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DNA methylation is a crucial epigenetic mark in mammalian development,
genomic imprinting, X-inactivation, chromosomal stability and suppressing
parasitic DNA elements. DNA methylation in neurons has also been
suggested to play important roles for mammalian neuronal functions, and
learning and memory. In this review, we first summarize recent discoveries
and fundamental principles of DNA modifications in the general epigenetics
field. We then describe the profiles of different DNA modifications in the
mammalian brain genome. Finally, we discuss roles of DNA modifications
in mammalian brain development and function.

1. Introduction

Epigenetics is a rapidly evolving branch of biology that studies how temporal
and spatial cellular diversity is achieved from invariable genomic sequences.
It addresses how a single genome with a defined number of genes can have rad-
ically different gene expression patterns and allows building a whole organism
with diverse cell types. We now know that each cellular lineage has a distinct
genomic distribution of epigenetic features, such as histone variants, histone
modifications and DNA modifications, which engenders distinct gene
expression profiles. Over the past decade, researchers have been successful in
describing (i) the epigenetic landscape of embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs), as opposed to somatic cells, (ii) stages
of epigenetic alterations during differentiation processes from ESCs or iPSCs
to various cellular lineages, and (iii) the epigenetic landscape of cancer cells.
Although there is an array of evidence supporting the importance of epigenetic
regulation in neurons, there is far less information for the neuronal epigenome
than for other well-studied cell types, such as ESCs or cancer cells.

A human brain consists of billions of neurons forming a complex network
with precise spatio-temporal functions. Each neuron in the brain works as a func-
tional unit that receives, integrates and transmits information. Neurons can alter
their electrophysiological properties and responsiveness towards particular
stimuli. Such neuronal plasticity requires sustained alteration of the local synaptic
strength as well as sustained alteration of global gene expression in the nuclei, for
timescales of hours, days or even years after the initial stimulus was present. Early
studies have shown that long-term memory formation requires activation of tran-
scription [1] and translation [2,3], but the molecular mechanisms by which
neurons sustain the newly formed states for such a long time are unknown.
The strength of individual neuronal connectivity is an important mechanism
for neuronal plasticity, and constitutive macromolecular synthesis from nuclei
is necessary to support the process [4]. Human memory often lasts for decades,
whereas most mRNAs have half-lives of minutes to hours [5] and most proteins,
including synaptic structural proteins, have half-lives of less than a few days [6].
Thus, it is unlikely that newly expressed protein factors or newly formed synaptic
structures in response to neuronal activity are the sole mechanisms underlying
the extreme stability of memory. A self-perpetuating nature or extremely long
half-life is necessary for explaining the stability of memory [7]. DNA methylation
is an attractive candidate for mediating long-term plasticity and memory. DNA
methylation is chemically stable with a half-life of over a thousand years [8].

© 2014 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2013.0512&domain=pdf&date_stamp=2014-08-18
mailto:shongju1@jhmi.edu
http://rstb.royalsocietypublishing.org/

Downloaded from http://rstb.royalsocietypublishing.org/ on April 27, 2017

NH, NH, IOH NH, (I? NH,
H CH, CH H-C
N Dmnt N Tet N Tet N
C /ﬁammalian cell) mC/Qmammalian cell) th/Qnammalian cell) fC /k
N O N 0 N 0 N 0
| | | |
(mammalian cell) l Tet

(mammalian cell) l AID
O

OH o NH,

BER

AP site

Figure 1. DNA modification models in the mammalian genome. In mammalian cells, three DNA methyltransferase proteins generate 5-methylcytosine. 5-Methylcytosine
is directly removed in plant genome, but the plant enzymes responsible for such processes are not conserved in the mammalian genome. 5-Methylcytosine can be
deaminated by APOBEC proteins to generate T-G mismatch base pairs and the thymine is removed by MBD4, but the existence and relevance of this pathway has
not been shown in mammalian cells. The 5-methyl group can be oxidized by Tet proteins to generate 5-hydroxymethycytosine, which is then deaminated
by AID and generates 5-hydroxyuracil that is then removed by TDG. Tet proteins can further oxidize 5-hydroxymethylcytosine to generate 5-formylcytosine and
5-carboxylcytosine. 5-formylcytosine and 5-carboxylcytosine are readily recognized and removed by TDG in mammalian cells. BER, Base excision repair; AP site,
apurinic site; Dnmt, DNA methyltransferase; Tet, ten-eleven translocation methylcytosine dioxygenase; APOBEC, apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like; MBD4, methyl-CpG-binding domain protein 4; TDG, thymine-DNA glycosylase; C, cytosine; mC, 5-methylcytosine; hmC, 5-hydroxymethylcytosine;

fC, 5-formylcytosine; caC, 5-carboxylcytosine; T, thymine; hmU, 5-hydroxymethyluracil.

Mammalian DNA methyltransferase (Dnmt) 1 is active on
hemimethylated cytosine—guanine dinucleotide (CpG) in
double-strand DNA [9], which allows for the self-perpetuating
nature of DNA methylation. The possibility of DNA modifi-
cation being a key mechanism for neuronal plasticity has
been considered since the late 1960s [7,10] and the disruption
of contextual fear conditioning following injection of a methyl-
ation inhibitor was shown in the 1970s [11]. However, not until
recent conceptual and technical advances in the epigenetics
field have we been able to study epigenetic regulations in mam-
malian brains extensively and several important discoveries
have been made. First, oxidation products of 5-methylcytosine
(6-mC), such as 5-hydroxymethylcytosine [12,13] (5-hmC),
5-formylcytosine (5-fC) and 5-carboxylcytosine [14,15] (5-caC)
were discovered in the mammalian genome along with the
Ten-eleven translocation (Tet) protein family of modifying
enzymes, which formed a conceptual basis for understanding
regulatory mechanisms of DNA methylation (figure 1).
Second, rapidly evolving sequencing technologies and novel
epigenetic assays form a technical basis for achieving a more
comprehensive picture of DNA methylation in the mammalian
brain in relation to other epigenetic modifications. Notably,
many of the recent novel findings regarding DNA modifications
are characteristically prominent in the mammalian brain. In this
review, we shall focus on DNA methylation and other novel
DNA modifications. First, we revisit lessons from our classical
understanding of DNA methylation in the mammalian
system. Second, we discuss representative features of the neur-
onal epigenome. Third, we discuss the evidence for active
regulation of DNA methylation and its potential function in
the mammalian nervous system (figure 1).

2. DNA modifications in the mammalian genome

5-mC is one of the earliest discovered epigenetic modifications in
the mammalian genome [16]. 5-mC mostly appears in the CpG
context in the mammalian genome. Under physiological con-
ditions, cytosine is spontaneously deaminated to become
uracil [17], which is rapidly repaired back to cytosine. When
5-mC is deaminated, 5-mC becomes thymine, which is one of
the four bases of DNA. Mammalian cells have repair mechan-
isms that preferentially remove a thymine base, rather than the
guanine base on the opposite strand from a T-G mismatch
pair [18]. Owing to the imperfect surveillance system and perva-
sive DNA methylation, the mammalian genome has lost CpG
dinucleotides and gained TpG/CpA dinucleotides throughout
evolution [19,20]. Certain regions of the mammalian genome,
however, have preserved their CpG dinucleotides in spite of
such evolutionary pressure [21]. These genomic regions lack
DNA methylation in germ cells, so spontaneous deamination
can easily be repaired without error [21]. Such genomic regions
are called CpG islands and have been suggested to be proximal
to important regulatory regions [22].

While histone modifications and their modifying enzymes
are well conserved from yeasts to humans, DNA methylation
exhibits surprising diversity in regulatory mechanisms and
genome-wide profiles over various organisms. In fact, the
distributions, regulatory mechanisms and potential functions
of DNA methylation are extremely diverse in eukaryotic
genomes. Many model organisms, such as Saccharomyces
cerevisine and Caenorhabditis elegans, lack DNA methylation
[23]. Drosophila melanogaster has only trace amounts of non-
CpG methylation during embryonic stages, and lose most
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methylation by adulthood [24]. On the other hand, honeybees
and silk moths have around 10% CpG methylation over gene
bodies, but not within intergenic regions [25]. Plants, such as
Arabidopsis thaliana, have a significant amount of non-CpG
methylation because they have non-CpG-targeted methyl-
transferases [26]. Moreover, plants have genes encoding
glycosylases that directly remove 5-mC. Neither orthologues
of such plant non-CpG-targeted methyltransferases, nor
mC-specific glycosylases, exist in the mammalian genome
[27]. Distinct regulatory mechanisms and profiles of DNA
methylation in non-mammalian model organisms made
mammalian DNA methylation studies more challenging. The
recent discovery of methylcytosine dioxigenases, or Tet protein
family together with 5-mC oxidation derivatives such as
5-hmC, was a conceptual breakthrough for the DNA methyl-
ation field, and a number of models for DNA demethylation
pathways in mammalian genome have been proposed [28].
The amount of 5-hmC is the highest in neurons and ESCs
[29]. Although the independent function of 5-hmC is still
under debate, at least during mammalian embryogenesis it
becomes clear that 5-hmC serves as an intermediate of DNA
demethylation through DNA replication-dependent dilution
or sequential oxidation followed by thymidine-DNA glycosy-
lase (TDG)-mediated DNA repair [30,31]. Potential functions
of 5-hmC are described in §5b.

3. Approaches to study DNA modifications

There are three standard approaches most often used in
epigenetic studies. The first approach is to generate genetic
models of writers, readers or erasers of epigenetic modifi-
cations to reveal the roles of specific DNA modifications in
biological contexts of interest. For example, neurodevelopmen-
tal or behavioural phenotypes have been observed in genetic
models of DNA methyltransferases, which suggest the
importance of DNA methylation dynamics in brain functions.

The second approach is to obtain genome-wide profiles of
epigenetic modifications to investigate the relationship with
other epigenetic marks or nearby transcriptional activities.
For example, 5-mC is enriched at promoters of repressed
genes [32], and the H3K4me3/H3K27me3 bivalent histone
mark appears at promoters of developmentally poised
genes [33]. 5-mC can be profiled using various assays, includ-
ing whole-genome bisulfite sequencing (WGBS), reduced
representation bisulfite sequencing (RRBS), methylated
DNA immunoprecipitation or array-based methylation
assays. 5-hmC, 5-fC and 5-caC profiles can be achieved by
antibody pull-down sequencing, chemical capture sequen-
cing or chemically/enzymatically modified versions of
WGBS [34] (table 1). Thanks to the genetic models and profil-
ing studies for DNA modification in mammalian brain, it is
now clear that precise regulation of DNA methylation is
especially important where frequent de novo methylation
and demethylation occur and that disturbance of DNA
methylation regulation causes functional defects.

The third approach is to interrogate the functions of
epigenetic modification directly by inducing or removing epi-
genetic modifications into targeted regions of the genome.
Although a number of profiling studies showed the inverse
correlation of DNA methylation and nearby transcriptional
activity, whether DNA methylation alone is necessary and
sufficient for suppressing gene expression is not quite clear

yet. Only a few studies directly demonstrated the causality [ 3 |

of DNA methylation on transcriptional repression and there
is still no report of manipulated DNA methylation to study
its causal role in the mammalian nervous system. Interest-
ingly, the lessons from other systems suggest that DNA
methylation has a more complex role than being a simple
suppressor for the transcription activity, which will be
reviewed in §4.

4. Potential roles of DNA methylation in

mammals

The prevailing view for role of DNA methylation in the
mammalian genome is its repressive function for nearby tran-
scriptional activity. There are, however, still uncertainties and
complexities concerning the function of DNA methylation in
mammals. First, most genes regardless of their expression
level have wunmethylated promoters, suggesting that
promoter methylation is not a primary mechanism for
transcriptional regulation. Second, the function of DNA
methylation outside promoters, such as in gene bodies and
enhancer regions, is not well understood. While one early
study reported that gene body methylation reduces transcrip-
tion elongation efficiency [35], a more recent report argues
that unmethylated gene body CpG islands are cryptic promo-
ters that might impede the transcriptional efficiency of the
original promoter [36]. The repressive effect of DNA methyl-
ation in the promoter region can either be direct, by blocking
binding of transcription factors [37], or indirect, by recruiting
methyl-binding domain proteins which contain transcription
repressive domains [38]. Schubeler et al. [39] used recombina-
tion-mediated cassette exchange (RMCE) to ask whether
DNA methylation is sufficient for gene repression. When a
fully methylated DNA construct containing an H2 enhancer
element (from human B-globin), human B-globin promoter
and eGFP, was inserted into the designated genomic locus
using Cre-recombination, expression of eGFP was signifi-
cantly repressed through histone deacetylation, as opposed
to its unmethylated counterpart [39]. Raynal et al. [40], on
the contrary, showed that DNA methylation was not suffi-
cient to suppress gene expression in the presence of histone
deacetylase (HDAC) inhibitor. Interestingly, when the
HDAC inhibitor was removed, cells treated only with
HDAC inhibitor rapidly re-suppressed GFP expression,
whereas cells treated with HDAC inhibitor plus the DNA
demethylating drug decitabine showed sustained GFP
expression for months. Thus, although DNA methylation is
not sufficient to mediate transcriptional suppression, DNA
methylation is important for maintaining stable suppression.
Likewise, Bouhassira et al. [41] showed that DNA methyl-
ation is not necessary for gene silencing, but is important
for maintaining epigenetic memory of suppression. Specific
DNA sequence recognition technologies have been signifi-
cantly improved with the discovery of the transcription
activator-like effector nuclease (TALEN) and Cas9 systems,
and have been successfully applied to local epigenome
editing [42]. Using local epigenome editing, we can now
inarguably show the effects of local epigenome change on
other epigenetic modifications as well as the transcriptional
activity of nearby genes. These valuable new tools will lead
to a much better understanding of the functions of
DNA methylation.
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Table 1. Assays for DNA modification profiling.
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5. Landscape of DNA modifications in
mammalian brain

A number of profiling studies accumulated genome-wide dis-
tributions of DNA methylation and hydroxymethylation,
histone modifications and transcription factor binding sites in
various cell types. Although there is considerable evidence
for the importance of epigenetic regulation in neurons,
there is far less information about the neuronal epigenetic land-
scape than in other well-studied cell types. There are at least
three reasons for the relatively few studies of neur-
onal epigenetics. First, with the currently available tools,
most epigenetic analyses require a large number of cells.
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methyl-CpG-binding domain protein 5-mC
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Unlike cancer cells or ESCs, neurons are not mitotic, so they
cannot be expanded in vitro. Second, the nervous system
exhibits significant heterogeneity of cell types in vivo. For
example, neurons reside with supporting glial cells, which
might have completely different epigenetic features than neur-
ons [43]. On average, half of the cells in the mammalian brain
are glial cells; thus half of the brain epigenome information is
typically coming from glial cells [43]. Moreover, there are hun-
dreds of different neuronal cell types with diverse
morphologies, functions and gene expression profiles [44].
Third, neurons exhibit significant heterogeneity with respect
to their physiological state. For example, only a small subset
of neurons in dentate gyrus is activated in a specific context
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Figure 2. Schematic for genome and epigenome of mammalian neurons. CpG (shown as open circles) dinucleotide sequences are unevenly distributed throughout
the genome; CpG dinucleotides are largely depleted in most genomic regions. Half of the promoters and some enhancers have an unusually high density of (pG
dinucleotides, which are called CpG islands. Enhancers and promoters are defined by the composition of histone marks and show characteristic 5-mC or 5-hm(
features. Poised enhancers, marked by H3K4me1 without H3K27ac have an intermediate level of 5-mCpG and a high level of 5-hmC and 5-mCpH. Active enhancers,
which are marked by H3K4me1 and H3K27ac have lower or similar levels of 5-m(pG as poised enhancers, and low levels of 5-mCpH. Promoters, which are marked
by H3K4me3 with histone acetylation, such as H3K27ac, are largely devoid of all DNA modifications. (Online version in colour.)

and expresses activity-dependent genes at any given time [45].
Thus, in order to study neuronal epigenetics, we need to
synchronize neuronal signalling. Although it is possible
to activate or suppress neuronal activity of cells simultaneously
in vitro, endogenous synchronization of neuronal activity in
large populations in vivo is rare because neurons have highly
specific synaptic connections that are differentially engaged
by the same stimulus. It is precisely this temporal and spatial
specificity of neuronal responses that underlie some of the
most fundamental properties of neural circuitry and function.
It is not currently possible to circumvent this heterogeneity
entirely, but efforts to minimize cell-type and activation-state
variability in the intact brain have been made and have
resulted in important insights from genome-wide DNA modi-
fication profiling studies. In this section, we review findings
from profiling studies on different DNA modifications in the
mammalian nervous system (figure 2).

(a) 5-Methylcytosine in the CpG context

With few exceptions, most mammalian cells have high CpG
methylation levels; 80-90% of cytosine within the CpG context
is methylated [46]. By contrast, most CpG islands, where CpG
dinucleotides are present at relatively higher frequency, are
devoid of DNA methylation regardless of cell type [22]. Differ-
ent genomic annotations have characteristic methylation levels
and potentially distinct functions. First, half of the promoters in
the mammalian genome overlap with CpG islands and are lar-
gely unmethylated [47]. Methylation levels in the promoter
region are inversely correlated with gene expression levels
both in ESCs and neurons [32]. Second, gene bodies in the

mammalian genome are highly methylated [25]. Interestingly,
gene body methylation is inversely correlated with gene
expression in neurons but positively correlated with gene
expression in ESCs [32]. Third, distal regulatory elements,
such as enhancers or insulators, have intermediate levels of
CpG methylation and are differentially methylated according
to cell type [48]. For example, neuron-specific active enhancers
are more hypomethylated in neurons than in other cell types
[46]. Genome-wide CpG methylation can be altered upon
neuronal activity and most of the methylation changes occur
within genomic regions, apart from promoters, many of
which are thought to be located at distal regulatory elements
[32]. Fourth, intergenic regions are almost always completely
methylated [48]. The large domains of hypomethylation
observed in some types of cancer cells have not been reported
in neurons, but small hypomethylated regions appear more
frequently in neurons than in other cell types [46,49].

(b) 5-Hydroxymethylcytosine

The presence of 5-hmC in the mammalian genome was first
reported in the 1970s using chromatographical separation fol-
lowed by spectrophotometric measurements [50]. This
observation has since been questioned because the amount
of 5-hmC in that study was more than two orders of magni-
tude higher than what we now know to be the actual amount,
and 5-mC was not detected in the assays. More than three
decades later, 5-hmC was identified in ESCs and Purkinje
neurons from two independent laboratories using more pre-
cise detection by mass spectroscopy [12,13]. Although
5-hmC was first confirmed in ESCs and cerebellar Purkinje
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neurons, the amount of 5-hmC in the brain is much higher in
the hypothalamus, cerebral cortex and hippocampus [51].
The amount of 5-hmC in these brain regions is up to 0.7%
of all cytosines, whereas 5-mC is 4% of all cytosines. Since
5-hmC appears to be methylcytosine in bisulfite sequencing,
it is important to remember that one-sixth of ‘methylated
cytosines’ in the WGBS in previous studies of the mammalian
brain is in fact 5-hmC rather than 5-mC. Promoters with CpG
islands are devoid of 5-hmC as well as 5-mC. Enhancers are
the genomic annotation that have the highest amount of
5-hmC, regardless of their activity [52].

Recent studies showed that 5-hmC is the first step of the
Tet-TDG-mediated DNA demethylation pathway, which is
followed by further oxidation to 5-fC and 5-caC and DNA
repair back to C. It is, however, still under debate why
5-hmC levels are orders of magnitude higher than its oxidation
products 5-fC and 5-caC, if 5-hmC is an intermediate to 5-fC
and 5-caC. Moreover, 5-hmC distributions are tissue specific,
and gene body 5-hmC shows a positive correlation with tran-
scriptional activity in brain, which suggests a biological role
for 5-hmC [53]. A few potential functions have been suggested
but there is no consensus currently. Khare et al. [54] reported
that exonal 5-hmC density determines whether the exon is
included or excluded when the pre-mRNA is spliced in
mouse and human frontal cortex. Although population-level
data support the 5-hmC effect for alternative splicing, it is
not clear whether it holds true for individual cells, because
the amount of 5-hmC is relatively low (approx. 10%), even
in neurons. Second, Mellén et al. [55] showed that methyl-
CpG-binding protein 2 (MeCP2) binds to 5-hmC as well as
5-mC in brain. They suggested that when MeCP2 is bound
to 5-hmC, it facilitates nearby gene expression, which can
explain the long standing paradox of global gene expression
increases following knockdown of MeCP2 expression.
Although MeCp2 binding to 5-hmC was independently
validated, there is still no plausible explanation for how
MeCP2 can either activate or repress depending on its binding
to 5-mC or 5-hmC.

() 5-Methylcytosine in the non-CpG context

Unlike the plant genome where enzymes for generating and
erasing non-CpG methylation have been well characterized,
non-CpG methylation in the mammalian genome has not
been studied extensively. Lister et al. [56] showed that non-
CpG methylation is abundant in human ESCs and human
iPSCs as opposed to fibroblasts, which exhibit hardly any
non-CpG methylation. Lister et al. also reported that non-
CpG methylation is depleted at tissue-specific enhancers,
suggesting its importance either as a repressor of enhancer
activity, or prohibition by enhancer activity. Xie et al. [57]
later reported a similar level of non-CpG methylation in the
mouse frontal cortex. The discrepancy between abundant
non-CpG methylation in ESCs and neurons, but minimal
methylation in intermediately differentiated cells, was resolved
by a recent intensive whole methylation study by Lister et al.
[58]. The authors did whole-genome bisulfite sequencing for
sorted neurons from human and mice. They found that both
in the human and mouse brain, non-CpG methylation accumu-
lates throughout development and is maintained during the
lifespan of the organism. It was, however, not clearly shown
how non-CpG methylation is regulated. There are anecdotal
observations of non-CpG methylation in the mammalian

genome. Ramsahoye et al. [59] found that although the enzy- [ 6 |

matic activity of Dnmt3a is mostly biased towards CpG
methylation, Dnmt3a also has weak methylation activity
towards the non-CpG context. Thus, it is likely that Dnmt3a
generates non-CpG methylation, but it is still completely
unknown why neurons and ESCs have such a high amount
of non-CpG methylation compared with other tissues. The
function of non-CpG methylation is suggested to be repressive.
It has also been suggested that inactive enhancers have higher
amounts of non-CpG methylation than other genomic regions.
Indeed, Lomvardas et al. [60] also observed that inactive enhan-
cers are enriched with non-CpG methylation, suggesting that
non-CpG methylation in enhancers might also be important
in mammalian neurons. Guo et al. [61] showed that non-CpG
methylation can help nearby CpG methylation recruit
methyl-binding proteins and suppress transcriptional activities
in vivo. They showed that non-CpG methylation is blocked in
the absence of Dnmt3a during early development, and thus
certain genes become de-suppressed.

6. Potential functional roles of DNA methylation
in the mammalian brain

(a) DNA methylation in brain development

In the mammalian genome, there are three genes encoding
Dnmt, which transfers a methyl group from S-adenosylmethio-
nine (SAM) to the cytosine nucleotide in the CpG context of
double-stranded DNA. Dnmtl, the earliest member of the
Dnmt family to be identified, has preferential activity towards
unmethylated CpG base pairs with methylated CpG (hemi-
methylated CpG dinucleotides), whereas Dnmt3a and
Dnmt3b have de novo methyltransferase activity for cytosine
in the CpG context [9]. Homozygous knock out of Dnmt] in
ESCs does not cause any notable abnormalities, but embryos
fail to develop past mid-gestation [62]. Dnmt3a homozygous
knockout mice die at around four weeks of age, whereas
Dnmt3b homozygous knockout mice are embryonic lethal
with multiple tissue defects that include cardiac anomaly and
hepatic hypotrophy [63]. In humans, homozygous hypo-
morphic mutations or compound heterozygous hypomorphic
mutations of Dnmt3b cause ICF syndrome, which results in
immunodeficiency, centromere instability, facial anomalies
and mental retardation [63]. These genetic mutation studies
clearly stress the importance of DNA methylation in normal
mammalian development.

DNA methylation also has been postulated to play
important roles in brain development and neuronal function.
In order to study brain-specific functions of DNA methyl-
ation, a late-stage or inducible knockout of a gene in
specific cell types, without affecting general developmental
processes, is necessary since disruption of DNA methylation
in prenatal stages results in neurodevelopmental defects.
A series of conditional knock out studies by Fan and co-
workers [64—68] showed various neurodevelopmental defects
caused by Dnmt deletions and global hypomethylation in the
mammalian nervous system. Mice with a Dnmt1 deletion in
excitatory post-mitotic neurons using the calmodulin-kinase
o promoter-driven Cre (CamK-Cre) system exhibited no
overt phenotype. Mice with Dnmt] deletion in neural stem
cells using Nestin-Cre system, however, showed global hypo-
methylation in the nervous system and died immediately
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after birth due to respiratory failure [65]. Dnmtl-deleted
neural stem cells became globally hypomethylated and
underwent precocious astroglial differentiation due to acti-
vation of the JAK-STAT pathway [66]. Mice with Dnmtl
deletion in telencephalic excitatory neurons and astroglial
lineages using the Emx promoter-driven Cre system had
a normal lifespan, but developed severe cortical and
hippocampal degeneration with morphological and electro-
physiological defects in affected neurons. Mice lacking
Dnmt3a in the nervous system were born healthy, but degen-
erated in adulthood and died prematurely showing a loss of
motor neurons and morphological defects in the neuro-
muscular junctions in the diaphragm [69]. Wu et al. [70]
explained the mechanism by which Dnmt3a deficiency
causes neurodevelopmental defects using in vitro neur-
onal differentiation of neural stem cells. Interestingly, the
induction of Dnmt3a-mediated de novo methylation occurs
in genes that are active during neuronal differentiation. De
novo methylation blocks binding of the polycomb repressive
complex and facilitates the activation of gene expression. In
addition to the Dnmt defects, mutations of the methylation
reader MeCP2 also cause severe neurodevelopmental defects
and result in Rett syndrome. MeCP2 is the primary member
of a methyl-CpG-binding domain protein family and is
highly expressed in mature neurons [71]. According to a
report from the International Rett Syndrome Foundation,
Rett syndrome can be caused by over 1000 different
mutations in the X-linked MeCP2 gene. Interestingly, Rett
syndrome patients develop normally until 6-18 months of
age, and then gradually regress as autistic symptoms, seizure,
ataxia and stereotypical hand wringing behaviour emerge
[72]. Male mice with a hemizygous (X'Y) MeCP2 gene
mutation appear to be normal at birth, but start to show
severe neurological symptoms at approximately five to six
weeks of age, typically resulting in premature death between
six and 12 weeks. Female mice with heterozygous (X'X)
MeCP2 gene mutation start to show behavioural symptoms
after several months [73,74].

(b) DNA methylation in mature neuronal function
Establishment of cell-type-specific methylation during mam-
malian development suggests that proper methylation and
recognition of methylation during neuronal development are
crucial. But it is surprising that post-mitotic neurons still
retain the capacity for de novo, activity-dependent and /or sus-
tained methylation [75,76]. It is now clear that (i) mammalian
neurons express enzymes with methylating or demethylating
activities, (ii) the mammalian neuronal methylome can change
within a few hours, and (iii) disrupting such changes by block-
ing enzyme activity results in various behavioural phenotypes.
Both DNA methyltransferases and demethylases are abun-
dantly expressed and actively regulated in mature neurons.
Using in situ hybridization, Goto et al. [26] showed that
Dnmt1 is abundant not only in rapidly dividing embryonic tis-
sues, but also in most mature neurons in the adult mouse brain.
Feng et al. [76] used lacZ knock-in lines to achieve the spatio-
temporal expression maps of Dnmt3a and Dnmt3b. Unlike
Dnmt3b whose temporal expression pattern is restricted to a
narrow window of early neurogenesis, Dnmt3a has bimodal
expression patterns: at E13.5, Dnmt3a expression is highly
localized to ventricular and subventricular zones, whereas at
E17.5 and six months old, Dnmt3a is strongly expressed in

NeuN-expressing mature neurons in most central nervous
system regions. Dnmt3a expression levels in the CA1 area of
the mouse brain were significantly upregulated by fear con-
ditioning [77] and in the dentate gyrus by electroconvulsive
stimulation (ECS) [32], suggesting potential roles of de novo
methylation in mature neurons. Tet enzymes, key for the
DNA demethylation pathway, are also highly expressed in
mature neurons [78].

Evidence that DNA methylation can be dynamically
regulated comes from a number of observations of popu-
lation-wide demethylation in non-dividing neurons, where
DNA methylation cannot be diluted. Levenson et al. [79]
used pharmacological inhibitors to investigate the function of
Dnmt enzymes in long-term potentiation (LTP) and found
that blockade of Dnmt induced significant reduction of methyl-
ation levels of Reelin and Bdnf promoters in mice hippocampal
slices after only 20 min of drug treatment [79]. This study
shows that neurons have highly active DNA methyltransfer-
ases and demethylases in equilibrium in certain regions of
the genome and that local neuronal activity can perturb this
equilibrium, resulting in changes in local methylation.

The importance of promoter methylation for transcrip-
tional activity is best studied at the Bdnf locus. Bdnf has
multiple transcription starting sites and the DNA methyl-
ation level at these transcription start sites is indeed
important for local transcription activity in the context of
fear conditioning [80]. However, when Martinowich et al.
[81] activated cultured embryonic hippocampal neurons in
vitro with high KCI in the medium they found that activation
of Bdnf IV exon expression occurred with demethylation of
the Bdnf IV promoter in conjunction with histone acetylation
at the same locus. Guo et al. [32] asked whether there are
genome-wide methylation changes in dentate granule neur-
ons upon synchronized neuronal activation by ECS in vivo.
This study used methyl-sensitive cut counting technology
to profile methylation levels of CpG in the CCGG context,
which is around 1% of all CpGs in the mouse genome. Sur-
prisingly, 1.4% of all CCGG sites showed altered DNA
methylation 4 h after ECS [32].

The abundance of 5-hmCs and non-CpG methylation is
additional evidence of dynamic DNA modifications in mam-
malian neurons. 5-hmC was first discovered as an oxidation
product of 5-mC in Purkinje neurons [13] and ESCs [12],
which led to discoveries of further oxidation products, 5-fC
and 5-caC, and the identification of the Tet-TDG demethylation
pathway [14,15]. Non-CpG methylation is a by-product of
CpG-specific DNA methyltransferase Dnmt3a and is also
abundant in ESCs and neurons [59]. Further studies have
shown that 5-hmC and non-CpG methylation have criti-
cal functions in ESCs and neurons based on their high
abundance in these cell types. The presence of high levels of
5-hmC and non-CpG methylation supports the notion of a
highly dynamic nature of DNA methylation and demethyla-
tion in mammalian neurons.

Emerging evidence suggests that blocking dynamic regu-
lation of DNA methylation in mammalian brain results in
various neuropsychiatric malfunctions. Miller ef al. [77] asked
whether DNA methyltransferase activity is important for con-
textual fear conditioning by infusing a pharmacological
blocker of Dnmt proteins immediately after contextual fear
conditioning. This experiment was reminiscent of a classic
experiment which showed the necessity of transcription and
translation in mammalian long-term memory consolidation
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[3]. Mice infused with a Dnmt blocker immediately after
fear-conditioning training showed significantly impaired
expression of a learned response in later probe tests, compared
to control mice. In control animals, associative learning involv-
ing contextual stimuli induced a dramatic increase in DNA
methylation in the promoter region of the memory suppressor
gene PP1 within 2h along with slightly reduced Ppl
expression. Conversely, infusion of a Dnmt blocker resulted
in significant demethylation in the same region associated
with 100% increase of Ppl 1 h after infusion. Feng et al. [64]
used the CamK-Cre system to knock out Dnmt3a or Dnmt1 in
post-mitotic neurons after birth. Dnmt3a or Dnmtl single
knockout mice had normal total 5-mC amounts and showed
normal phenotypes. Dnmt3a/Dnmtl
knockout mice had a normal lifespan, but had smaller hippo-

conditional double

campi and showed defects in learning and contextual
memory consolidation. Dnmt3a/Dnmtl conditional double
knockout neurons had 15-20% lower 5-mC and 5-hmC com-
pared to the wild-type animals and showed attenuated LTP
and enhanced long-term depression (LTD), which could
account for the learning and memory consolidation deficit.

Proper recognition of 5-mC is important for mature
neuronal function. Although MeCP2 defects are the primary
cause of the devastating neurodevelopmental disorder, Rett
syndrome, MeCP2 is also important for mature neuronal
functions. MeCP2 elimination in mature neurons results in
reduced spontaneous excitatory synaptic transmission
(mEPSC), which is mimicked by HDAC inhibitor treatment
[82]. Induction of MeCP2 defects in the adult mouse brain
causes immediate onset of Rett syndrome-like symptoms as
early as one week after the induction [83]. The neurological
defects are accompanied by shrinkage of brain size, retraction
of dendritic arbours and reduction of dendritic spinal den-
sity, potentially due to post-translational dysregulation of a
number of synaptic proteins. The striking reversal of Rett
symptoms by rescuing MeCP2 only in the microglial popu-
lation, however, calls for further studies for the importance
of MeCP2 function in mature neurons [84].

Tetl knockout mice show grossly normal development
and anatomy [85], so a targeted knockout is not necessary
when interrogating brain-specific functions related to Tetl.
Zhang et al. [86] showed that Tet1 knockout mice show hippo-
campal adult neurogenesis defects along with spatial
learning and short-term memory impairments, but exhibit
normal long-term memory. By contrast, Rudenko et al. [87]
showed that Tet1 knockout mice exhibited normal memory
acquisition, evaluated by Pavlovian fear conditioning and
the Morris water maze test. Interestingly, the authors found
significant impairments in contextual fear and spatial refer-
ence memory extinction in the Tetl knockout animals. The
Schaffer collateral-CA1 pathway in Tetl knockout animals
exhibited stronger and longer lasting LTD than in wild-type
animals, as opposed to slightly decreased LTP, which can
potentially explain the abnormalities in memory extinction.
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