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The epigenome consists of covalent
modifications made to DNA and his-
tones, as well as regulatory signaling
mediated by RNA molecules, that result
in transient, developmental, or stably
inherited changes in chromatin struc-
ture and genomic function. The pro-
cesses that mediate these changes enable
cells containing identical copies of the
entire genome to develop highly special-
ized functions based on the selective
expression of specific genes. Thus, epi-
genetic modifications are essential to
developmental processes, such as cellu-
lar differentiation, X-inactivation,
genomic imprinting, and aging. Pertur-
bations in the epigenetic landscape have
been implicated in pathological pro-
cesses, including carcinogenesis, as well
as developmental and psychiatric disor-
ders, such as autism and schizophrenia.

DNA methylation in eukaryotes is me-
diated by the addition of a methyl group
to the C5 position of cytosine residues.
5-Methyl-cytosine occurs most often at
CpG dinucleotides and is generally associ-
ated with transcriptional silencing (Wu
and Zhang, 2014). DNA methylation is a

dynamic and essential component of nor-
mal development, and contributes to fate
determination as cells differentiate from
pluripotency and through their progres-
sively lineage-restricted progenitors (Feng
et al., 2007). In a recent article, Sharma et
al. (2016) attempted to define the overar-
ching principles that direct the acquisition
of DNA methylation over the course of
neuronal development and subtype spec-
ification. They used bisulfite sequencing
to investigate differentially methylated re-
gions (DMRs) both “vertically” (i.e.,
through each developmental stage from
stem cell to mature neuron) and “hori-
zontally” (i.e., at each developmental
stage between two distinct neuronal sub-
types). DMRs were defined as regions that
contained at least four differentially meth-
ylated sites within 1 kb.

The authors defined five principles
governing the methylation dynamics as
neurons develop and mature. One prin-
ciple was that differentially methylated
genes are enriched in functional clusters
that are regulated and expressed in a
consecutive, stage-specific fashion. The
remaining four principles describe the
dynamic patterns that govern this step-
wise progression through development,
both within and between lineages. First,
there were three shifts in the methyl-
ation patterns of cells during neuronal
development. Initially, there was a pe-
riod of hypermethylation during the
transition from pluripotency to neural
progenitors (Stage 1; Sharma et al.,

2016, their Fig. 1 B, D). As progenitor
cells produced young neurons, there
was a phase of hypomethylation (Stage
2; Sharma et al., 2016, their Fig. 1 B, D),
and this was followed by another wave
of hypermethylation during the transi-
tion from young to mature neurons
(Stage 3; Sharma et al., 2016, their Fig.
1 B, D). These findings are consistent
with those in the literature showing
concurrent methylation and demethyl-
ation during neuronal differentiation
(Lister et al., 2013), but by identifying
the location of clustered sites showing
bidirectional changes in methylation,
which they assessed across develop-
ment, Sharma et al. (2016) clarified
these previous findings.

The second principle is that, in addi-
tion to the more typical CpG context, the
hypermethylation that occurred during
Stage 3 (i.e., the transition from young to
mature neurons) was uniquely marked by
the accumulation of methylation at CpH
(where H is any nucleotide other than G)
dinucleotides, particularly in a CpA con-
text. Sharma et al. (2016) again acknowl-
edged studies that described increased
CpH methylation in neurons (Ramsahoye
et al., 2000; Lister et al., 2009; Harris et al.,
2010; Ziller et al., 2011; Xie et al., 2012),
but highlighted that their study specifies
that CpH methylation in the brain is ob-
tained after neurons become postmitotic.
They additionally demonstrated that the
Stage 3 gain in methylation is prevented
by conditional knockdown of the de novo
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methyltransferase DNMT3a (Sharma et
al., 2016, their Fig. 1H), which is crucial
for CpH methylation. Sharma et al.
(2016) are not the first to demonstrate
this, however. Guo et al. (2014) deter-
mined via time-course analysis that de
novo CpH methylation occurs postnatally
during neuronal maturation, that non-
CpG methylation in the brain occurs
mostly in a CpA context, and that this is
conserved in human brains. Using short
hairpin knock-down experiments, they
also concluded that this process depends
on DNMT3a. Gabel et al. (2015) also re-
cently demonstrated that CpH methyl-
ation is absent in Dmnt3a conditional null
animals.

Interestingly, Guo et al. (2014) also
found that methylated CpH sites could be
recognized and bound by methyl-CpG-
binding protein 2 (MeCP2), a DNA binding
protein that recognizes methylated CpG
sites, regulates transcription, and plays a
crucial role in the maturation and function
of neurons. Indeed, the affinity of MeCP2
for CpA sites in particular closely mirrors its
binding affinity to symmetrically methyl-
ated CpGs. Given that dramatic increases in
the expression of MeCP2 in neurons coin-
cides with the accumulation of CpH meth-
ylation (Skene et al., 2010; Chen et al., 2015),
and given the affinity of MeCP2 for CpA
sites, the most common context for non-
CpG methylation in neurons, it is plausible
that MeCP2 may use these marks to regulate
gene expression. In line with this, Chen et
al., 2015 found that genes that acquire in-
creased methylation at CpH loci postnatally
become preferentially misregulated in
mouse models of Rett syndrome (RTT; a
neurodevelopmental disorder caused by
mutations in MeCP2).

Together, this implies that the Stage
3 increase in methylation noted by
Sharma et al. (2016), and particularly
the largely neuron-specific acquisition
of methylated CpH residues, may pro-
vide a regulatory signal for the develop-
mentally appropriate recruitment of
specific readers of DNA methylation to
sites in the genome. This notion is also
backed by the third principle of Sharma
et al. (2016) that lineage-specific differ-
ences in methylation were minimal
during Stages 1 and 2, but became sub-
stantial during the final stage of neuro-
nal maturation. This was accompanied
by disparate gene expression, with
lineage-specific enrichment for genes
pertinent to the distinctive functions of
each subtype, which may reflect a shift
in gene regulation mediated by the
stage-specific changes in methylation

context and their subsequent interpre-
tation by regulators, such as MeCP2.

The fourth principle of Sharma et al.
(2016) was that the changes in methyl-
ation during Stages 2 (i.e., hypomethy-
lation) and 3 (i.e., hypermethylation;
Sharma et al., 2016, their Fig. 3 E, F ) oc-
curred predominantly at introns and in-
tergenic regions, and that several of
these intronic DMRs had promoter/
enhancer activity, suggesting regulatory
potential. They go on to highlight lin-
eage-specific nuances, for example, how
the Stage 2 loss of methylation was
largely permanent in hippocampal cells,
whereas many of these differentially
methylated sites were remethylated in
developing striatal cells during Stage 3
(Sharma et al., 2016, their Fig. 3C). This
is consistent with their finding that stri-
atal cells exhibited three to four times
more methylated sites than hippocam-
pal cells during neuronal maturation
(Sharma et al., 2016, their Fig. 1 D). This
also potentially provides an avenue by
which DNA methylation readers may
contribute to the appropriate matura-
tion and function of specific neuronal
subtypes, as well as another potential
etiological basis for disorder when these
proteins are mutated or dysfunctional.
For example, conditional deletion of
MeCP2 from GABAergic interneurons
recapitulates many RTT and autistic-
like features in mice (Chao et al., 2010),
and MeCP2 regulates the neuron-spe-
cific potassium-chloride cotransporter
2 (KCC2), which contributes to GABA
dysfunction in RTT neurons (Tang et
al., 2016). Given that there is a relative
increase in methylation in GABAergic
neurons compared with glutamatergic
neurons (Kozlenkov et al., 2016), it is
possible that this distinction may un-
derlie the differential regulation of this
protein among neuronal subtypes.
However, further research is needed to
build the connection between methyl-
ation marks and MeCP2 regulation in
this instance.

The article by Sharma et al. (2016)
provides a detailed look at the dynamic
gains and losses in methylation across
development and across neuronal sub-
types. The framework Sharma et al.
(2016) have laid out is supported not
only by the quality of their work, but
also by a large body of literature. In
addition to contributing to our under-
standing of how changes in methylation
contribute to the development and
specification of neurons, Sharma et al.
(2016) have also contributed to an

evolving story of how epigenetic regula-
tion contributes to neurodevelopmental
disease.
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