, mCAG is associated with tran-
scriptionally active genes®, which is potentially due to the ability of
DNMT3B to interact with the active histone mark H3K36me3, via its
Pro-Trp-Trp-Pro (PWWP) domain’""? (Fig. 2a). By contrast, in oocytes,
DNMT3A and DNMT3L appear to be largely responsible for the deposi-
tion of mCH***¢, although some evidence supports arole for DNMT3B
in human oocytes as well®’. In mammals, DNMT3A and DNMT3L are
recruited to genomicregions by their ATRX-DNMT3-DNMT3L (ADD)
domains, whichrecognize H3K4meO (unmethylated H3K4)”. Interest-
ingly, double knockout (dKO) mice with nonfunctional ADD domains
in both DNMT3A and DNMT3L exhibited a global loss of mCG, but a
surprising accumulation of mCH®. Although overall mCG levels were
reduced, the regions showing mCH accumulation overlapped with a
small number of loci that also exhibited increased mCG in the dKOs,
despite the globalloss of mCG. This raises the question of whether mCH
inmammals canbe deposited independently of mCG and to what extent
mCH may have functions distinct from those of mCG. Notably, none of
the histone marks analyzed in the dKO study, including H3K36me2 and
H3K36me3, were detected at mCH-enriched loci. This suggests that the
PWWP domain of DNMT3A, which normally recognizes H3K36me2/
H3K36me3, does not have a major role in chromatin binding related
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Fig.1|Mechanisms of mCH deposition and genomic mCH content across
diverse cell types. a, De novo methyltransferases (DNMT3A/DNMT3B) and
maintenance methyltransferase (DNMT1) both contribute to the patterning

of mCG; most notably, DNMT1 ensures faithful propagation of mCG during

DNA replication. mCH is not maintained by DNMT1during cell division and is
dependent exclusively on de novo deposition by DNMT3 enzymes. Black circles
indicate methylated cytosines. b, Examples of vertebrate DNMT3 enzymes and
their preferred substrates for mCH deposition. Mammalian DNMT3A enzymes
may display differences in sequence preferences depending on the tissue
ofaction (thatis, oocyte CAC and brain TACAC). A teleost-specific enzyme
Dnmt3barecognizes clustered TGCT sequences within MoSAT. ¢, mCH and mCG
expressed as a percentage of total genomic 5mC (pie charts), and global mCH
levels expressed as mCH percentage (mCH/CH). Although global levels of mCH
are far lower than those of mCG, when considering the proportion of methylated
cytosines, mCH is more abundant than mCG in a number of tissues, including
human neurons, mouse neonatal prospermatogonia and mouse oocytes.

A considerable proportion of mCH (-25%) can be found in hESCs, although

mCG is more prevalentin this cell type.

tomCH depositionin this dKO context®. These findings raise the pos-
sibility that sequence context or underlying DNA structure are key
determinants of oocyte-specific mCH deposition. Collectively, the
data support the notion that mCH is a conserved feature across both
pluripotent and germline states, although established through distinct
mechanisms. Moreover, the observed correlation between mCH and
developmental state highlights the potential of mCH as a valuable
biomarker for evaluating pluripotency, reprogramming fidelity and
oocyte quality.

Readers, writers, regulatory impact and phenotypes of
neuralmCH

In mammalian brains, mCH, mostly found in the CAC context, is the
predominant form of 5mC, even more abundant than mCG¥. Brain
mCH is mainly present in gene bodies, and gene-body mCH levels are
strongly anticorrelated with gene expression (Fig. 2a). Inboth humans
and mice, mCH is absent at birth but rapidly accumulates postnatally,
particularly in the nervous system®”. mCH is mostly found in neurons,
withmuch lower levels observedinglial cells. Nevertheless, eveninglia,
mCH contributes to gene silencing, particularly at neuronal genes that
are often hypomethylated in neurons®. Functionally, mCHis linked to
genesilencingacross the vertebrate lineage®®, with anotable preference
forrepressinglong genes and those involved in neural development*”,
The main writer of neural mCH in vertebrates is DNMT3A*, which is
recruited to genomic regions marked by H3K36me2 and excluded

from regions enriched in active histone marks, such as H3K36me3
and H3K4me2/H3K4me3 (ref. 76). Notably, mCH is typically absent
inregions with low chromatin accessibility, likely because DNMT3A
cannot access these areas; however, in more accessible regions, mCH
levels correlate with chromatin openness®. Building on this, recent
findings support a model in which H3K36me?2 is deposited broadly
across topologically associating domains, establishing regional mCH
set pointsin the postnatal brain™. Gene expression then promotes the
local conversion of H3K36me2 to H3K36me3, particularly in gene bod-
iesand intragenic enhancers, leading to local depletion of mCH due to
reduced DNMT3A affinity. This two-step mechanism, which involves
regional patterning by H3K36me2, followed by expression-driven
modification, accounts for both the megabase-scale mCH profiles
and gene-specific variationin mCH levels.

Although most extensively studied in mammals, neural mCH is
also found in other vertebrates***”” and is primarily present in the
CAC context, whichappears highly conserved throughout vertebrate
evolution. Despite the general association between mCH and gene
repression, some species, such as zebrafish, opossum, elephant shark
and lamprey, were not found to exhibit a clear negative correlation
between mCH and gene expression in our comparative study*®. This
discrepancy may stem from technical limitations, including sampling
issuesin species with smaller brains, which could resultin a relatively
higher proportion of glial cells and thus lower apparent mCH levels.
Indeed, our more recent study, conducted on zebrafish brains, revealed
astronganticorrelationbetween mCH and gene expression, as well as
mCH preference for long genes, as observed in mammals*.. Zebrafish
neuralmCH was found tobe deposited in the CAC context by two teleost
paralogues of DNMT3A, Dnmt3aa and Dnmt3ab, which argues for a
deeply conserved gene-regulatory mechanismimportant for nervous
system development in divergent vertebrate species*.

Currently, MeCP2 is the only known reader of mCH; however,
it binds to both mCH and mCG’®”’ (Fig. 2a). MeCP2 in neurons is
expressed at near histone-octamer levels and is characterized by broad
genome-binding patterns that have hindered the precise identifica-
tion of its genomic binding sites®*®. Mutations in MECP2 cause Rett
syndrome (RTT), asevere neurodevelopmental disorder affecting brain
development and function®. RTT primarily affects female individuals
duetoits X-linked dominantinheritance pattern, with male hemizygo-
sity usually being lethal. MECP2 mutations vary widely in severity, with
some mutations resulting in milder phenotypes that are not classified
as RTT; phenotypes range from mild intellectual disability to pro-
found neurological impairment®2. MeCP2 is thought to be recruited to
mCH-enriched regions, whereit facilitates the recruitment of the NCoR
corepressor complex”, aninteraction that is directly compromised by
RTT-associated mutations®. Although MeCP2 binds both mCH and
mCQG, elegant experiments using a chimeric version of MeCP2 that can
bind only mCG, but not mCH, still resulted in Rett-like symptoms in
mice®. Thisstrongly suggests that mCH is the primary regulatory signal
for MeCP2inthe brain. Supporting this, theloss of neuralmCHin mice,
obtained by conditional disruption of DNMT3A in postnatal brains,
leads to phenotypes resembling those observed in RTT***¢, While com-
pensatory mechanisms may exist, such as PRC2-mediated H3K27me3
accumulation at some mCH target genes in DNMT3A-deficient mice,
these do not fully restore normal gene regulation®. It is also possible
that noncatalytic functions of DNMT3A may have animportantrolein
postnatal neurons beyond mCH deposition®. Overall, transcriptomic
studies across diverse RTT models show that MeCP2 loss results in
widespread, albeit modest, dysregulation of hundreds to thousands
of genes®®, many of which areinvolved in neural function®, with some
appearing to be conserved across vertebrates™.

Beyond the broad differences between neurons and glia, recent
studies have explored mCH heterogeneity across neuronal subtypes.
Neurons fromdifferent brain regions display global differencesinmCH
levels™"'. Despite this variation, a conserved set of MeCP2-repressed
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Fig. 2| Chromatin context and developmental dynamics of mCH in
vertebrates. a, Schematicillustration of various chromatin states associated with
mCH. From top to bottom—in both oocytes and hESCs, DNMT3A and DNMT3B
deposit mCH and mCG, respectively, across gene bodies that are enriched for
H3K36me3 and are transcriptionally active (states aand b). Megabase-scale mCH-
DMRs, likely established by acombination of DNMT3A and DNMT3B enzymes,
are present near centromeres and telomeres in hESCs (state c). Standard iPSC
reprogramming methods lead to the loss of this methylation and accumulation
of H3K9me3 (state d), whereas a new iPSC reprogramming approach (transient-
naive-treatment reprogramming; TNT) restores these regions to the canonical
hESC state (state c). In vertebrate neurons, mCH is deposited by DNMT3A,
associated with transcriptionally silent genes, and bound by MeCP2 (state e).
Inteleosts, MoSATs are enriched in mCH in the TGCT sequence context and

H3K9me3. MoSAT mCH is deposited by the DNMT3B orthologue Dnmt3ba
(state f). Notably, these repeats are depleted of mCG due to the absence of the
CGdinucleotide from MoSAT sequences. b, mCH levels throughout the human
life cycle. Human oocytes and early embryos show relatively high levels of mCH
inboth CAG and CAC contexts, which are lost during embryonic development.
After birth, mCH s re-established, primarily in neuronal tissues and specifically
inthe CAC context (for example, TACAC). Age brackets (0-5, 6-16,27-55 and

>55 years) correspond to human frontal cortex samples. ICM, inner cell mass. ¢, In
zebrafishembryos, MoSAT (TGCT) mCH is high in germ cells and decreases after
fertilization during early cleavage stages (32-cell and 64-cell stages), reaching
aminimum around ZGA. From gastrulation (germ ring to 80% epiboly), mCH
levelsincrease sharply and remain high in adult tissues derived fromall three
embryonic germ layers. hpf, hours post fertilization.

mCH target genes appears across all neuron types”. Additionally, each
neuronal subtype shows specific mCH depletion at certain genes. It
has been proposed that high expression of these genes during early
postnatal development may prevent DNMT3A from depositing mCH,
as active histone marks, known to negatively correlate with mCH, are
enriched at highly transcribed loci”. The use of single-cell bisulfite
sequencing has greatly enhanced our understanding of mCH heteroge-
neity and cell-type specificity. Two recent large-scale single-cell studies
in mouse and human brains confirmed distinct mCH profiles across
neuron types; in fact, mCH appears to be a more effective marker for
distinguishing neuron types than mCG®>*>, Both studies also reported
aninterplay between three-dimensional (3D) chromatin structure and
mCH. Notably, long genes enriched with mCH were less likely to form

active chromatinloops, while both mCH and mCG within gene bodies
showed a negative correlation with loop boundaries at transcription
start and end sites”. This suggests that both mCH and MeCP2 act to
suppress loop formation and maintain gene silencing during differ-
entiation. Altogether, current evidence indicates that while mCH is
notrequired toinitiate neuronal differentiation, it hasacrucial rolein
stabilizing or ‘locking in’ the differentiation programs as they unravel.

mCH in embryonic development and evolution

In contrast to in vitro cultured ESCs, where the presence and levels
of mCH are highly dependent on the species of origin and specific to
cell culture conditions®°**>, mCH is most abundant in mammalian
tissues, such as prospermatogonia, oocytes, skeletal muscle and the
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brain*7***%* These are nondividing, postmitotic cell types that must
maintain cellular integrity over extended periods of time, which in
humans often means decades. Inthese long-lived cells, mCH thus likely
accumulates to supportstable, long-term gene regulation thatis driven
by cell-type-specificactivity of DNMT3 enzymes and reinforced by the
absence of DNAreplication, allowing for gradual mCH buildup without
dilution (Fig. 2b). Consequently, the absence of DNMT3 activity leads
torapidloss of mCH, aphenomenon particularly evident during early
embryonic development in both mice and humans®*%, In mammals,
mCHis primarily inherited from the oocyte, as spermislargely devoid
of mCH. Following fertilization, mCH levels decline with each cell divi-
sion; inmice, approximately 3% of cytosinesin oocytes are methylated
inthe mCH context, which drops to around 1% at the two-cell stage and
is virtually absent in the inner cell mass®®. Similar levels and develop-
mental dynamics have been observed in humans®. Thus, mCH is lost
during the very early stages of embryogenesis and re-emerges later
during the development of the nervous system, particularly inneurons,
as well as during oogenesis (Fig. 2b).

In zebrafish, we observed high levels of mCH at mosaic satel-
lite repeats (MoSAT) within the TGCT sequence context (Fig. 2a).
These repeats are located in the introns of long genes and in inter-
genic regions and are generally enriched in the constitutive hetero-
chromatin histone modification H3K9me3 (ref. 37). Notably, these
regionslackmCG due to the absence of CG dinucleotides from MoSAT
sequences. MOoSAT mCH patterns are established by a teleost-specific
DNMT3 ortholog, Dnmt3ba, which is unique in that it contains a
calponin-homology domain®. Calponin-homology domains are typi-
cally associated withactinbinding’, making their functionina DNMT
proteinunclear. Whileitis possible that calponin-homology domains
contribute to mCH deposition, this hypothesis remains to be experi-
mentally validated. In zebrafish, mCH s enriched in the gametes, with
both oocytes and sperm exhibiting high mCH levels (Fig. 2c). During
early embryonic development, MoSAT mCH is diluted, reaching its
lowest point around the time of zygotic genome activation (ZGA).
Following ZGA, mCH levels increase; however, unlike in mammals,
MoSAT mCH in zebrafish reaccumulates not only inthe brain but also
inadult tissues derived fromall three germlayers® (Fig. 2c). Inmedaka,
adistantly related teleost that diverged from zebrafish approximately
150-200 million years ago, MoSAT mCH is present exclusively in
oocytes but notin spermand is lost after fertilization®®. This pattern
mirrors the dynamics observed in zebrafish, where mCH levels reach
their lowest point at the time of ZGA before being re-established in dif*-
ferentiating embryos®®. One possible explanation for the absence of
MoSAT mCH inmedaka sperm, when compared to zebrafish, might be
the differencesin sperm chromatin structure between the two species.
Zebrafish sperm chromatin is entirely nucleosome based and lacks
protamines”, whereas medaka sperm is protamine packed®®. This
suggests that the targeting or maintenance of MoSAT-associated mCH
by Dnmt3bamay require nucleosome-based chromatin as a substrate.
Notably, we found that in medaka-zebrafish hybrids (medaka—male
and zebrafish—female), mCH patterning, includingits loss around ZGA
and reestablishment post-ZGA, was maintained, indicative of acom-
patibility between the Dnmt3ba enzymes and their target sequences
in these distantly related teleosts™.

Outside the vertebrate lineage, overall 5SmC levels in both mCG
and mCH contexts are generally lower?. While accumulating evidence
suggests that mCH may be presentinvarious species and have essential
regulatory functions, these findings require cautious interpretation
due to several confounding factors. One prominent example comes
from eusocialinsects, such ashoneybees and ants. In honeybees, mCH,
most notably inthe CA context, hasbeen detected in adult heads, with
a small but observable difference in mCH levels between queen and
worker heads, and this difference has been associated with dnmt3
expression levels”’. mCH in honeybees is predominantly found in
exons; however, its relationship with transcription and potentially

mRNA splicing in this system requires further investigation®°°. It is
importantto note, however, that the mCH levels reported in honeybees
arevery low (-0.2% mCH) and that they lack a particular motif such as
the one identified in vertebrates®. Nevertheless, based on previous
observations in mammals and other vertebrates regarding the accu-
mulation of mCH in the nervous system?>***! it is plausible that mCH
ininsects may either represent a deeply conserved feature of neural
development or be the result of off-target mCH accumulation that
persists due to the absence of postmitotic mCH removal. Beyond hon-
eybees, mCH hasbeen detectedinavariety of nonvertebrate lineages,
including the ants Camponotus floridanus and Harpegnathos saltator®,
the lepidopteran Helicoverpa armigera'”, pearl oyster Pinctadafucata
martensii'®, sea cucumber Apostichopus japonicus'® and the beetle Tri-
bolium castaneum'*, among others. Notably, in the beetle, methylation
inthe CHH context (primarily CA) was the predominant form, account-
ing for 75% of methylated cytosines and occurring mainly inintergenic
regionsand introns'®*, However, itis well established that T. castaneum
lacks DNMT3 enzymes and shows mCG levels that are indistinguish-
able from false positives; therefore, these claims are controversial'®,
Moreover, beetle mCHH was found inintergenic and intronicregions,
whilein most of the other nonvertebrates outlined above, mCH levels
tended to mirror those of mCG and were primarily found within gene
bodies. Itisimportant to note that most of these studies do not account
for the presence of single-nucleotide polymorphisms (SNPs) or specifi-
cally compare dinucleotide levels against a negative spike-in control.
Forexample, some positions may be misclassified as mCH because the
reference genome shows a CH dinucleotide at that position, while the
sequenced DNA contains a CG SNP that is susceptible to methylation
and should be labeled as mCG. By contrast, in our carefully controlled
study accounting for genotype correction and false-positive rates,
neural tissues from honeybee, octopus and amphioxus did not show
mCH levels that convincingly exceeded those of the negative controls®®.
Insummary, while 5mCis generally detected at lower levelsbeyond the
vertebrate lineage, mCH may exist across arange of animal species and
have regulatory roles in development and behavior; however, care-
fully designed studies will be required to target this area. The degree
to which mCH is tissue and stage specific, as it is in vertebrates, and
how it is associated with gene expression remain to be fully explored.

mCH as aregulator of the repetitive genome

Repetitive sequences are estimated to comprise approximately
50-70% of the human genome'*®, with this proportion being closer
to 50% in zebrafish'*” and significantly higher in some vertebrates,
such as lungfish (up to ~90%)'°%. Repetitive elements in vertebrates
are predominantly silenced by high levels of mCG and other repressive
epigenetic marks, such as H3K9me3, and are typically organized into
constitutive heterochromatin'®’. In plant genomes, repetitive regions
are marked by mCG and, in many cases, also by mCHH and mCHG,
which are maintained by distinct enzymes and mechanisms (mCHG
through maintenance and mCHH through de novo methylation)****"'°,
These three marks often colocalize and appear to function redundantly,
although mCHisless dispensable for transposonsilencing™. The repeti-
tive elementssilenced in plants are primarily transposable elements®,
and their repression is essential for maintaining genome integrity"”.
Asin plants, mCH in vertebrates is predominantly enriched at short
interspersed nuclear elements and long interspersed nuclear elements
(LINEs)*™ (Supplementary Table 2); however, the exact role of mCH
inregulating repetitive DNA in vertebrates remains underexplored.
Supporting the idea that mCH mediates repeat silencing in verte-
brates, a study in birds reported a slight but statistically significant
negative correlation between mCH levels and transposon expression™.
Similarly, inzebrafish brains, TDR and TC1IDR3 elements, members of
the Tcl-mariner DNA transposon superfamily found across eukary-
otes, as well as other transposable elements that contain potential
MeCP2-bindingsites (SmCAC), are also highly methylated at CH sites*.
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This hypothesisis further supported by evidence that, in mammalian
brains, MeCP2isinvolved in the repression of LINE-1retrotransposons,
suggesting that mCH may contribute to transposable element silencing
by facilitating MeCP2binding'”. Inmammals, mCHis also found at other
types of repetitive elements, such as mSat, which exhibit high levels of
mCH in mouse ESCs*’. At these sites, mCH co-occurs withmCG and is
mediated by DNMT3A, DNMT3B and DNMT3L"’. Interestingly, mSat is
highly transcribed inmESCs and is associated with proper heterochro-
matinorganization"®. Similarly, in teleosts, mCH s highly abundant at
MoSAT in pre-ZGA embryos and adult tissues, where its primary func-
tion may not necessarily be linked to transcriptional repression®®,
These findings suggest that mCH may not always act as asilencing mark
but could also haverolesin gene activation or chromatin organization.
This aligns with the observed positive correlation between gene-body
mCH and transcriptional activity in hESCs, although it contrasts with
the generally repressive role of mCH in neurons®>*. Finally, acompara-
tive study examining repeat-associated mCH across various human and
mouse cell types and tissues revealed that mCH, particularly at CAand
CTsites, is cell-type specific and likely conserved among mammals'”.
Together, these findings underscore the complexity of mCH patterns
atrepetitive elementsin vertebrates, indicating that mCH enrichment
at repeats may reflect context-dependent deposition influenced by
factors such as cell type or the specific repeat class.

Challenges, pitfalls and emerging technologies for mCH
analysis and detection

Although it is now possible to detect 5SmC at single-base resolution
through WGBS and other emerging technologies (Box 2 and Fig. 3a),
several challenges and pitfalls remain wheninvestigating mCH. Experi-
mentally, protocols based on bisulfite conversion remain the gold
standard for detecting methylated cytosines; however, this chemical
reaction, while highly efficient, is also harsh, leading to substantial DNA
degradationinthe process"®. This degradationis not amajor issue when
working with bulk samples, but it becomes problematic in low-input
or single-cell applications, where it can reduce coverage and limit the
number of cytosines that can be assessed on a genome-wide scale.
Enzymatic conversion methods, such as enzymatic methyl sequenc-
ing"® (EM-seq; Fig. 3a), TET-assisted pyridine borane sequencing'?°
and others'”'?, have recently emerged as alternatives; here, in par-
ticular, EM-seq offers a strong alternative due to its low false-positive
rates in the mCH context"**, ONT can detect 5SmC directly by meas-
uring changes in electrical current as DNA strands pass through a
nanopore, as methylated bases produce distinct signal patterns'*.
Machine-learning-based tools analyze the changes in signal intensities
todistinguish between modified and unmodified bases, thus enabling
base-resolution methylation calling without chemical conversion'*'%,
Nevertheless, while mCG detection by ONT is fairly accurate and its
major limitation remains input quantity, reliable detection of mCH
remains challenging with this platform for modifications with low
abundance, such as brain mCH"**"?%, However, plant mCHH or mCHG
patterns can be confidently determined from ONT signals using spe-
cialized tools'*"*°, whichiis consistent with these methylation contexts
being highly abundantin plant genomes.

Another key consideration when studying mCH is the nonconver-
sion rate of unmethylated cytosines"®. Both bisulfite and enzymatic
conversion protocols canfail to convert some unmethylated cytosines
(Fig. 3b), leading to false-positive methylation calls™. This error can
propagate across the genome either uniformly or with sequence com-
position biases. In species where 5SmC is naturally very low or absent,
calculating the total number of 5mC calls per sequence context may
misleadingly suggest that mCH is the predominant methylation con-
text. Thus, while false positives are less of an issue for animal species
with high mCG levels, they pose a major challenge for mCH analysis
in species or samples with low overall methylation, such as nonver-
tebrates. To estimate nonconversion rates, mitochondrial DNA can

BOX2
Methods for mCH profiling

There are several sequencing-based methods available to detect
mCH at base-level resolution. The gold standard remains WGBS®%*',
In this method, sodium bisulfite treatment of DNA converts
unmethylated cytosines (C) into uracils (U), which are then amplified
as thymines (T) during PCR'®®. Methylated cytosines, however, are
protected from conversion. As a result, sequencing reads show
unmethylated cytosines as T and methylated cytosines as C.
Although nonconversion rates are generally very low, the harsh
chemical treatment can lead to substantial DNA degradation'®.
More recently, EM-seq has been developed as an alternative. Like
WGBS, EM-seq detects 5mC and 5-hydroxymethylcytosine (5hmC)
but uses enzymatic rather than chemical conversion for 5mC/5hmC
detection. First, TET2 oxidizes 5mC to 5-carboxylcytosine (5caC)

in a reaction where 5hmC is protected from oxidation by a glucose
cap added by the T4 phage B-glucosyltransferase (T4-BGT). Then,
the cytidine deaminase APOBEC3A converts unmodified cytosines
to uracils, whereas modified cytosines (originally 5mC and 5hmC)
are protected. As with WGBS, methylated cytosines are detected
as C and unmethylated ones as T. The key advantage of EM-seq

is that enzymatic treatment causes far less DNA degradation,
making it more suitable for low-input or single-cell samples.
PacBio sequencing, also known as single-molecule real-time
sequencing, enables the sequencing of long reads. Additionally,
this technology enables the direct identification of methylated
cytosines, eliminating the need for conversion protocols®'®,
However, PacBio 5mC detection is currently restricted to the

CG context. Nevertheless, treating long DNA fragments with
EM-seq and then sequencing with PacBio could be an option for
more efficient mCH studies. Finally, ONT allows for the direct
detection of methylated cytosines without the need for chemical
or enzymatic conversion. This approach uses protein nanopores
embedded in an artificial membrane. As the DNA strand passes
through the pore, it disrupts the electronic current in a sequence-
and modification-specific manner'”°. Because different bases and
their chemical modifications, including 5mC, have distinct shapes
and sizes, they generate unique electrical signatures that can be
computationally identified. ONT’s main advantages are long-read
lengths and the absence of conversion steps, which improve
mappability. While mCG calling is well established, detecting mCH
remains more challenging in low-abundance cases''. Nonetheless,
this technology is rapidly improving and is expected to become
more sensitive for mCH detection.

sometimes serve as a proxy for an unmethylated bisulfite conversion
control>**; however, the methylation status of animal mitochondrial
DNA remains a topic of intense debate, in part because the 3D con-
figuration of circular genomes might affect bisulfite conversion*'*,
Therefore, unmethylated spike-in controls are the best option for
assessing nonconversion artifacts. The most widely used control to
date isunmethylated A phage DNA"5"*¢, which enables a reliable, inde-
pendent assessment of nonconversion rates, thus making it a critical
control for ensuring experimental accuracy when studying mCH.
Additionally, orthogonal approaches such as EM-seq, ONT or mass
spectrometry-based methods such as liquid chromatography-mass
spectrometry might be needed depending on the biological question,
sequence contextand overallmCG/mCH levelsin the studied organism.

Beyond experimental considerations, there are also notable pit-
falls in the computational analysis of mCH (Fig. 3). While many tools
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Fig. 3| Challenges and pitfalls in mCH detection and quantification.

a, Schematic overview of conversion protocols to detect methylated cytosines
at base resolution. In WGBS, during bisulfite (NaHSO3) treatment, unmethylated
cytosines are converted to uracils (U), whereas 5mC and ShmC remain as
cytosines. Upon PCR amplification, uracils are replaced with thymines (T); thus,
inthe final sequencing readout, a cytosine (C) corresponds to a methylated
position and a thymine (T) to anunmethylated one. In EM-seq, TET2 oxidizes 5SmC
to 5caC, while ShmCis protected from oxidation by the glucose moiety (5glcmC)
viathe T4-BGT enzyme. Next, APOBEC3A deaminates unmodified cytosines,
converting them to uracils, whereas 5caC and 5gmC remain unchanged. During
PCR, uracils are replaced by thymines, while 5caC and 5gmC remain as cytosines,
thereby yielding the same sequence output as WGBS. b, Aninherent bias of
WGBS and EM-seq is the incomplete conversion of unmethylated cytosines to
uracils, resulting in acceptable nonconversion rates of approximately 0-1%.
Nevertheless, these artifacts can become problematic in species with low 5mC.

0% 60% 0%
Incorrect mCH call

Because the CH sequence context is more abundant than CG in most eukaryotic
genomes, incomplete conversion can affect mCH calling, leading to false
positives. Including controls such as unmethylated A phage DNA and assessing
nonconversion rates in specific sequence contexts (for example, CA, CCand CT)
can help mitigate such biases. ¢, While methods such as the binomial test may
classify asite as methylated based on a single supporting read, that read could
still result from nonconversion, leading to a false-positive SmC call. Methylation
calling should thus be followed by an analysis of the sequence context of the
putative SmC at the trinucleotide level to determine whether methylation
occurs inaknown DNMT3 context (for example, CAC, CAG or TGC).d, Due to
5mC mutability, many CG sites mutate to TG/CA over evolutionary time and are
missing from reference assemblies. If genotype information is not considered,
methylated CGsites present in the sample but absent from the reference can be
misclassified as mCH. Filtering CG SNPs before methylation calling helps prevent
such miscalls.

and pipelines exist for analyzing SmC, most are optimized for mCG"’.
Infact, many pipelines still report mCHH and mCHG as default values
to accommodate plant methylation patterns, yet these contexts are
not representative of vertebrate mCH (for example, mnCAC, mCAG and
TGmCT;Fig. 3c). Moreover, amajor limitation of traditional short-read
sequencing technologies is their reduced effectiveness in repetitive
genomic regions”®'* This is notamajor concern whenstudyingmCH
in coding or repeat-free regions, but mCH is also frequently enriched
in repetitive elements?*, which are difficult to map reliably using
short reads, especially after conversion of most Cs to Ts. As a result,
coverageinthese regions may be low, making an accurate assessment
of mCH levels challenging. Long-read sequencing technologies have
substantially improved repeat-region mapping'*®*, but they are not
yetstandard dueto higher error rates, although these canbe mitigated
tosome extent'**3, Wheninvestigating repeat-associated mCH, it may
bevaluabletoincorporate long-read approaches, either independently
or as a validation tool alongside short-read sequencing. A further
computational challenge related to mCH analyses involves accurate
methylation calling (Fig. 3d), as CH positions that overlap with CGs
and cytosinesin ambiguous sequence contexts mightresultin biased
or overestimated mCH®. This is particularly important because 5mC

is highly mutagenic and often deaminates into thymine. As a result,
many individual genomes may contain CGs at positions where the
reference genome shows CH (most frequently, CA). This challenge
is even greater in nonvertebrates, where heterozygosity tends to be
higher than in mammals. To reduce this bias, mCH calls originating
from SNP-containing regions or confirmed as CGs in WGBS or EM-seq
datashould befiltered out.

Finally, identifying DMRs in the CH context remains particularly
difficult. While mCG often occurs in dense clusters, enabling detec-
tion of discrete DMRs, mCH tends to be more sparsely distributed.
As a result, CH DMRs may span much larger genomic regions®*¢, for
which conventional DMR calling tools are generally not optimized***.
For targeted analyses, such as mCH in specific gene bodies or repeat
elements, itis possible to manually compute methylation levels across
annotated regions. Binning the genome and comparing methylation
levels between bins is currently one of the most reliable approaches
for detecting CH DMR**'*, Although some tools implement this
strategy, the development of dedicated, standardized tools for mCH
analysis remains essential to advance the field"**. In summary, while
single-base resolution assessment of mCH is feasible, both experimen-
taland computational challenges must be carefully considered. Robust
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Fig. 4| Potential mechanisms of mCH deposition. a, Recruitment by sequence-
specific transcription factors (TFs). A cofactor, for example, a transcription
factor, binds to agiven region and recruits DNMT3 to methylate proximal
cytosinesin the CH context. b, Recruitment by specialized DNMT domains.
Aspecific domain of DNMT3 may regulate its targeting to DNA, such as the
calponin-homology domain (CHD) specifically found in zebrafish Dnmt3ba, the
enzyme responsible for mCH deposition at MoSAT. ¢, Recruitment by sequence
density. DNMT3 recognizes specific DNA motifs; here DNMT3 recruitment and
subsequent mCH deposition are regulated by motif density. d, Recruitment by

histone modifications (for example, H3K36me3). Histone modifications such

as H3K36me3 can recruit DNMT3B through its PWWP domains, thereby linking
mCH deposition to active transcription. e, Recruitment by DNMT cooperativity
(forexample, DNMT3L-DNMT3 interaction). DNMT3 interactions with cofactors
such as DNMT3L can stabilize recruitment and promote mCH methylation.

f, Recruitment by secondary structure. The formation of secondary DNA
structures, resulting from DNA interactions (red lines), formed at repetitive
elements may further facilitate DNMT3 targeting.

experimental controls, thoughtful selection of detection methods
and tailored computational analyses are crucial for obtaining reliable
insights into mCH biology.

Future prospects

Although the function of mCH is still not fully understood, it is now
widely accepted that this DNA modification has arolein gene regulation
acrossarange of biological contexts. Emerging evidence suggests that
mCH may also be present and functional outside of vertebrates. How-
ever, rigorously controlled experiments are still needed to determine
whether mCH represents a deeply conserved regulatory mechanism,
a product of convergent evolution in distinct lineages, or simply a
byproduct of DNMT activity with limited, context-dependent function-
ality. Arguments suggesting that mCHis abyproduct of mCG deposition
include the shared enzymatic machinery®, the frequent genome-wide
colocalization of mCH and mCG® and functional experiments show-
ing that deletion of the DNMT3A and DNMT3L ADD domains in mice
leads to increased mCH at loci where mCG is also upregulated, even
in the context of global mCG loss®®. However, several lines of evidence
also argue against this hypothesis. For instance, in mammals, differ-
ent cell types exhibit markedly different levels of mCH. Neurons and
oocytes show relatively high levels, while most adult somatic tissues
have virtually none***>**, If mCH were merely a byproduct of mCG
deposition, such variation would be unexpected, particularly given
thatglobal mCG levels are relatively stable across cell types. Inteleosts,
the Dnmt3ba enzyme specifically targets mCH to CG-poor MoSAT
repeats”**,aphenomenon reminiscent of mCH-mediated silencing of
CG-poor repeats in plants. Moreover, in both mammals and teleosts,
mCH displays developmental dynamics distinct from those of mCG

across multiple tissues®*, However, the clearest insights into potential
mCH functions come from the mammalian brain, where mCH likely
contributes to genesilencing viatherepressive activity of MeCP2, the
only knownreader of mCH to date®*”>. MeCP2,and mCH more broadly,
may also be involved in silencing mCH-rich repetitive elements in the
brain, anunderexplored aspect of neurological disorderssuchasRTT
(caused by mutations in MECP2)** and Tatton-Brown-Rahman syn-
drome (linked to DNMT3A mutations)™*®. Historically, repeats have
been difficult to study, but long-read sequencing technologies now
enable more accurate characterization of their sequences and methyla-
tionlandscapes*. Regarding the complex relationships between mCH
and repeats, many open questions remain, such as to what extent are
different repeats methylated? How heterogeneous is this phenom-
enon across cells and tissues? Is mCH involved solely in silencing, or
mightitalso contribute to repeat activation or other, yet unidentified,
functions? Interestingly, the published body of work suggests that
mCH-mediated repeat regulation in animals and plants may be more
similar than initially thought, with mCH participating in the regulation
of CG-poor repeats®**'”, Nonetheless, these hypotheses remain to
be rigorously tested to determine whether they reflect true cases of
functional convergence across kingdoms.

To fully understand and functionally manipulate mCH, itis essen-
tial to gain deeper insightinto the mechanisms by which DNMT3 family
enzymes mediate mCH deposition. Multiple pathways likely contribute
to the recruitment of DNMT3 enzymes to mCH target sites (Fig. 4).
Sequence-specific recognition by transcription factors” or specialized
DNMT domains, such as the Dnmt3ba calponin-homology domain
in teleosts®, may direct DNMT3 activity to specific sequence motifs.
Additionally, regions with a high local density of such sequence motif's,
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including tandem repeats, may enhance DNMT3 recruitment. The chro-
matin environment likely has an important role as well, with histone
modifications such as H3K36me3 facilitating recruitment of DNMT3
enzymes through reader domains such as PWWP, which recognize both
H3K36me2 and H3K36me3. This provides amechanistic link between
mCH depositionand transcriptionally active regions of the genome**”",
Protein-protein interactions, including DNMT3 homomeric associa-
tions and interactions with cofactors such as DNMT3L, can stabilize
recruitment and promote efficient methylation, as previously dem-
onstrated for the example of satellite repeats in mESCs™. Finally, the
formation of secondary DNA structures at repetitive elements may
further facilitate DNMT3 targeting'*’. Together, these data suggest that
mCH depositionis likely orchestrated by aninterplay of DNA sequence,
chromatin landscape and enzymatic cooperativity. Furthermore,
beyond MBDs, many transcription factors are known to be sensitive
to methylation in the CG context, raising the possibility that mCH
may similarly influence the binding of factors that do not specifically
recognize CG sites**715,

Mammalian models have been central to our understanding of
mCH function, but studies show that disrupting mCH reading in the
brain also affects a substantial proportion (10-20%) of mCG sites,
complicating efforts to dissect the specific effects of mCH®**°, In this
regard, teleosts such as zebrafish, which are potentially equipped
with either specialized DNMTs that preferentially deposit mCH or a
larger repertoire of DNMTs overall, may offer powerful systems for
studying mCH biology in isolation from mCG effects. The presence
of multiple DNMTs in the teleost genome” may help buffer the loss of
mCG in Dnmt3ba-knockout models; however, thisredundancy appears
insufficient to compensate for the loss of mCH, highlighting its dis-
tinct regulatory role**'. The combination of long-read sequencing
and single-cell technologies provides unprecedented resolution for
tackling these questions. Additionally, better ONT detection methods
orbetter mCH patternrecognition can aid in uncovering new patterns
and generating testable hypotheses. While these models will likely
need to betrainedina context-specific manner and tailored to distinct
tissues and cell types, they hold promise for revealing previously unno-
ticed regulatory phenomena. Furthermore, epigenome engineering
approaches could be developed to directly target mCH to specific loci,
thereby directly interrogatingits function™". Overall, while mCH is now
established as an emerging gene-regulatory mark in neural tissues,
its full range of functions, particularly in gene regulation and repeat
element control, remains elusive. It also remains crucial to determine
under which conditions mCH serves as a functional signal or when it
instead represents abyproduct of DNMT3 binding or mCG deposition.
Advancesin molecular and computational tools will be key to address-
ingthese gaps, anditis likely that the next few decades will yield major
insights into the biology of this intriguing epigenetic modification.
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