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Abstract

DNA methylation is a chemical modification that occurs predominantly on CG dinucleotides in
mammalian genomes. However, recent studies have revealed that non-CG methylation (mCH) is
abundant and nonrandomly distributed in the genomes of pluripotent cells and brain cells, and is
present at lower levels in many other human cells and tissues. Surprisingly, mCH in pluripotent
cells is distinct from that in brain cells in terms of sequence specificity and association with
transcription, indicating the existence of different mCH pathways. In addition, several recent
studies have begun to reveal the biological significance of mCH in diverse cellular processes. In
reprogrammed somatic cells, mCH marks megabase-scale regions that have failed to revert to the
pluripotent epigenetic state. In myocytes, promoter mCH accumulation is associated with the
transcriptional response to environmental factors. In brain cells, mCH accumulates during the
establishment of neural circuits and is associated with Rett syndrome. In this review, we
summarize the current understanding of mCH and its possible functional consequences in different
biological contexts.
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1. Introduction

DNA methylation is an ancient covalent chemical modification of genomic DNA, providing
an additional layer of regulatory information on top of the genome sequence (8). This
mechanism is present in a variety of organisms, including numerous mammals, plants, fungi,
insects, protists, archaebacteria, and eubacteria (19, 24, 25, 48, 55, 56, 59, 72, 81, 91, 102,
108, 110). In mammals, DNA methylation occurs predominantly at cytosine followed by
guanine, commonly referred to as CG methylation (mCG). mCG has been extensively
studied over the past several decades; it has been found to be involved in transcriptional
regulation (47, 91) and biological processes such as cellular differentiation (9, 28, 48, 56,
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106) and X-chromosome inactivation (78, 79), and to be associated with diseases such as
rheumatoid arthritis (58), neurological disorders (1, 20, 66, 73), and cancer (22, 41, 45). By
contrast, methylation at cytosines followed by bases other than guanine, referred to as non-
CG methylation (mCH, where H = A, C, or T), was long thought to be an artifact of the
methodologies used to detect methylation, until the existence of this DNA modification was
finally confirmed in mice (76) and humans (56).

Cytosine methylation can be readily detected at single-base resolution using conventional
Sanger sequencing or high-throughput next-generation whole-genome sequencing methods
that are coupled to sodium bisulfite conversion of unamplified DNA (19, 26, 55). Sodium
bisulfite treatment leads to the deamination of unmethylated cytosine to uracil, whereas
methylated cytosine does not undergo this chemical conversion. In this procedure,
regulatory information in the form of an epigenetic chemical modification is thus converted
to a genetic sequence variant, which can be captured by standard sequencing technologies or
other assay methods. Several characteristics of mCH make reliable detection difficult (74).
First, mCH is not present in most somatic cells, and only limited types of cells have been
found to contain mCH (Figure 1). Second, because it is frequently mingled with the
extensive genome-wide mCG, high-resolution methylation assays such as bisulfite
sequencing are required to distinguish it from the ubiquitous mCG found in mammalian
cells. Finally, for each non-CG site, only a moderate fraction of alleles are methylated in the
cell population. Consequently, mCH was dismissed as an artifact of incomplete conversion
of unmethylated cytosines during bisulfite treatment.

The development of rapid and cost-effective sequencing technologies (65) has enabled
accurate genome-wide profiling of mCH at single-base resolution across a large number of
mammalian cells and tissues (56, 64, 75, 82, 98, 112, 113). During the past decade, studies
have found that numerous human cell and tissue types contain significant amounts of mCH,
including embryonic stem cells (ESCs) (48, 56), somatic cell nuclear transfer stem cells
(SCNT-SCs) (61), induced pluripotent stem cells (iPSCs) (57, 61), oocytes (31), neurons
(54), and glia (54).

Although mCH is present in various cell and tissue types, evidence for its potential function
is just beginning to emerge (4, 5, 15, 27, 32, 34, 57, 61, 71), and its true biological role is
still unclear and controversial (3, 23, 63, 71, 86, 90). The DNA methylation profile of
human ESCs revealed a strong correlation between mCH and adjacent mCG, suggesting that
the presence of mCH may be the result of hyperactivity of nonspecific de novo methylation
that is simply a tolerated by-product of mCG pathways (90, 113). However, subsequent
observations argue against this hypothesis. For example, the level of mCH in the promoter
of the peroxisome proliferator-activated receptor y coactivator 1a (PGC-1a) gene is higher
in type 2 diabetes mellitus (T2DM) patients than in healthy individuals, and is associated
with a reduction in the transcription of the PGC-1a gene and fewer mitochondria in T2DM
patients (5). In addition, large domains of non-CG hypomethylation were discovered in
SCNT-SCs and iPSCs compared with ESCs, corresponding to regions that failed to be
reprogrammed at the epigenetic and transcriptional levels (57, 61). Furthermore, in brain
cells, gene body mCH is associated with transcriptional repression (32) and can dramatically
enhance the binding of methyl-CpG binding protein 2 (MeCP2) (32), a protein critical to the
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cause of Rett syndrome (14, 36), indicating an association between mCH and this
neurological disorder. This association was tested in the mouse model of Rett syndrome, and
MeCP2 binding to mCH was suggested to be important for the transcriptional regulation of
genes related to neurological function (15, 27).

Given the presence of mCH in various mammalian cell types and its potential functional
impact, it is necessary to more deeply understand this specific DNA modification. In this
review, we first describe the prevalence of mMCH in human cell and tissue types by
examining the abundance and sequence specificity of mCH. We next summarize the
mechanisms and related proteins in the encoding, decoding, and removal of MCH in the
genome. Then, we discuss the genomic features targeted by mCH and the potential
functional impact. In the final sections, we review recent efforts toward revealing the roles
of mCH in critical biological processes, including somatic cell reprogramming, brain
development, and diseases such as diabetes and Rett syndrome. Although this review
focuses primarily on studies with human cells, it includes results from mouse models as
additional supporting evidence.

2. Non-CG Methylation in Human Cells and Tissues

mCH appears in a variety of human cells and tissues, including different pluripotent cells,
female germ cells, neurons, and glia. The genome-wide abundance of mCH varies
dramatically in different cells and tissues (Figure 1) and can be estimated by computing the
genome-wide mCH level. This quantity is determined by calculating the weighted
methylation level of all non-CG sites (i.e., the average methylation level of each non-CG site
weighted by the coverage at each site) (83). Specifically, the genome-wide mCH level (M) is
defined as

N N
m; c L 1(my)
=Y (2 = Li=1Th),
i=1 ( Ci (e ()

where N is the total number of non-CG sites and m and ¢; are the number of reads
supporting methylation and the number of total reads, respectively, at non-CG site i; my/c; is
the methylation level at non-CG site i (i.e., MCH level at site i), corresponding to the
fraction of methylated cytosines out of the total number of cytosines in reads covering this
site. Among all sites (including both CG and non-CG sites), a fraction of them are
methylated at statistically significantly higher levels than those that might be attributed to
the artifacts caused by incomplete bisulfite conversion. These sites are referred to as
methylated sites. Methylated CG sites generally have a higher methylation level than
methylated non-CG sites. For example, in ESCs, the majority of mCH sites have a
methylation level of approximately 20%, whereas the majority of mCG sites have a
methylation level of 100% (56).

These metrics enable robust investigation and comparison of the mCH abundances of
various human cells and tissues. mCH can be detected in pluripotent cells (e.g., ESCs),
female germ cells, brain cells, and cells from skeletal muscle tissue, whereas most of the
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somatic cells are depleted of mCH. For example, the genome of H1 (male) human ESCs is
heavily methylated at non-CG sites: 25% of methylated sites are in a non-CG context, and
the genome-wide mCH level is approximately 1% (56). Although the genome-wide mCH
level in H1 ESCs is much lower relative to the mCG level (approximately 80%), a
significant fraction (25%) of methylated sites are in the non-CG context because the human
genome has approximately 20 times more non-CG sites than CG sites. This indicates that
mCH is abundant in the genome. Some genomic regions, such as gene bodies, are enriched
for mCH and have much higher mCH levels than the rest of the genome (for a detailed
discussion, see Section 4). Interestingly, compared with male-derived ESCs, H9 and other
female-derived human ESCs are genome-wide hypomethylated in both the CG and non-CG
contexts (48, 56, 114), possibly because of lower expression of DNA methyltransferases
(DNMTSs), which are responsible for the deposition of de novo methylation (114). Similarly
to male ESCs, pluripotent cells generated by SCNT (94) or iPSC (95) techniques show high
mCH levels (56, 57, 61, 113). Genomes of cell lines that have been differentiated from H1
ESCs into distinct cell types show lower mCH levels (i.e., mCH is not maintained upon
differentiation) (106).

Human female germ cells, oocytes, and polar bodies are also highly enriched for mCH (31).
By contrast, mCH is not detected in either human (31) or mouse (101) sperm. Mouse studies
have shown that mCH is abundant in premitotic prospermatogonia (43, 100) and is then lost
during mitotic cell divisions owing to the lack of mCH maintenance, explaining the lack of
mCH in sperm (43). After fertilization, only the maternal alleles are non-CG methylated,
and the mCH level substantially decreases as the cell begins to divide (37, 97, 101).

Human and mouse adult brain tissues also show genome-wide mCH (32, 54, 98, 105).
Although mCH is virtually absent in the genome of the human fetal frontal cortex, the cells
accumulate significant mCH levels as this brain area matures (54). Cells isolated from brain
show very distinct mCH levels: Glia contain mCH at a similar level as male ESCs, whereas
neurons have the highest recorded mCH level, approximately 6% (54).

mCH is not restricted to pluripotent cells, oocytes, and brain cells. It has also been
reproducibly detected in human primary myocytes, skeletal muscle tissue, adipose tissue,
adrenal glands, the aorta, the gastric system, the heart, and the psoas (4, 5, 82, 98), whereas
many somatic cell types seem to lack detectable mCH (48, 56, 57, 61, 98, 113). However,
because only a limited number of cell and tissue types have been profiled by single-base-
resolution whole-genome bisulfite sequencing, knowledge of the prevalence of mCH in the
human body remains incomplete. Figure 1 summarizes the cells and tissues that are known
to lack or contain mCH and groups them based on their genome-wide mCH levels calculated
from whole-genome bisulfite sequencing data.

Although mCH is present in various cell and tissue types, the sequence context in which it
lies is distinct. Specifically, in ESCs it occurs primarily (78% of the methylated CH sites) at
cytosines in a 5’CAG3’ context, referred to as mCAG (meaning that the first cytosine is
methylated) (48, 56), whereas in neurons the dominant sequence context is 5CAC3’ (47%
of the methylated CH sites, whereas mCAG takes 20%), referred to as mCAC (54, 105).
Based on the sequence preference, cells and tissues that contain mCH can be grouped into
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two categories: The mCAG group consists of pluripotent cells (ESCs, SCNT-SCs, and
iPSCs), oocytes, and polar bodies, whereas the mCAC group consists of the frontal cortex,
neurons, glia, and several human organs (Figure 1). Intriguingly, the correlation between
gene body mCH and gene transcription is tightly associated with the mCH sequence
specificity (32, 54, 56, 105). In cells from the mCAG group, intragenic mCH is moderately
positively correlated with gene expression (the Pearson correlation coefficient is
approximately 0.6), whereas a negative correlation is observed in cells and tissues from
mCAC group expression (31, 32, 54, 56, 82, 105). Although mCH occurs at both CAG and
CAC sites regardless of the sequence preference, and methylation in these two sequence
contexts is moderately correlated genome-wide (56, 82, 105), the distinct associations with
transcription imply the existence of at least two different mCH pathways.

3. Non-Cg Methylation Writers, Readers, and Erasers

3.1. Writers

In mammals, DNA methylation is established and maintained by the coordinated activity of
three DNMTSs (49). mCG patterns are established by the de novo methyltransferases
DNMT3a and DNMT3b. In addition, a catalytically inactive DNMT3 family member,
DNMTS3L, plays a crucial role in methylation establishment specifically during
gametogenesis (12, 39, 80). Once established, patterns are transmitted through S phase by
the maintenance methyltransferase DNMT1 (10, 85). DNMT1 maintains mCG on newly
replicated DNA (10, 85). Biochemical studies indicate that it has much higher activity on
hemimethylated oligonucleotides compared with unmethylated oligonucleotides (28a).
DNMT1 also strongly prefers CG sites and has almost no activity on non-CG sites, implying
that it is not the major enzyme responsible for mCH (29, 92). In line with these results, a
knockout of DNMTL1 in ESCs had little effect on mCH levels (3, 76), although this type of
methylation is relatively rare or absent in many differentiated cell types.

DNMT 3a preferentially methylates CG sites as well, but in contrast to DNMT1, non-CG
sites (especially CA sites) can also be methylated at lower levels than CG sites by this
enzyme (2, 28a, 29, 92). Moreover, introducing DNMT3a into Drosophila leads to both
mCG and mCH, demonstrating the enzymes' in vivo ability to methylate non-CG sites (76).
This experiment also showed that DNMT3a methylates CA sites with tenfold less preference
compared with CG sites. Genetic studies of DNMT3a deficiency and knockdown support its
important role in the establishment and maintenance of mCH in ESCs (3, 52, 64, 113),
oocytes (87), and neurons (27, 32). Additionally, in vivo DNA-binding sites of DNMT3a in
brain tissue are enriched for mCH (32, 54), indicating the in vivo dependency of mCH on
DNMT3a.

mCH (primarily at CT and CA sites) has also been attributed to Dnmt3b (2, 92), and it is
critical for the formation and maintenance of mCH in ESCs. DNMT3b deletion resulted in a
dramatic reduction of mCH in human ESCs (3, 52). DNMT3b partially compensates for the
function of DNMT3a in mCH, as knockdown of DNMT3b following DNMT3a deletion
leads to a further reduction in mCH in ESCs (113). A recent study revealed that a gene
knockout of DNMT3b results in a more striking reduction of mCH compared with a
knockout of DNMT3a, indicating that DNMT3b is likely the major enzyme for mCH in
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human ESCs (52). In brain, however, DNMT3b is expressed at extremely low levels (54).
Thus, it seems unlikely to play a major role in the formation of mCH in brain cells (54). In
human primary myocytes, DNMT3b is indispensable for the palmitate-induced gain of mCH
in the promoter of the PGC-1a locus, supporting its role in the transcriptional response to
the environment (5).

DNMTS3L, although catalytically inactive, interacts with DNMT3a and DNMT3b,
functioning as a targeting factor and allosteric regulator (40, 46, 93). DNMT3L is highly
expressed in ESCs, prospermatogonia, and growing oocytes, and its deletion results in
almost complete loss of mCH (3, 43, 87), likely resulting from the disruption of the
DNMT3a/b-DNMT3L complex and the later dramatic reduction of de novo methylation
activity. More specifically, in mouse prospermatogonia, the ATRX-Dnmt3-Dnmt3L (ADD)
domain in the Dnmt3L protein is essential for the establishment of mCH in the genome
(100). The ADD domain is responsible for recognizing histone H3, and disrupting this
interaction is sufficient to eliminate mCH, suggesting that the ability of Dnmt3L to bind to
histone H3 is critical for mCH in mouse prospermatogonia (100). Surprisingly, a recent
study showed that DNMT3L knockdown in human embryonic carcinoma cells leads to
increased mCH (96), which contradicts the observations in germ cells and ESCs (3, 43, 87,
100). This result suggests the possibility that DNMT3L plays different roles in the mCH
pathway in different cells, although it remains to be validated in follow-up studies. DNMT3L
expression has not been observed in brain cells, suggesting that it is not involved in mCH in
this tissue. Collectively, DNMT3a, DNMT3b, and the cofactor DNMT3L are responsible for
the mCH in various cell and tissue types, but the presence of all three is not necessary for the
mCH in every cell or tissue type (Figure 2).

Although DNMT3a and DNMT3Db are capable of methylating cytosines in a non-CG
context, it is not fully understood how they target specific regions in the genome to establish
the nonrandom mCH landscape (described in Section 4). Nucleosome positioning, which
affects the accessibility of DNA by DNMTSs, may account for the observed ~180-base-pair
periodicity of mCH (6, 32). Also, histone modifications on genomic regions can either
recruit or exclude DNMTs (13), which may determine the genomic distribution of mCH. For
example, histone H3 with unmethylated lysine 4 can be recognized by the DNMT3a-
DNMT3L complex (69, 70) and alter its de novo methylation activity (35). By contrast, the
complex can neither bind nor be activated by histone H3 with methylated lysine 4
(H3K4me3), which protects the H3K4me3-marked regions from de novo methylation (35,
69, 70). Moreover, actively transcribed genes are enriched in mCH in ESCs (56) (for details,
see Section 4.2), raising the question of whether transcription results in intragenic mCH, or
mCH is deposited to regulate transcription. It has been suggested that the binding and
activity of DNMT3s can be instructed by histone H3 with trimethylated lysine 36
(H3K36me3), the histone modification that marks the bodies of actively expressed genes (6,
21), which might be one mechanism of intragenic mCH deposition. A recent study by
Baubec et al. (6) in mouse ESCs demonstrated that Dnmt3b can recognize H3K36me3 in
vivo, whereas gene transcription alone is unable to recruit Dnmt3b. This finding implies that
intragenic mMCH (possibly deposited by Dnmt3b) may be an indirect result of transcription,
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and it also provides a possible explanation of the positive correlation between mCH in the
gene body and transcription in human ESCs (56).

However, the models discussed above account only for the inclusion and exclusion of
DNMT3a/b, and direct evidence that histone modifications affect mCH deposition is still
limited. Furthermore, the negative correlation in brain between intragenic mCH and gene
transcription cannot be explained by these models, indicating that the mechanisms of mCH
deposition may be different in brain cells and that components such as mCH readers
(discussed below) are likely missing (in current models).

3.2. Readers

Several proteins whose binding is affected by the methylation state of non-CG sites have
recently been identified, and these proteins are referred to as the readers of mCH. MeCP2 is
a DNA-binding protein that recognizes CG-methylated DNA, and mutations in the MeCP2
gene can lead to Rett syndrome (36). Guo et al. (32) showed that MeCP2 also binds to
mCH-containing DNA. They discovered through an in vitro experiment that MeCP2 is able
to bind to methylated non-CG sites in oligonucleotides with lower-affinity binding than to
oligonucleotides methylated at CG sites. However, the combined presence of mCH and
mCG on the same oligonucleotide molecule greatly enhanced the binding affinity of
MeCP2. Additionally, chromatin immunoprecipitation of MeCP2 followed by high-
throughput sequencing confirmed that MeCP2 in vivo binding sites are enriched for both
mCG and mCH (32). Together, these results imply that the genome-wide binding landscape
of MeCP2 can be shaped by both mCH and mCG profiles (Figure 2). Several recent studies
have confirmed the in vitro binding of MeCP2 to mCH (15, 27). Furthermore, a study by
Gabel et al. (27) revealed that MeCP2 has significantly higher affinity for mCA than for
other mCH contexts. However, whether MeCP2 has different binding affinities for mCAC
and mCAG remains to be studied.

Considering that MeCP2 can function as a transcriptional repressor (67), its binding may
link mCH and mCG to transcriptional repression, which would partly explain the negative
correlation between gene transcription and intragenic mCH in brain (32). In line with this,
deleting MeCP2 in mouse brain resulted in upregulation of genes that are typically longer
than 100 kb, which tended to be highly non-CG methylated (27). However, it was also
shown that mutations of MeCP2 in neurons led to a global decrease in transcription,
implying that MeCP2 plays a role as a global transcriptional activator (51), although these
effects could also be indirect. In addition, a recent study found that when MeCP2 is depleted
in mouse brain, both upregulated and downregulated genes are enriched in mCH, suggesting
that MeCP2 may function differently in different sets of genes (15). The contradictory
evidence indicates that more studies are required to elucidate the actual effect of MeCP2
binding, especially by teasing out the direct and indirect effects. In addition to MeCP2, the
binding of methyl-CpG binding protein 2b (MBD2b) can be enhanced by the co-occurrence
of mCG and mCH (32), whereas the binding of Sp-family transcription factors is reduced by
mCH within their binding sites (44).
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3.3. Erasers

Active and passive mechanisms have been proposed in which a cell (or cell lineage) can lose
DNA methylation (103). Passive demethylation accounts for the loss of mCH through
dilution in dividing cells when the maintenance by de novo mCH is less active, because it is
likely that there is not a replication-dependent mechanism for mCH maintenance similar to
the one by which DNMT1 maintains mCG (10, 85). Active demethylation would involve a
chemical process that selectively removes cytosine methylation. Currently, there is little
evidence about active non-CG demethylases.

One mechanism of active mCH removal may involve the recently discovered ten-eleven
translocation (TET) methylcytosine dioxygenases (103). The TET enzymes are able to
oxidize 5-methylcytosine (5mC) to 5-hydroxymethyl cytosine (5hmC) in vitro regardless of
the sequence context (33, 42, 107). However, Tet-assisted bisulfite sequencing (TAB-seq)
(107) detected almost no 5hmC at non-CG sites in ESCs and brain cells (33, 107). The
absence of 5hmC at non-CG sites may simply be due to its rapid turnover, which is
supported by the observation that TET1 has higher activity at methylated non-CG sites than
at CG sites (33). An alternative explanation is that at the time when mCH appears in these
cells, TETs are not active at methylated non-CG sites owing to the presence of unknown
cofactors that modulate the specificity of TETs. Other active demethylation mechanisms
(such as DNA repair and activation-induced cytosine deaminase—dependent pathways) are
possible candidates for non-CG demethylation in human cells, but they are either restricted
to certain biological conditions or not fully demonstrated (103). Because of the lack of a
known active demethylation mechanism for non-CG sites, it is speculated that the reduction
of mCH in dividing cells is exclusively due to the lack of constitutive de novo methylation
activity to maintain the existing methylation patterns during DNA replication, which leads to
the passive dilution of mCH when these enzymes are not active, i.e., passive demethylation
(Figure 2). There is currently no evidence for TET-dependent demethylation on non-CG
sites in postmitotic cells such as neurons (54), possibly explaining why these contain
abundant mCH.

4. Genome-Wide Distribution of Non-CG Methylation

In cells and tissues where mCH is present, this form of DNA methylation is prevalent
throughout the genome. The genome-wide distribution of mCH is neither uniform nor
random but is greatly enriched in several genomic features, including gene bodies (31, 32,
105), repeat elements (3, 34, 113), and inactive enhancers (60), and it tends to be absent in
active enhancers (56), promoters (31, 48, 56, 105), transcription factor binding sites (56),
and mCH deserts, which are megabase-scale regions that have been recently identified in
brain (54) (Figure 3). In addition, mCH preferentially occurs in regions of low CG
dinucleotide density (32). Given that CG dinucleotides are enriched in CG islands and
generally depleted in the rest of the genome (47), mCH may complement mCG in regions
with low CG density. Furthermore, single mCH sites have been shown to be conserved
between biological replicates, indicating that mCH establishment and maintenance are
tightly regulated events: High concordance was observed when comparing, at single
cytosines, MCH in neurons from two different individuals (54), and in human ESCs,

Annu Rev Genomics Hum Genet. Author manuscript; available in PMC 2016 June 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

He and Ecker

Page 9

although a high variation of genome-wide mCH was reported, highly methylated non-CG
sites are conserved in different ESC lines (16, 113). These reproducible nonrandom patterns
of mCH serve as clues about how mCH is regulated as well as its functional consequences in
cellular processes. In the following sections, we summarize mCH patterns in different
genomic contexts and discuss their potential functional impacts on various biological
processes.

4.1. Promoters and Enhancers

4.2. Genes

mCH levels are generally lower in promoters than in surrounding regions (31, 48, 56, 105)
(Figure 3). The depletion of MCH in promoters may be explained by the presence of
unmethylated promoter-proximal CG islands. To maintain the unmethylated state of CG
islands, DNMT3a and DNMT3b are constantly excluded from these regions by competitive
binding of transcription factors such as FBLX10 (11), removal of nucleosomes, recruitment
of H3K4 methyltransferases, and possibly active transcription (90). Consequently, lack of de
novo methylation activity in CG islands results in the exclusion of mCH. The promoters that
lack CG islands are also depleted of mCH (48), which may be due to the exclusion of the de
novo methylation complex by the H3K4me3 in these regions (13, 70). Although mCH levels
in promoters are generally low, high levels of promoter mCH are able to repress
transcription (4, 5, 44). The repressive effect of promoter mMCH may be due to its influence
on protein-DNA interactions. By assessing the interaction between proteins and methylated
oligonucleotides, Inoue & Qishi (44) showed that mCH can reduce the binding of certain
transcription factors, which results in decreased transcription.

Similar to promoters, active enhancers in H1 ESCs are non-CG hypomethylated at CH sites
compared with upstream and downstream regions, appearing as a valley of unmethylated
CH sites (56) (Figure 3). Similar mCH profiles were also observed in the binding sites of the
embryonic transcription factors (56). Inactive enhancers instead are enriched for mCH (60).
These results indicate that mCH is closely correlated with the activity of enhancers, but
whether mCH has a regulatory role is unclear.

mCH is more abundant in gene bodies than in intergenic regions (31, 32, 56, 105), and this
intragenic mMCH is closely correlated with gene transcription (31, 54, 56, 105). In human
ESCs, mCH levels are higher in exons than in introns (56). In addition, mCH is highly
enriched at splice sites owing to the presence of CAG in the canonical acceptor sequence
(16, 48). The distinctive distribution of mCH between exons and introns and the presence of
mCH at splice sites imply that a relationship may exist between alternative splicing and
mCH, which remains to be elucidated and validated (16, 48). One possible explanation is
that the different mCH levels in exons and introns are due to the different nucleosome
positioning patterns (17). Another interesting observation in ESCs is that gene body mCH
does not occur evenly in both strands; the antisense strand is non-CG hypermethylated (56).
A recent study showed that this phenomenon derives from the skewed frequency of
methylation-prone motifs (5’ACA3’) on the two strands (34). The functional consequences
of this strand-specific mCH in the gene body remain unclear.
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Intragenic mCH patterns were also found in human brain cells. Lister et al. (54) found that
the relative abundance of mCH in gene bodies compared with flanking regions was closely
related to gene expression patterns and was informative about gene function. For example,
in neurons, intragenic mCG and mCH hypermethylation was observed in genes associated
with glial function, whereas in glia, the bodies of these genes tended to be mCG and mCH
hypomethylated (54). In addition, Lister et al. (54) identified hundreds of genes enriched for
neuronal and synaptic development and function that had higher gene body mCH levels in
glia than in neurons, indicating the distinct gene body mCH patterns in different cell types.
Lister et al. (54) also discovered that the genes that escape X chromosome inactivation
showed higher intragenic mCH in female brains compared with male brains. This female-
specific higher intragenic mCH is speculated to compensate for the failure of repression.

A recent study (82) revealed that the findings from Lister et al. (54)—e.g., that tissue-
specific intragenic CH hypomethylation is associated with tissue function—also held true
for multiple nonbrain tissues that contain mCH, although the mCH abundance is much lower
in these tissues. In addition to the mCH patterns in normal tissues, it was found that the
bodies of genes misregulated in brains with Rett syndrome (MeCP2 mutations) were highly
non-CG methylated and were bound by the mCH-binding protein MeCP2, highlighting the
potential functional role of intragenic mCH in this neurological disease (15, 27) (for more
details, see Section 8).

4.3. Transposons and Non-CG Methylation Deserts

Transposable elements are also heavily non-CG methylated (3, 34). In human ESCs, the
highest mCH levels were observed in short interspersed element (SINE) repeats (113). In
addition, abundant mCH was found in long interspersed nuclear element 1 (LINE1) and
intracisternal A particle (IAP) elements in mouse prospermatogonia (100). Similar to gene
bodies, the bodies of transposons are strand-specific non-CG methylated owing to
differences in sequence motif (5’ACA3’) frequencies between the sense and antisense strand
(34). The mCH at transposons is dependent on DNMT3a, DNMT3b, and DNMT3L,
indicating that these regions are under constitutively de novo methylation (3, 100).

mCH deserts are megabase-scale regions in which mCH is depleted but mCG remains
present (54). This mCH feature was identified in both human and mouse frontal cortex, but
whether this pattern is unique to brain cells is still unknown. The chromatin state of mCH
deserts shows a high degree of inaccessibility (54), which is hypothesized to prevent the
entrance of the de novo methylation complex and thus prevent the establishment of mCH in
these regions. Olfactory receptor genes and immunoglobulin genes are enriched in mCH
deserts, which may provide the inaccessible chromatin state that may be required for the
monoallelic expression of these genes (18, 62, 99).

5. Non-CG Methylation in Somatic Cell Reprogramming

Reprogramming differentiated somatic cells into pluripotent cells has immense potential in
regenerative medicine. To fully regain pluripotency, somatic cells are required to correctly
reconfigure the epigenome so that it resembles the ESC state (63). Restoring the ESC-like

mCH landscape may be important in obtaining high-quality pluripotent cells. iPSCs
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generated by overexpressing a defined set of embryonic transcription factors (95)
successfully restore the abundant genome-wide mCH observed in ESCs, but certain regional
patterns of mCH are not faithfully restored (57).

Lister et al. (57) identified non-CG megabase-scale differentially methylated regions (non-
CG mega-DMRs) where mCH was not properly reestablished; in these regions, they
observed a much lower mCH abundance in iPSCs than in ESCs (Figure 4). The disruption of
mCH coincided with a dramatic increase of a heterochromatin histone mark (H3K9me3),
whereas the transcription of genes in these regions was repressed (57). Many of the non-CG
mega-DMRs observed in iPSCs lie within so-called partially (CG) methylated domains of
the parental fibroblast (57), which coincide with lamina-associated domains that are late
replicating (7). Moreover, the locations of non-CG mega-DMRs in iPSCs overlapped with
regions of the genome that acquired dense H3K9me3 at later stages of passage after primary
cells were put in a culture environment that contained growth stimuli such as serum (111).
These results imply that the culture condition of the iPSCs may contribute to the aberrant
reprogramming caused by a “memory” (lack of erasure) of stress-induced chromatin
accumulation in the parental cells. In a more recent study, Ma et al. (61) compared the
methylation landscape of SCNT-SCs (94) with that of ESCs. Non-CG mega-DMRs were
also identified in SCNT-SCs, and similarly to iPSCs, transcription was disrupted in these
regions (61) (Figure 4). Although the role of mCH in the reprogramming process is still
unclear, these two studies demonstrate its potential as a marker for regions that are resistant
to epigenetic and transcriptional reprogramming, a measurement for reprogramming
completeness, and a metric for the quality of pluripotent cells generated by SCNT or iPSC
approaches.

6. Non-CG Methylation in Diabetes and Obesity

Growing evidence suggests that chromatin factors are involved in the incidence of T2DM
and may mediate the complex interaction between genetic variants, environment, and gene
expression (53). Barres et al. (5) identified mCH as one of the critical factors involved in
diabetes. They examined the methylation patterns in muscle tissue from a cohort of T2DM,
impaired glucose-tolerant, and normal glucose-tolerant individuals. They discovered that the
T2DM and impaired glucose-tolerant subjects had significantly higher mCH in the promoter
of the PGC-1a gene compared with normal glucose-tolerant subjects, whereas the number
of CG sites was limited in the promoter regions and their methylation states were not
significantly altered. They did not observe methylation alteration in the promoters of nearby
genes, indicating that the PGC-1a promoter's non-CG hypermethylation was not a result of
increased mCH in a large region. PGC-1a is a critical gene involved in the regulation of
mitochondria biogenesis (104). The non-CG hypermethylation of its promoter was
accompanied by lower transcription and a dramatic (approximately 50%) reduction of
mitochondrial DNA content.

Barres et al. (5) further studied the environmental factors that may induce non-CG
hypermethylation. They found that in human primary myocytes, the mCH in the PGC-1a
promoter can be induced by a high concentration of free fatty acids, such as palmitate and
oleate or cytokine tumor necrosis factor a (TNF-a), all of which were present at high levels
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in diabetic individuals. By contrast, neither a high concentration of glucose nor the addition
of insulin induced mCH in this region (Figure 5). A genome-wide methylation assay showed
that the palmitate treatment on human primary myocytes induced an increase of mCH levels
across the genome, indicating that under this treatment the mCH in the PGC-1a promoter is
a result of the genome-wide increased methylation at non-CG sites (5). They also found that
this induction is mediated by DNMT3b but not by DNMT1 or DNMT3a. Similar to the
observation in the cohort study, palmitate-induced mCH was associated with a reduction of
mitochondria content. In summary, these results indicate that a rapid increase of mCH may
mediate transient gene repression as a response to certain environmental cues.

Barrés et al. (4) observed that mCH alteration is also associated with obesity. This study
compared the methylation patterns in skeletal muscle from normal-weight subjects and
obese subjects before and after Roux-en-Y gastric bypass surgery. The comparison revealed
that, similarly to the T2DM subjects, the PGC-1a promoter is non-CG hypermethylated in
obese individuals compared with normal-weight individuals, and this is accompanied by a
lower transcription level. After the surgery, obese individuals lost weight and the mCH level
of the PGC-1a promoter was reduced to levels similar to those of healthy controls,
associated with an increase of transcription. A similar restoration of promoter mCH and
transcription patterns was found in PDK4, a gene involved in mitochondrial function. The
study further assessed the activity of an in vitro non-CG-methylated PDK4 promoter by
luciferase assay and confirmed that the mCH is sufficient to repress transcription in vivo.
Collectively, these observations support the hypothesis that promoter mCH can be affected
by changes in physiological conditions and mCH alterations can directly regulate the
expression of specific genes.

7. Non-CG Methylation in Brain Development

The genomes of adult brain cells are highly non-CG methylated (54, 98, 105). However, the
developmental stage at which mCH appears in brain was previously unknown. Following
the trajectory of frontal cortex development, Lister et al. (54) discovered that mCH is barely
detectable in the human fetal frontal cortex, but its abundance in neurons dramatically
increases in the early years of postnatal brain life and reaches a plateau as the frontal cortex
reached maturity. This developmental process is not restricted to the frontal cortex, having
also been observed in mouse dentate gyrus by Guo et al. (32). The accumulation of mCH
coincides with the developmental increase of synapse density and later synaptic pruning, but
whether there is a causative relationship remains obscure (54). Lister et al. (54) further
profiled the methylomes of purified neurons and glia, providing insights into the brain cell
type—specific patterns of mCH. Neurons were found to have the highest recorded mCH level
in the human body (Figure 1). In glia, mCH was also present, but its levels were lower and
more similar to those observed in the frontal cortex between one month and five years of age
(54) (Figure 1).

In contrast to the high mCH levels in neurons, neural progenitor cells (NPCs) in vitro
derived from human ESCs are depleted of mCH (106). In line with this, the fetal frontal
cortex, which contains abundant NPCs (38), also lacks mCH (54). The high mCH levels in
both pluripotent cells (56) and neurons (54), together with the depletion of mCH in NPCs
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(106), imply that the mCH landscape undergoes a reconfiguration during neural
differentiation. In vivo, NPCs are differentiated from inner cell mass (ICM) cells (Figure 6).
ICM cells initially show low levels of mCH (31) that then disappear as they differentiate to
NPCs, although it is unclear whether mCH is abundant in the intermediate cell states. At the
next stage, NPCs further differentiate into neurons and glia, in which new mCH patterns are
established (54). Neurons can also be generated from ESCs via in vitro differentiation (77,
109) (Figure 6). During this process, presumable passive loss of mCH takes place when
ESCs differentiate to NPCs, resulting in the depletion of mCH in NPCs (106), and these
NPCs can further differentiate into neurons and glia (77, 109). However, because
methylation data for ESC-derived neurons are not available, it is unclear whether similar
mCH patterns are established in these cells, as in the neurons isolated from brain tissue.
Collectively, although the non-CG reconfiguration during in vitro neural differentiation has
not been fully demonstrated owing to the lack of methylation data for in vitro differentiated
neurons, recent evidence suggests that the reconfiguration occurs during in vivo neural
differentiation, when the mCH present in ICM cells becomes depleted in NPCs, and the
methylation is then reestablished in neurons and glia.

In addition to the change in mCH levels, the pathways to establish and maintain mCH may
be distinct because mMCH occurs primarily at CAC sites in neurons and glia but at CAG sites
in ESCs, which are derived from ICM cells (Figure 6). The difference in sequence
specificity indicates that during the reestablishment of mCH in neurons and glia, the new
patterns are not simply regenerated by copying and amplifying those in ESCs. Furthermore,
despite the extremely similar sequence specificity of mCH in neurons and glia, differential
mCH was identified in the bodies of hundreds of genes that are enriched for synapse
function (54). Although the biological significance of this mCH reconfiguration is still
obscure, the differences in mCH patterns among ESCs, neurons, and glia indicate that de
novo methylation at non-CG sites is tightly regulated by restricting the activity to specific
cytosines in a unique sequence context and to a set of selected regions in the genome.

The abundant mCH in neurons raises the question of whether this base modification has
functional consequences. To gain deeper mechanistic insight into the regulatory role of
mCH, Guo et al. (32) in vitro methylated the non-CG sites in a plasmid and showed that
mCH alone can repress transcription as effectively as mCG. Furthermore, they discovered
that mCH can be recognized by MeCP2, a protein whose mutations lead to Rett syndrome
(14). They also showed that the reduction in intragenic mCH resulting from Dnmt3a
knockdown (by injecting adeno-associated viruses expressing short hairpin RNAs targeting
Dnmt3a) in adult mouse dentate gyrus increased transcription of mCH-enriched genes but
not that of mCH-depleted genes, supporting the notion of mCH as a repressive chromatin
modification. Xie et al. (105) studied the allelic mCH patterns in imprinted regions in mouse
brain, and in line with the above findings, they found that the silenced allele has higher
levels of mCH than the active allele. Although these observations support the repressive
influence of mCH on gene transcription in brain cells, the exact mechanism remains to be
elucidated.
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8. Non-CG Methylation in Rett Syndrome

The observations that (a) mCH can be recognized and bound by MeCP2, (b) mCH
accumulates as the brain matures, (c) disrupting MeCP2 leads to Rett syndrome, and (d) a
brain with Rett syndrome is normal in the early development stage raise the possibility that
MeCP2 binding to mCH is critical for neurological function and that the late appearance of
mCH in the brain may partly explain the delayed onset of Rett syndrome (15, 27). Two
recent studies have tested this hypothesis (15, 27). Chen et al. (15) profiled the MeCP2
binding landscape in the hypothalamus of adult mouse and found that MeCP2 preferentially
binds genes with high mCH. Disrupting or overexpressing MeCP2 led to the misregulation
of these highly non-CG-methylated genes, whereas the transcription of genes with low mCH
remained unchanged under these conditions. By contrast, little mCG difference was
observed between the two sets of genes, suggesting that the MeCP2 binding to mCH rather
than mCG in these genes is important for their transcription regulation.

Based on these findings about the functionality of mCH and MeCP2 interaction, Chen et al.
(15) proposed a model to explain the functionality of mCH and the delayed onset of Rett
syndrome (Figure 7). During brain development, the abundance of mMCH and MeCP2
increases dramatically, whereas that of mCG remains approximately the same (32, 54, 84,
88) (Figure 7). As the amount of both mCH and MeCP2 increases in mature brain, the
bodies of some genes begin to accumulate mCH and are then bound by the highly abundant
MeCP2, which regulates the transcription. Because the mCH- and MeCP2-dependent gene
regulation starts only in adult brain where both components are present, this model is able to
at least partly explain the delayed onset of Rett syndrome. By contrast, mCG in gene bodies
is bound by MeCP2 in both immature and mature brain owing to the constantly high level of
mCG and high binding affinity of MeCP2 to it.

Evidence from Gabel et al. (27) also supports this model. The authors found that in the
cortexes of patients with Rett syndrome, long genes (length greater than 100 kb) rather than
short genes tended to be misregulated (specifically, upregulated). They further found that in
the cortexes and cerebellums of mice, long genes are bound by MeCP2 and are highly CA
methylated (the major form of mCH recognized by MeCP2). Deleting the Dnmt3a gene
during early brain development or disrupting MeCP2 led to the misregulation of long genes,
indicating that mCA and MeCP2 are essential for their normal expression. Furthermore, they
showed that only long genes with high mCH (rather than short genes with high mCH or long
genes with low mCH) tended to be misregulated in the brain where MeCP2 was disrupted.
This observation demonstrates that both long gene length and high mCH are essential
features of genes regulated by MeCP2 binding, which adds one feature (gene length) to the
current model of mCH gene regulation in adult brain (Figure 7).

Embryonic deletion of Dnmt3a affected the accumulation of both mCH and mCG (27) and
produced brain malformations that resulted in early postnatal death (68). These confounding
effects prevent examination of the effect of specific loss of mCH on animal behavior. Future
studies that create postnatal deletions of Dnmt3a at precisely the time of mCH accumulation
may allow investigators to assess the role of this epigenetic mark on synapse formation
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during brain development as well as its role in complex behaviors and diseases such as Rett
syndrome.

9. Perspectives

In this review, we have summarized recent efforts to understand the biological significance
of mCH. Many questions remain unanswered:

1

Our understanding of the prevalence of mCH in human cell types is far from
complete. Although the human methylome repertoire is growing rapidly, many
cells and tissues remain uncharacterized. Furthermore, even if tissues or cell
mixtures are found to contain mCH, the exact cell types enriched for mCH are yet
to be pinpointed (e.g., neurons are known to be enriched in mCH, but the
abundance of mCH in specific types of neurons is unknown). At the single-cell
level, we still do not know how much the mCH landscape varies within cells from
the same tissue. Is mCH mosaic in the genome but present in every cell, or does it
appear only in a subset of cells of that cell type? Or is it a combination of both?
These questions may be resolved by the recently developed single-cell bisulfite
sequencing technique (23a, 30, 89).

The mechanisms that determine the existence and shape of the mCH landscape are
still obscure. It is speculated that abundant DNMT3a/b (high de novo methylation
activity) in nondividing cells might be sufficient to add mCH to the genome. This
hypothesis is supported by results observed from overexpressing Dnmt3a in
Drosophila (76), but in human cells, direct evidence is still limited. Moreover,
although recent studies have revealed that histone modifications are able to direct
the binding of the de novo methylation complex (13, 35, 69, 70), whether these
events directly contribute to mCH deposition remains to be uncovered.

The direct functional consequences of mCH remain to be demonstrated. Currently,
the interaction between mCH and transcription factor binding has only been tested
for a limited number of transcription factors (44). Systematic screening is needed to
reveal the effect (if any) of mCH on the binding of human transcription factors,
especially the neuronal and pluripotent transcription factors, as these are the
contexts in which mCH seems to be the most active. Moreover, mCH in brain cells,
as shown by an in vitro experiment, has the capacity to repress gene transcription
(32), but whether this result was a direct effect of mCH or the repression was
mediated by proteins that recognize mCH is unknown. Additionally, the fact that
mCG has been shown to change the shape of DNA (50) leaves open the possibility
that mCH may also have an effect on chromatin structure, but the function remains
to be investigated.

Because of our incomplete understanding of mCH and its absence in most somatic
cells, the clinical utility of knowing the variance in mCH levels or distribution is
unknown. However, its presence has been found to be associated with obesity and
diabetes (4, 5). mCH may also serve as an indicator of the degree of
reprogramming and extent of epigenetic memory of iPSCs (57, 61). Furthermore,
several recent studies have begun to demonstrate the association between mCH and
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Rett syndrome (15, 27, 32). These studies hint at the possible future applications of
mCH as a biomarker and highlight the need for further investigations of this poorly
understood DNA modification.
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Figure 1.
mCH abundance in human cells and tissues. To estimate the abundance, genome-wide mCH

levels (83) were calculated as previously described (56) using whole-genome bisulfite
sequencing data. Based on these mCH levels, cells and tissues were then divided into four
categories: extremely abundant (>2%), abundant (1-2%), detectable (<1%), and
undetectable (~0%). Note that cells and tissues labeled as undetectable have mCH levels
that are very close to the background bisulfite nonconversion rate. In the last two categories
(detectable and undetectable), only representative cells and tissues are shown, whereas the
first two categories (extremely abundant and abundant) contain all qualified cells and tissues
based on current knowledge. These cells and tissues are also grouped into three categories
by whether the observed mCH occurs primarily in a CAC sequence context (blue) or a CAG
sequence context (red) or the sequence preference is unknown (brown). Data for neurons,
glia, and frontal cortex are from Lister et al. (54); whole-genome bisulfite sequencing data
for H1 ESCs, MSCs, NPCs, TBLs, mesendoderm, and fibroblasts are from Lister et al. (56)
and Xie et al. (106); methylome data for H9 ESCs are from Laurent et al. (48); data for
SCNT-SCs and iPSCs are from Lister et al. (57) and Ma et al. (61); data for the sigmoid
colon, small bowel, heart, gastric system, adipose tissue, psoas, adrenal gland, and aorta are
from Schultz et al. (82); and data for the remaining samples (sperm, oocytes, polar bodies,
and ICM) are from Guo et al. (31). Abbreviations: ESC, embryonic stem cell; ICM, inner
cell mass; iPSC, induced pluripotent stem cell; mCH, non-CG methylation; MSC,
mesenchymal stem cell; NPC, neural progenitor cell; SCNT-SC, somatic cell nuclear
transfer stem cell; TBL, trophoblast-like cell.
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Figure2.

Proteins and mechanism responsible for establishing, recognizing, and removing mCH.
DNMTSs, including DNMT3a, DNMT3b, and DNMT3L, are part of the complex responsible
for the establishment and maintenance of mCH. MeCP2 is able to recognize non-CG-
methylated regions. A non-CG demethylase has not yet been identified, and it is speculated
that passive dilution (resulting from DNA replication and lack of maintenance of mCH) is
the mechanism underlying the loss of mCH in dividing cells. Abbreviations: DNMT, DNA
methyltransferase; mCH, non-CG methylation; MeCP2, methyl-CpG binding protein 2.
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Figure3.
Average mCH and mCG levels reported at enhancers, promoters, genes, transposons, and a

recently identified mCH desert (54). The scale is schematic, and intergenic mCH and mCG
levels have been scaled to be the same level. Abbreviations: mCG, CG methylation; mCH,
non-CG methylation.
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Figure4.
Non-CG mega-DMRs in ESCs, SCNT-SCs, and iPSCs (57, 61). The non-CG mega-DMRs

are shown in orange in the chromosome diagram and tend to be proximal to telomeres and
centromeres (64, 76); the gray shades are cytogenetic bands. The vast majority of non-CG
mega-DMRs are hypomethylated in SCNT-SCs and iPSCs compared with ESCs (shown in
the mCH profile of non-CG mega-DMRs). In SCNT-SCs and iPSCs, the heterochromatin
mark H3K9me3 is enriched in these regions. In addition, the transcription of genes within
non-CG mega-DMRs is disrupted, and the promoters of these genes are typically CG
hypermethylated in SCNT-SCs and iPSCs compared with ESCs. Abbreviations: ESC,
embryonic stem cell; H3K9me3, histone H3 with trimethylated lysine 9; iPSC, induced
pluripotent stem cell; mCH, non-CG methylation; mega-DMR, megabase-scale
differentially methylated region; SCNT-SC, somatic cell nuclear transfer stem cell.
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Page 26
Glucose/insulin

DNMT3b 2

E mRNA

PCG-Ta

? Methylated CG site ? Methylated non-CG site

mCH in the promoter of the PGC-1a gene. In human primary myocytes, mCH can be
induced by free fatty acids and TNF-a(left), both of which are elevated in type 2 diabetes
mellitus patients compared with healthy individuals. Under normal culture conditions and
glucose or insulin treatment, the promoter of PGC-1a has a low mCH level (right). The
induced non-CG hypermethylation is associated with a reduction of gene expression and a
further decrease in the number of mitochondria. The induction of mCH is mediated by
DNMT3b and potentially other unknown proteins or cofactors of DNMT3b. Abbreviations:
DNMT3b, DNA methyltransferase 3b; mCH, non-CG methylation; PGC-1a, peroxisome
proliferator-activated receptor y coactivator 1a; TNF-a, tumor necrosis factor a.
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Figure®6.
Hypothesized reconfiguration of mCH patterns during neural differentiation. Abundant

mCH is present in ESCs derived from ICM cells, which show low levels of mCH. During
the in vitro differentiation process from ESCs to NPCs, non-CG demethylation takes place,
and genome-wide mCH is lost in NPCs. When NPCs differentiate into neurons and glia, the
genome-wide mCH could possibly be reestablished in in vitro differentiated neurons and
glia, but methylation measurements to support this hypothesis are lacking. The absence of
mCH in NPCs and the reestablishment of mCH in neurons and glia during in vivo neural
differentiation are supported by methylation data (54), but whether mCH is absent in
intermediate cells between ICM cells and NPCs is unclear. In addition, the fact that mCH
occurs primarily at CAG sites in ESCs but at CAC sites in both neurons and glia implies that
an interesting switch of mCH pathways occurs during neural differentiation. Abbreviations:
ESC, embryonic stem cell; ICM, inner cell mass; mCH, non-CG methylation; NPC, neural
progenitor cell.
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mCH in Rett syndrome. (a) As the brain matures, the abundances of mCH (blue) and
MeCP2 (red) increase dramatically, while the abundance of mCG (brown) remains stable.
(b) The binding affinity of MeCP2 to mCH (blue), mCG (brown), and unmethylated DNA
(black) varies under different MeCP2 protein concentrations. The scales of panels aand b
are schematic. (c) In immature brain, MeCP2 binds only to mCG sites owing to both a low
mCH level and a low MeCP2 concentration. In mature brain, the increased mCH level and
MeCP2 concentration enable the binding of (extra) MeCP2 at mCH sites in the bodies of
genes that typically have a length greater than 100 kb and are enriched for neurological
function (27). Based on this model, only in mature brain does disrupting MeCP2 function or
concentration result in misregulation of long genes that is severe enough to cause a
neurological disorder. The prototype of this model was proposed by Chen et al. (15), and the
gene length feature of MeCP2-regulated genes was found by Gabel et al. (27).
Abbreviations: mCG, CG methylation; mCH, non-CG methylation; MeCP2, methyl CpG
binding protein 2. Adapted from figure 6 of Reference 15.
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