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Abstract Epigenetic marks are modifications of DNA and
histones. They are considered to be permanent within a single
cell during development, and are heritable across cell division.
Programming of neurons through epigenetic mechanisms is
believed to be critical in neural development. Disruption or
alteration in this process causes an array of neurodevelopmental
disorders, including autism spectrum disorders (ASDs). Recent
studies have provided evidence for an altered epigenetic land-
scape in ASDs and demonstrated the central role of epigenetic
mechanisms in their pathogenesis. Many of the genes linked to
the ASDs encode proteins that are involved in transcriptional
regulation and chromatin remodeling. In this review we high-
light selected neurodevelopmental disorders in which epigenetic
dysregulation plays an important role. These include Rett syn-
drome, fragile X syndrome, Prader–Willi syndrome, Angelman
syndrome, and Kabuki syndrome. For each of these disorders,
we discuss how advances in our understanding of epigenetic
mechanisms may lead to novel therapeutic approaches.
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Introduction

Autism, first described by Kanner in 1943 [1], is one of the
most frequently diagnosed neurodevelopmental disorders.
Autism spectrum disorders (ASDs), encompassing classical
autism, Asperger syndrome, childhood disintegrative disor-
der, Rett syndrome (RTT), and pervasive developmental dis-
order not otherwise specified, are an important group of
neurodevelopmental disorders. ASDs are characterized by
impaired language development, abnormal social interactions,
and stereotyped and repetitive behaviors, and can be diag-
nosed reliably in children around 2–3 years of age. Epidemi-
ological studies suggest that there is an increase in occurrence
of ASD, with an estimated prevalence of about 1 in 88
children [2] and about 1 % in the general population [3].
The prevalence is higher in male children (about 1 in 54) than
in female children (about 1 in 250). Environmental factors,
prenatal maternal inflammatory disease, and genetics have all
been implicated as causative factors in ASDs [4, 5].

Genetic studies in the last decade, primarily using high-
density array comparative genomic hybridization, have iden-
tified several genetic loci where copy number abnormalities
have been associated with ASDs [6]. This accounts for about
20 % of cases. Twin and family studies confirm the impor-
tance of genetics in ASDs. The risk of recurrence of ASD in a
family with a single affected child is between 2 and 18 %
[7–11]. A recent study by Hallmayer et al. [12] provided
rigorous quantitative estimates of genetic heritability in a large
cohort of twin pairs with autism. In male twins, the estimated
concordance was 77 % for monozygotic pairs and 31 % for
dizygotic pairs. In female twins, the concordance was 50 %
for monozygotic pairs and 36 % for dizygotic pairs. This
suggests that susceptibility to ASD has both a genetic com-
ponent and a significant environmental component [12].
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Epigenetics and ASDs

“Epi-” is derived from the Greek for “over” or “above”, and
the term “epigenetics”, coined byWaddington, refers to mech-
anisms “above” the DNA sequences that regulate gene ex-
pression [13]. The sequence of a person’s genome alone may
be inadequate when we try to understand the combined effect
of genetic make up and environment on the phenotype of
children with developmental disorders. Regulation of neuro-
nal structure and function through epigenetic mechanisms is
believed to be critical in the development of the nervous
system. Disruption or alteration of this process may cause an
array of neurodevelopmental disorders, including ASDs [14].
The role of epigenetics in autism has only emerged in the last
few years, and represents a growing area of research [15].

DNA in the genome is organized as chromatin in tightly
packed 3-dimensional structures, composed of nucleosomes
in different states of compaction. The nucleosome consists of
a 146 base-pair (bp) DNA segment wrapped around an
octamer of core histone proteins made up of a pair of H3–
H4 dimers and a pair of H2A–H2B dimers, connected by
linker DNA. Epigenetic modifications include biochemical
modifications of DNA (methylation of cytosine residues at
CpG islands) and post-translational modification of histone
proteins. These epigenetic marks are considered to be perma-
nent within a cell all through development, and are accurately
replicated in daughter cells through mitosis. Epigenetic mod-
ifications affect DNA–protein interactions resulting in large-
scale changes in chromatin structure or modulation of gene
transcription.

Genomic Imprinting in ASD

One specific form of epigenetic regulation of gene expression
is genomic imprinting. The term genomic imprinting was first
coined by Helen Crouse in 1960 [16] and applies to epigenetic
regulation of gene expression in a parent-of-origin-specific
manner. In imprinted regions, either the paternal or the mater-
nal allele of selected genes is silenced. Normal development
requires bi-parental inheritance and expression of genes from
both chromosomes. A gene is “maternally imprinted” if the
maternal allele is silenced, and “paternally imprinted” if the
paternal allele is silenced. The imprinting pattern is
established in germ cells. Many genes are ubiquitously
imprinted in the body; however, there are genes that
have tissue-specific or activity-specific imprinting pat-
terns [17]. An extreme example of genomic imprinting
is X-inactivation in females, the process by which 1 of
the 2 X-chromosomes is completely silenced and forms
the Barr body [18].

Genomic imprinting patterns are determined by the speci-
ficity of DNAmethylation and post-translational modification
of histones. One characteristic of imprinted genes is the

presence of differentially methylated regions (DMRs), where
the 2 parental chromosomes are differentially marked by
DNA methylation [19]. DMRs act as imprinting control re-
gions (ICRs), loci that are required for imprinting of all genes
within a cluster [20]. De novo DNA cytosine-5-
methyltransferase-3-alpha catalyzes methylation of cytosine
residues within CpG dinucleotides in both germ cells and in
pre-implantation embryos. Imprinted genes are thought to
play an important role in embryonic development [21]. Ex-
pression of imprinted genes is high in both brain and placenta.
There are approximately 70 known imprinted genes in
humans. More maternally methylated DMRs and ICRs have
been identified than paternally methylated DMRs and ICRs
[22]. In mice, about 1300 imprinted genes have been identi-
fied, and another 350 genes are transcribed with a parent-of-
origin allelic bias in a sex-specific manner [23]. Many of these
imprinted loci have been shown to influence neuronal differ-
entiation, behavior, or susceptibility to neurological disease
[24–26]. Evidence linking genomic imprinting to
neurodevelopmental disorders including ASD comes from
the study of Prader–Willi syndrome (PWS) and Angelman
syndrome (AS). Although clinically distinct, both disorders
are caused by mutations within chromosome 15q11-13 (PWS/
AS region). The phenotype is dependent on which parental
chromosome carries the genetic modification. Analysis of
chromosome 15q11-13 and its orthologous chromosome 7 in
mice has provided insight into the molecular mechanisms of
imprinting in the PWS/AS region [27, 28].

Angelman Syndrome

AS was described by Harry Angelman in 1965. AS is charac-
terized by delayed development, intellectual disability, speech
impairment, epilepsy, puppet-like ataxic movement, progna-
thism, tongue protrusion, paroxysms of laughter, and abnormal
sleep patterns. Mutation or deletion of the maternal gene
ubiquitin protein ligase E3A (UBE3A) causes AS. UBE3A
encodes a homologous to E6-associated protein C terminus
domain E3 ubiquitin ligase. Deletions (~6Mb in size, including
UBE3A) in the maternal chromosome 15q11-13 account for
about 75 % of AS cases, and point mutations in maternal
UBE3A account for 10–15 % of cases [29–31]. The remaining
cases are caused by uniparental disomy or mutations within the
imprinting control regions. In humans and mice, UBE3A is bi-
allelically expressed in most tissues. In neurons, owing to
tissue-specific paternal imprinting, the maternal allele alone is
expressed, while the paternal allele is epigenetically silenced
[32]. Analysis of “knock-in” mice in which a UBE3AYFP

(yellow fluorescent protein) fusion gene was inserted into the
UBE3A locus revealed thatUBE3A was enriched in nuclei and
dendrites of neurons. Study of YFP expression in the brain
when the fusion gene was maternally or paternally inherited
clearly demonstrated paternal imprinting of UBE3A in neurons
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of the hippocampus, cortex, thalamus, olfactory bulb, and
cerebellum [33]. Biallelic expression was seen in glial cells.

The molecular mechanism by which the paternal UBE3A
gene is imprinted is complex (Fig. 1). The UBE3A promoter
region is unmethylated in both the maternal and paternal
chromosomes. This implies that differential methylation of
the UBE3A promoter is not the mechanism for paternal im-
printing in the brain. Antisense RNA-mediated epigenetic
silencing of many genes has been reported [34]. The UBE3A
antisense RNA transcript (UBE3A-ATS) is thought tomediate
the silencing of the paternal UBE3A allele [35]. UBE3A-ATS
is a large transcript (500–∼1000 kb) that extends through the
SNRPN–SNURF–UBE3A gene cluster in chromosome
15q11-13. The UBE3A-ATS is expressed exclusively from
the paternal allele in neurons; in these same neurons, the sense
UBE3A messenger RNA (mRNA) is expressed from the
maternal allele. UBE3A-ATS is an atypical RNA polymerase
II transcript, and functions in cis to suppress paternal UBE3A
expression [36]. The paternal antisense transcript is positively
regulated by the PWS imprinting center (PWS-IC) and dele-
tion of this PWS-IC causes increased expression of the pater-
nal sense UBE3A mRNA [37]. Thus, the paternal PWS-IC
promotes expression of genes from the paternal SNRPN–
SNURF–UBE3A cluster, while at the same time repressing
paternal UBE3A gene expression via an antisense RNA

mechanism [38]. Inhibition of UBE3A-ATS expression is a
potential therapeutic target for patients with AS carrying a
mutant maternal allele [38, 39]. In an alternate model, it has
been proposed that expression of UBE3A-ATS induces his-
tone modifications within the paternal UBE3A locus that
aborts transcriptional elongation of sense UBE3A, resulting
in truncated, inactive UBE3A mRNAs [31].

In a recent study, Huang et al. [40] used a novel strategy to
discover drugs that unsilence an imprinted paternal UBE3A
allele. They used the UBE3A–YFP knock-in mouse model as
a reporter of UBE3A imprinting [33]. In cultured embryonic
cortical neurons prepared from these mice, UBE3A–YFP
expression was suppressed when UBE3A–YFP was paternal-
ly inherited (UBE3Am+/pYFP), but was expressed when
UBE3A–YFP was maternally inherited (UBE3AmYFP/p+).
They used neurons from UBE3Am+/pYFP animals to screen
for drugs that upregulated YFP fluorescence. Unexpectedly,
topoisomerase inhibitors (including toptecan and irinotecan)
were found to unsilence the paternal UBE3A allele. They then
tested topotecan in an AS mouse model (maternally-derived
UBE3A-null allele) and found that topotecan up-regulated
expression of active UBE3A in cultured neurons from AS
mice. When given intrathecally (intraventricular injections or
injection into the spinal subarachnoid space) into AS mice,
topotecan, unsilenced and upregulated expression of the

Fig. 1 Diagram of the imprinted maternal and paternal chromosome
15q11-q13 regions containing Prader–Willi/Angelman Syndrome
(PWS–AS) locus. This locus controls maternal and paternal specific
expression of (A) protein-coding genes ubiquitin protein ligase E3A
(UBE3A) and SNURF/SNRPN = SNRPN upstream reading frame /
small nuclear ribonucleoprotein polypeptide N (green); (B) long noncod-
ing RNA (lncRNA) HBII-85 , imprinted in Prader-Willi (IPW), HBII-52
(blue); and (C) UBE3A-antisense RNA transcript (ATS) (0.5–1.0 Mb in
length) that overlaps the UBE3A gene. The PWS/AS imprinting centers

(AS-IC and PWS-IC) have parent specific epigenetic marks that regulate
gene expression. During development, the AS-IC (open circle) estab-
lishes and maintains the PWS-IC on the maternal chromosome. Methyl-
ation at PWS-IC (pink triangles) on the maternal chromosome suppresses
expression of genes downstream of the PWS-IC center (red bar). On the
paternal chromosome, differential methylation of PWS-IC results in
paternal expression of lncRNAs, including the UBE3A-ATS, which
represses UBE3A gene expression (red bar) [27–29]
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paternal UBE3A allele in several regions of the nervous sys-
tem. This effect was long lasting, suggesting that these were
potential therapeutic agents for treatment of AS.

Prader-Willi Syndrome

PWS is characterized by hypotonia and failure to thrive in the
immediate postnatal period. Appearing later are the more
typical features of hyperphagia resulting in obesity,
hypogonadism, mild-to-moderate mental retardation, behavior
problems, and autistic features. The prevalence of PWS is 1 in
10,000 to 1 in 22,000 [41].Microdeletion (5–6-Mb region) in the
paternal chromosome 15q11.2-13 accounts for 75 % of patients
with PWS. Approximately 20 % of PWS patients have maternal
uniparental disomy, where both copies of chromosome 15 derive
from themother. Amutationwithin the PWS-IC is seen in almost
5 % of patients. Less than 1 % of patients have a chromosomal
rearrangement resulting in a breakpoint within or deletion of the
paternal 15q11.2-q13 region [42, 43]. Each of these genetic
lesions leads to the loss of differential methylation at PWS-IC,
resulting in the loss of expression of paternally-derived alleles.
Deficiency in these paternal transcripts is implicated in PWS, but
the function of most of the encoded proteins is not completely
understood. Lack of the paternally expressed SNORD116 small
nucleolar RNA has been shown to result in a PWS or PWS-like
phenotype [44].

Duplication of Chromosome 15q11-13

Inherited maternal duplication (dup 15) or triplication
(isodicentric extranumerary chromosome, idic15) of chromo-
somal region 15q11-q13 are important genetic causes of ASD.
Imbalance of 15q11-13 dosage accounts for about 1–2 % of
ASD cases. This can disrupt normal parental homologue
pairing, DNA methylation patterns, and gene expression pat-
terns within 15q11-13. Features of autism, along with cogni-
tive impairment, anxiety, and hyperactivity are seen in 15q
duplication syndrome [45–50]. Penetrance of the autism phe-
notype is complete in patients with idic15. Paternally-
inherited duplication of this region very rarely predisposes
an individual to ASD [51–53]. Studies in postmortem brain
samples have shown that, despite increased maternal dosage,
the expression of imprinted genes within this region (SNRPN ,
NDN , small nucleolar RNAs) is reduced. The 15q11-13 re-
gion also contains non-imprinted gamma-aminobutyric acid
(GABA) receptor genes (GABRB3 ,GABRA5 , andGABRG3 ).
The expression of these genes is also reduced. In contrast,
studies in transformed lymphocytes and postmortem brain
tissue from idic15 cases indicate that UBE3A expression
(mRNA and protein) is increased, proportional to the increase
in gene dosage [54]. It is suggested that the epigenetic alter-
ation due to long-range chromatin organization might contrib-
ute to these gene expression abnormalities [55].

Fragile X Syndrome

Fragile X syndrome (FXS), caused by mutation of the X-
linked FMR1 gene, is one of the most studied monogenic
autism spectrum disorders. FXS was the first genetic disorder
defined as being caused by a new type of mutation—expan-
sion of an unstable trinucleotide repeat sequence [56]. The
prevalence of FXS is about 1:4000 among men and 1:8000
among women [57, 58]. Behavioral signs of FXS include
autistic features, moderate-to-severe intellectual disability, sei-
zures, hypersensitivity to sensory stimuli, anxiety, attention
deficit, hyperactivity, and motor incoordination. Somatic fea-
tures include macro-orchidism, microcephaly, elongated face,
and large, everted ears [59]. Mutation of FMR1 results in
silencing of the FMR1 gene [60]. The FMR1 gene encodes
fragile X mental retardation protein (FMRP), an mRNA-
binding protein that is highly expressed in neurons. FMRP
functions to negatively regulate synaptic protein synthesis in
the brain. Current models propose that loss of FMRP leads to a
dysregulated increase in synaptic protein synthesis, causing
defects in synaptic plasticity and function, resulting in den-
dritic pathology [61].

The FMR1 gene contains 17 exons spanning 38 kb of
chromosome Xq27.3. The full-length mRNA is about 4.4
Kb, although multiple transcripts are generated by alternative
splicing of exons. FRMP is a 632-amino acid protein with a
molecular mass of 80 kDa. The translation initiation site of
FMR1 is located 69 bp downstream of a CGG repeat-
containing region in the 5′ untranslated region (UTR) of exon
1. A CpG island is located about 250 bp upstream from this
CGG repeat [62].

The most common mutation causing FXS is an expansion
of the CGG repeat within the 5’-UTR to more than 200 CGG
repeats. In normal individuals the CGG repeat length is not
constant, but usually ranges from 6 to 54 [61]. This CGG
repeat has the inherent property of meiotic instability because
of its secondary structure. The expansion is thought to happen
in the germline meiotic divisions or postmeiotically during
early divisions of the zygote [63]. In men with FXSwith >200
CGG repeats, epigenetic changes drive the suppression of
FMR1 gene transcription through a unique mechanism in-
volving hypermethylation of the CGG repeats within the 5’-
UTR and the CpG island within the FMR1 promoter region.
This results in transcriptional shut-down of the FMR1 gene
and deficiency of the FMRP protein. Chemical modifications
of histones—histone H3 tail deacetylation, histone H3K9
methylation, and histone H3K4 demethylation—have been
reported (Fig. 2) [64]. Treatment of FXS cells with 5′-
azadeoxycytidine, a DNA methyltransferase inhibitor, results
in DNA demethylation and acetylation of histones H3 and H4,
and FMR1 transcriptional reactivation [65, 66].

A CGG repeat length in the 55–200 range is called a
premutation because of the likelihood of expansion into a full
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mutation. Premutation alleles are relatively frequent in the
general population, with an estimated prevalence of 1 in 259
women and 1 in 813 men [67]. Unlike the full mutation, the
premutation results in increased FMR1 mRNA concentration
and a toxic effect on cells via an RNA gain-of-function
mechanism. Repeat lengths in the premutation range are not
associated with hypermethylation of the upstreamCpG Island.
Females with premutation alleles are at greater risk of devel-
oping premature ovarian failure, chronic muscle pain, and
thyroid disease compared with the general population. Indi-
viduals over the age of 50 years with premutation alleles are at
risk of developing a neurodegenerative disorder called fragile
X-associated tremor/ataxia syndrome (FXTAS). FXTAS is

characterized by a progressive action tremor, gait ataxia, and
cognitive decline [68].

FMR1 gene expression appears to be linked to both the
cellular differentiation state and epigenetic status [66]. In a
study of chorionic villus samples from male fetuses carrying
the full FMR1 mutation at different gestational ages, it was
found that the FXS mutation does not affect FMR1 gene
expression in early embryogenesis (gastrulation). This sug-
gests that epigenetic silencing of the gene happens at later
developmental stages [69]. Human embryonic stem cells de-
rived from FXS patient embryos express FMR1 in undiffer-
entiated cells despite the presence of a full mutation, indicat-
ing the absence of epigenetic marks. This is further supported

Fig. 2 The FMR1 gene contains a promoter region (violet box) flanked
by an upstream CpG island and a <45-repeat CGG tract (blue oval),
which is followed by the transcription start site. Recognized domains
include a nuclear localization signal (NLS) , K-homology domains (KH1
and KH2) , an arginine–glycine–glycine box (RGG), and a nuclear export
signal (NES). In normal patients, in the FMR1 promoter region, there are

high levels of histone acetylation and H3K4 methylation resulting in a
euchromatic state for FMR1 gene expression. In fragile X syndrome
(FXS), the presence of >200 CGG repeats induces methylation of his-
tones (H3K9) in the promoter region. This results in DNAmethylation of
promoter and the upstream CpG island resulting in a heterochromatized
state and FMR1 inactivation
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by studies in induced pluripotent stem (iPS) cell lines from
fibroblasts of individuals carrying the fragile X mutation [70,
71]. In somatic cells (FXS fibroblasts) that were reprogrammed
to pluripotency, DNA hypermethylation and histone modifica-
tions were preserved, leading to FMR1 gene repression. This
indicated that the epigenetic marks were permanent, once
established in somatic cells, and maintained in iPS cells.

Various mechanisms have been proposed for the epigenetic
silencing of the FMR1 gene in FXS. It has been shown that the
CGG repeats in FMR1 RNA readily form hairpins under
physiological conditions. The RNA hairpin involves the 97
uninterrupted CGG repeats within the expansion. This double-
stranded CGG–RNA hairpin does not activate interferon–
inducible protein kinase, which is activated by a wide range
of double–stranded RNAs. It is cleaved by the human Dicer
enzyme, generating small interfering RNAs (siRNAs) [72,
73]. siRNAs generated from the FMR1 RNA hairpin after
Dicer processing are thought to associate with the “RNA-
induced initiator of transcriptional gene silencing” complex
containing Ago1 (homologue of the fission yeast protein,
Argonaute), Chp1 (a heterochromatin-associated chromo do-
main protein), and Tas3 (a novel protein). siRNAs
contained within this complex bind to their homologous
regions of CGG repeats in DNA, and recruit de novo
DNA methyltransferase(s) and histone methyltransferases.
This leads to DNA methylation and histone modification,
resulting in heterochromatin formation and transcription
suppression [72, 73]. A recent study examined DNA
methylation levels at nearly 500,000 sites throughout the
genome using peripheral blood and fibroblast-derived iPS
cells from FXS patients [70]. No other differentially meth-
ylated loci were found. One would expect that there are
other CGG tracts in the genome that activate RNA-
induced transcriptional silencing resulting in methylation
of specific target genes, but these are not observed [70].

Methyl-binding Proteins and RTT

DNA methylation, the primary epigenetic modification of
eukaryotic genomes, involves addition of a methyl group at
the 5-position of cytosine in CpG dinucleotides. DNA meth-
ylation plays an important role during mammalian develop-
ment. DNA methylation influences cell fate through various
mechanisms including control of specific gene expression,
genomic imprinting, and X-chromosome inactivation
[74, 75]. Methylation of promoter regions prevents the
binding of transcription factors to DNA, resulting in al-
tered gene expression [76, 77]. DNA methylation can also
alter chromatin structure by recruitment of specialized
proteins that bind to the methyl-CpG (mCpG) and induce
gene silencing. Nuclear proteins that recognize mCpG in
DNA are known as mCpG binding domain (MBD) pro-
teins. These proteins repress transcription through the

recruitment of co-repressor complexes that alter chromatin
structure [78–80]. The MBD family includes MeCP2,
MBD1, MBD2, and MBD4, which share the capacity for
binding symmetrically to methylated CpGs via the MBD.
Three other MBD family proteins, MBD3, MBD5 and
MBD6, do not bind methylated DNA [81–83].

MeCP2 mutation causes distinct disorders namely: 1) RTT,
resulting from MeCP2 loss of function; and 2) MeCP2 dupli-
cation syndrome, caused by increased MeCP2 expression.
These disorders are described below.

Rett Syndrome

Loss-of-function mutations of MeCP2 account for over 90 %
of cases of RTT. RTT is an X-linked dominant neurological
disorder affecting predominantly females and has an estimated
prevalence of 1 in 10,000–15,000 females [84]. MeCP2 mu-
tation in males usually causes a severe neonatal encephalop-
athy with early lethality, but specific mutations are associated
with an X-linked mental retardation phenotype. Severity of
the presenting phenotype even in classic RTT females is
variable, even among individuals with the same mutation.
This phenotypic variability may be mediated by skewed X
inactivation [85–87]. Symptoms of RTT are generally recog-
nized around 6–18 months of age following an apparently
normal period of early development. Regression of previously
acquired skills and deceleration of head growth are key fea-
tures of the disease in conjunction with stereotypic hand
movements [88–90]. Cognitive, social, and language impair-
ment, a variety of motor and breathing abnormalities, seizures,
microcephaly, gastrointestinal dysfunction, scoliosis, kypho-
sis, and spasticity are observed in patients with RTT. Patho-
logical studies of human RTTcases have shown a reduction in
brain size, small neuronal soma size, and an increase in cell
packing density [91–94]. There is a significant reduction in
the dendritic branching of neurons in specific layers of the
frontal, motor, temporal, and limbic cortex [95].

MeCP2 is a 53-kD nuclear protein that contains 1) anMBD
that binds to methylated CpG dinucleotides; 2) transcriptional
repression domain that binds to chromatin remodeling factors;
3) AT-hook domain that binds AT-rich DNA; and 4) a C-
terminal domain alpha and beta, which can bind to naked
DNA and to RNA splicing factors (Fig. 3a) [96–99]. Most
MeCP2 mutations in RTToccur de novo , while familial cases
are very rare. The mutations are dispersed throughout the
MeCP2 domains and the majority of them are of missense or
nonsense mutation in the coding sequences, which alter
MeCP2 protein function.

MeCP2 Duplication Syndrome

While loss of MeCP2 function causes RTT, increased MeCP2
activity resulting from gene duplication (or triplication) causes
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MeCP2 duplication syndrome [100–102]. Males with MeCP2
duplication disorder display severe mental retardation, hypo-
tonia, epilepsy, and progressive spasticity. Macrocephaly is
observed in more severe cases of MeCP2 duplication syn-
drome and with MeCP2 triplication. Because of preferential
activation of the normal X chromosome, females withMeCP2
gene duplications are often phenotypically normal. As ob-
served in RTT, the severity of symptoms among male patients
with MeCP2 duplication varies considerably. Even between
brothers with identicalMeCP2 gene duplication, the levels of
clinical severity can differ significantly [101]. There is limited
neuroradiological data available from patients with MeCP2
duplication syndrome; hence, little information on brain ab-
normalities associated with this neurological disorder. In the
small number of cases where magnetic resonance imaging
scans have been performed, generalized cortical atrophy and
mildly enlarged lateral ventricles have been reported,
suggesting neuronal loss [100, 103, 104]. In a single patient
where results of postmortem neuropathological examination
have been reported, diffuse neuronal loss in the cortex and
minor disturbance of cortical lamination was observed [105].
Two lines ofMeCP2 transgenic mice have been generated and
serve as models of MeCP2 duplication syndrome. In one of
these transgenic lines the human MeCP2 cDNAwas targeted
to the Tau locus [106], which is active only in mature neurons.
While mice heterozygous for the MeCP2 transgene have no
abnormalities, homozygous transgenic mice display progres-
sive neurological dysfunction, but have a normal lifespan.
Weaknesses of this line as a model of MeCP2 duplication
syndrome include the disruption of the Tau gene (and there-
fore Tau function), as well as expression of MeCp2 under the
control of the Tau promoter, which, unlike the endogenous
MeCP2 promoter, is not active in glia. The second set of
transgenic lines was generated by Huda Zhogbi’s laboratory
using a large genomic PAC clone containing theMeCP2 locus
[107]. Depending on the line, MeCP2 is expressed at 1–7
times the normal levels in the brain. These mice are normal
at birth, but then develop progressive neurological deficits,
including seizures and hypoactivity, the severity of which
correlate with the level of transgene expression [107]. It
deserves mention that diagnosis of MeCP2 duplication as a
common cause of progressive mental retardation in human
patients is recent and was prompted by the discovery of severe
neurological deficits in MeCP2-overexpressing mice.

MeCP2 protein is abundantly expressed in neurons and
may function as a transcriptional modulator via different
mechanisms: inhibition of transcription factor binding, forma-
tion of chromatin loops, and influencing alternative RNA
splicing [108]. Initial functional studies on MeCP2 identified
its ability to bind selectively to DNA that contains a single
mCpG pair and inhibit transcription from both methylated and
nonmethylated DNA templates [109, 110]. This process was
shown to be mediated through the interaction of the

transcriptional repression domainwith a co-repressor complex
containing the transcriptional repressor mSin3A and histone
deacetylases [111, 112]. The role of MeCP2 as an important
regulator of neuronal gene expression is expanding, and it has
been shown that MeCP2 also acts as an activator of gene
expression in the hypothalamus of mice [113]. The MeCP2
gene is alternatively spliced to generate two different proteins
with distinct translation initiation sites and N-termini [114].
Except for a 21-amino acid region unique to the e1 isoform
and a 9-amino acid region unique to e2, both isoforms are
identical. The Mecp2–e2 isoform is not expressed in
nonmammalian vertebrates and is 10 times less abundant than
the e1 isoform in the postnatal brain [115]. Although Mecp2–
e1 and Mecp2–e2 display distinct expression patterns within
different brain areas and developmental stages [115], the
functional difference between the two isoforms has not been
adequately investigated and the general assumption is that
there is none. Contrary to common belief, a recent study found
that the expression of both MeCP2 isoforms is differentially
regulated during neuronal death, with e2 levels increasing and
e1 decreasing in neurons primed to die [116].Moreover, it was
shown that elevated expression of theMeCP2–e2 isoform, but
not the MeCP2–e1 isoform, promotes neuronal death when
overexpressed and that knockdown of the e2 form has a
neuroprotective effect [116].

MeCP2 represses expression of the brain-derived
neurotrophic factor (BDNF ) gene by binding selectively to
BDNF promoter III [117, 118]. Phosphorylation of MeCP2, a
direct result of neuronal depolarization or activity, modulates
binding of MeCP2 to the BDNF promoter and BDNF gene
transcription. This suggested a potential mechanism (regula-
tion of gene expression by neuronal activity) by which
MeCP2 mutation could lead to the developmental abnormal-
ities observed in neurons [117, 118]. Recently, it was shown
that MeCP2 is acetylated by p300 and that SIRT1 mediates its
deacetylation [119]. This suggests a functional interplay be-
tween 2 critical epigenetic regulators, MeCP2 and SIRT1,
modulatingMeCP2 binding to the BDNF promoter in specific
brain regions. MeCP2 is thought to suppress transcription
when it binds to methylated sites in gene promoters. However,
gene expression studies have not identified many candidate
genes with highly methylated promoters available for MeCP2
regulation. MeCP2 may alter gene expression through inter-
action with methylated sites outside of gene promoter regions,
collapsing and altering chromatin structure [108, 120].
MeCP2, bound to introns of specific target genes, has been
shown to promote gene expression [121]. Recently, MeCP2
has shown to contain three AT-hook-like domains over a
stretch of 250 amino acids, similar to high mobility group A
DNA-binding proteins. In a truncating mutation, MeCP2–
R270X, one of these conserved AT-hooks, is disrupted leading
to altered chromatin structure [98]. In this way, differences in
MeCP2-binding domains, the sites where they bind, and the
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protein complexes that are recruited, can differentially regu-
late downstream gene expression (Fig. 3b).

The expression of MeCP2 itself may be modulated by the
nucleosomal binding protein, high mobility group N1 protein
(HMGN1). HMGN1 affects chromatin structure and has been
shown to down-regulate MECP2 [122]. In this study, alter-
ations in HMGN1 levels have shown to alter chromatin struc-
ture and histone modifications in the MeCP2 promoter region.
Further, HMGN1-/- mice display hypoactivity and abnormal
social behavior, similar to other mouse models of ASDs. It is
possible that the neurological phenotype of HMGN1 knock-
out mice may be due to MeCP2 down-regulation. Data from
the study ofMeCP2 mutant mice suggest that over-expression
and repression of MeCP2 affects approximately 85 % of the
2582 genes studied [108]. Genes whose expression is altered
by MeCP2 mutation include GABRB3, UBE3A, BDNF, and
DLX5, all important in neural developmental [55, 85].

In a recent study, Mellén et al. [123] showed that 5-
hydroxymethyl cytosine (5hmC) epigenetic marks are enriched
in active genes and their contribution to gene activation de-
pends critically on cell type [123]. The authors identified
MeCP2 as the major 5hmC-binding protein in the brain.
MeCP2 binds mCpG-containing and 5hmC-containing DNA
with similar high affinities. The R133CMeCP2mutation (caus-
ing RTT) preferentially inhibits 5hmC binding. These findings
support a model in which 5hmC and MeCP2 constitute a cell-
specific epigenetic mechanism for gene expression (Fig. 3b).

Epigenetic alteration of MeCP2 gene function was also
indicated in the development of autism and reduced levels of
MeCP2 were found to correlate with increased MECP2 pro-
moter methylation levels in frontal cortex samples frommales
with autism [124–126]. This suggests that epigenetic alter-
ations at the MECP2 promoter could contribute to the devel-
opment of ASD.

Very little information is available on the biological effect of
mutation in other MBDs. Mbd1 mutant (Mbd1-/-) mice exhibit
several core deficits frequently associated with autism, includ-
ing defects in learning, abnormal social interaction, anxiety, and
abnormal brain serotonin activity [127]. Htr2c is a serotonin
receptor, the expression of which is directly regulated byMbd1.
Mbd1 binds to the Htr2c gene promoter, and the loss of Mbd1
leads to elevated expression of Htr2c [127]. In one study,
missense and deletion mutations in MBD genes, including
MBD 1 , MBD 2 , MBD 3 , and MBD4 , were seen in children
with autism [128]. Another recent study suggests that theMBD
gene family may be important in rare and private genetic causes
of autism, and identified patients with potentially detrimental
alterations in MBD6 and SETDB1 genes [129].

Kabuki Syndrome

Kabuki syndrome (KS) (OMIM#147920) was first described
by 2 groups from Japan [130, 131], with an estimated

prevalence of 1 in 32,000. KS is characterized by distinctive
facial features with long palpebral fissures and arched eye-
brows, microcephaly, and mild-to-moderate mental retarda-
tion. Other somatic features include postnatal dwarfism, a
broad and depressed nasal tip, large prominent ear lobes, a
cleft or high-arched palate, scoliosis, short fifth finger, persis-
tence of finger pads, radiographic abnormalities of the verte-
brae, hands, and hip joints, and recurrent otitis media in
infancy. Recently, exome sequencing identified mutations in
the myeloid/lymphoid or mixed-lineage leukemia 2 (MLL2 )
gene (also known as KMT2D gene) as the cause of KS [132,
133]. The majority of cases are sporadic, but some inherited
cases suggest that KS is an autosomal dominant disorder.
More than 30 different mutations inMLL2 have been defined,
most being nonsense or frameshift mutations, which are pre-
dicted to result in haploinsufficiency [134]. Mutation ofMLL2
only accounts for about 70% of cases ofKS suggesting genetic
heterogeneity [135, 136]. Recently, deletions or point muta-
tions in the lysine (K)-specific demethylase 6A (KDM6A )
gene, which encodes a histone demethylase that interacts with
MLL2, were found in patients with KS [137]. In these patients,
a de novo microdeletion or complete deletion of KDM6A
gene, located on the X chromosome, was identified. KDM6A
is one of few X-linked genes that escapes X inactivation [138].

TheMLL2 gene, located at chromosome 12q13, is primar-
ily a nuclear protein and is expressed in most adult tissues,
with the exception of the liver [139]. MLL2 encodes a large
(5537-amino acid) nuclear protein containing multiple do-
mains, including an AT-hook DNA-binding domain, a
DHHC-type zinc finger domain, 5 plant homeodomain
(PHD) zinc fingers, a catalytic histone methyltransferase
SET domain, a post-SET domain, and a RING-type zinc
finger [139]. MLL2 has histone methyltransferase activity

�Fig. 3 a Schematic diagram of MeCP2 domain structure and protein
interactions. mCpG binding domain (MBD) [amino acids (aa) 78–162];
transcriptional repression domain (TRD) (aa 207–310) the transcription
repressor domain. There are 2 nuclear localization signals (NLS), 1
between the MBD and TRD, and the other within the TRD. Three AT-
hook domains have been identified: AT-hook 1 (aa 185–194), AT-hook 2
(aa 265–272) in TRD domain, and AT-hook 3 in the C-terminus. Many
factors interact with these MeCP2 domains mediating specific MeCP2
functions like chromatin structure modulation, gene activation, and gene
repression. b Model of the dual role of MeCp2 as a transcriptional
repressor and activator. MeCp2 competes with histone H1 for sites
within linker DNA resulting in a heterochromatin structure and
transcriptional repression. In this process, MeCP2 interacts with 5mC =
5-methylcytosine and ATRX = alpha thalassemia / mental retardation X-
linked through its MDB domain, while the AT-hook domain in the TRD
interacts with AT-rich DNA. MeCP2 bound to 5mC recruits transcription
repressors and co-repressors [mSin3, histone deacetylase (HDAC)]
resulting in transcriptional down-regulation. When MeCP2 binds
hydroxymethyl cytosine (5hmC), it recruits transcription co-activators
such as cycline adenosine monophosphate response element-binding
protein (CREB), to activate target gene transcription. 5mCpG = 5-
methyl cytosine phospho guanosine; coREST = corepressor of REST
(RE1 silencing transcription factor); CREB = cAMP response element-
binding protein; RNA Pol II = RNA polymerase II
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and methylates the Lys-4 position of histone H3. The com-
plexity of histone methylation is such that it can either activate
or repress genes based on the position and status of methyla-
tion [140, 141]. Methylated histone H3 Lys 4 (H3K4me) is
associated with gene activation and the trimethylated H3K4

(H3K4me3) is a genome-wide mark that surrounds the tran-
scription start sites of up to 75% of all human genes in several
different cells lines and embryonic stem cells [134]. MLL2
directly methylates histone H3 through its SET domain [142,
143]. MLL2 is part of the ASC-2/NCOA6 complex
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(ASCOM), which possesses histone methylation activity and
is involved in transcriptional co-activation. ASCOM has been
shown to be a transcriptional regulator of the beta-globin and
estrogen receptor genes. MLL2 participates in retinoic acid
receptor signaling by promoting retinoic acid-responsive gene
transcription [144]. Activation of the retinoic acid receptor
leads to ligand-dependent recruitment of ASCOM and subse-
quent transient H3-lysine 4 methylation of the retinoid-
responsive promoter region in vivo . MLL2 also facilitates
neuronal differentiation of NT2/D1 cells by activating
differentiation-specific genes, such as HOXA1–3 and
NESTIN [145].Mice lacking theMLL2 gene in adult forebrain
excitatory neurons display impaired hippocampus-dependent
memory. Gene expression analysis in MLL2 knock-out ani-
mals revealed that 152 genes were down-regulated in the
hippocampal dentate gyrus region, a result of the deficit in

histone 3 lysine 4 di- and trimethylation [145]. Mouse knock-
down studies have demonstrated that MLL2 is involved in the
regulation of adhesion-related cytoskeletal events, which
might affect cell growth and survival [142]. The MLL2 gene
mutations associated with KS results in the disruption of
histone methylation pattern associated with gene expression,
leading to abnormalities in growth and development. KS is
thus another example of a genetic syndrome caused by muta-
tion of an epigenetic gene [146].

Potential Epigenetic Therapies

In this article, we have described some of the complex inter-
actions between epigenetic factors and genetic alterations in
neurodevelopmental disorders. As a result of progress in this

Table 1 Summary of molecular defects and potential epigenetic therapeutic targets in selected neurodevelopmental (NDD) and autism spectrum
disorders (ASD)

Disorders Molecular defect Potential epigenetic targets Ref.

NDD

Down
syndrome

Trisomy for chromosome 21—results in overexpression of
genes leading to abnormal brain development

Goal—Suppress expression from one chromosome 21 [157]
• Whole chromosome silencing in trisomic neurons

• Insertion of an inducible X-inactive specific transcript
(XIST) into DYRK1A locus in induced pluripotent stem
cells from a Down syndrome patient

• XIST-mediated silencing reversed the deficits in neuronal
proliferation and neural rosette formation

• Potential novel approach to therapy in Down syndrome

Kabuki
syndrome

Mutations in the myeloid/lymphoid or mixed-lineage
leukemia 2 (MLL2) gene, a methyltransferase that
methylates histone H3 at Lys-4

Goal—Promote methylation of H3K4 [144–146]
• Histone methylating agents or MLL2 mimics

• Histone deacetylase (HDAC) inhibitors have been shown
to up-regulate H3K4 methylation

Fragile X
syndrome

Expansion of a CGG trinucleotide repeat (>200 triplet)
results in hypermethylation of the 5’-untranslated region
and the upstream CpG island within the promoter of
FMR1 gene resulting in transcriptional repression of the
FMR1 gene

Goal—Transcriptional reactivation of FMR1 [65, 66,
158]• DNA demethylation agent 5-azadeoxycytidine

•Histone hyperacetylation agents such as 4-phenylbutyrate,
sodium butyrate, and trichostatin A

• Non-epigenetic approaches based on synaptic biology

ASD

Rett syndrome MeCP2 mutation resulting in loss of MeCP2 function Goal—Normalize MeCP2 levels [148, 150]
• Viral delivery of MeCP2 complementary DNA under
native promoter to restore physiological levels ofMeCP2
protein

• Insufficient evidence that epigenetic modifiers (HDAC
inhibitors or histone acetyltransferase inhibitors)
augment MeCP2-mediated function

Angelman
syndrome

Mutation or deletion of the maternal UBE3A gene Goal—Restore UBE3A expression in neurons [38, 40]
• Unsilence the imprinted paternal UBE3A allele—
topotecan

• Inhibition of paternal UBE3A antisense RNA transcript
expression

Prader–Willi
syndrome

Mutation in the paternal chromosome 15q11.2–13; loss of
expression of paternally-derived genes

• Identifying the epigenetic architecture in this region will
help in identifying novel therapeutic targets

[42]

UBE3A = ubiquitin protein ligase E3A
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field, treatment based on epigenetics has been done in model
organisms (Table 1). In an AS mouse model, inhibition of
UBE3A–ATS, a long noncoding RNA, is, potentially, an
important therapeutic target [38]. Screening for compounds
using a transgenic mouse model led to the identification of 12
topoisomerase I inhibitors and 4 topoisomerase II inhibitors
that unsilenced the paternal UBE3A allele. Among those
compounds, Topotecan had the highest potential in up-
regulating UBE3A gene expression in spinal cord neurons
for 12 weeks after the termination of treatment. It is important
to note that the all the compounds tested are approved for
human use in cancer treatment, suggesting a potential for the
immediate human use in the treatment of AS [37, 40]. In PWS,
the CpG island of the PWS-IC ismethylated and hypoacetylated
resulting in the repression of genes on the maternal allele.
Demethylation of PWS-IC with DNA methyltransferase inhib-
itor 5-azadeoxycytidine in PWS cells results in the expression of
imprinted genes from the maternal allele. The restoration of
maternal gene activity was shown to be associated with the
increased H4 acetylation at PWS-IC [147]. This study provided
the basis for the epigenetic activation of maternally-silenced
genes as a potential treatment of PWS.

Similarly, MeCP2 is an important epigenetic regulator in
neuronal cells. One possible therapeutic approach for RTTmay
be selective activation of the silenced wild-type X-
chromosome. Such an unsilencing approach shows promise
in the case of AS. Amelioration of symptoms in a mouse model
of RTT was recently described using intracranially-delivered
adeno-associated virus to drive expression of MeCP2 from its
own promoter, supporting the concept of gene therapy for RTT
[148]. Given that elevatedMeCP2 expression causes neurolog-
ical issues of its own, however, this approach is not without
challenges. Another approach that has been tested with success
in mice is the transplantation of bone marrow from healthy
animals into mutant MeCP2 mice that were irradiated [149].
Rescue was found to be due to engraftment of wild-type
microglia in the mutant mouse brain. An alternative to targeting
MeCP2 is to target molecules downstream of MeCP2 function.
One such target is BDNF [118, 150]. Indeed, increasing BDNF
expression and signaling has been reported to have beneficial
effects in RTT mouse models [151, 152]. Another growth
factor that could be targeted is insulin-like growth factor-1
(IGF-1), which is known to play important roles in the devel-
opment and function of the nervous system. An increased level
of IGF-binding protein-3 has been described in MeCp2 knock-
out mice and RTT patients, which could lead to reduced IGF-1
signaling [153]. Administration of IGF-1 has been tested in
MeCP2 knockout mouse model and shown to reverse RTT
disease symptoms [154]. Much work on the potential deleteri-
ous effects of such treatment approaches is required before
these are translated into humans.

In the case of FXTAS, where premutation CGG expansion
within the 5’-UTR of the FMR1 gene results in increased

FMR1 mRNA expression, a recent study performed in a
Drosophila model of the disorder reported that over-
expression of specific histone deacetylases (HDACs) sup-
presses neurodegeneration [155]. In this study, administration
of histone acetyltransferase inhibitors, which would be expected
to increase HDAC activity, reduced FMR1 mRNA expression
in premutation carrier cell lines and extended lifespan in permu-
tation CGG repeat-expressing Drosophila . It is tempting to
speculate that such inhibitors will have utility in treating human
patients with FXTAS. The effect of HDAC inhibitors has al-
ready been tested in human patients with FXS, where the CGG
expansion results in silencing of FMR1 gene transcription.
Behavioral symptoms associated with FXS were alleviated with
valproic acid, a HDAC inhibitor commonly used to treat epi-
lepsy [156]. Treatment of lymphoblastoid cells from FXS pa-
tients was found to reactivate FXS gene transcription.

Conclusions

In this review, we have outlined the importance of epigenetic
modifications (DNA methylation, histone acetylation and
methylation, chromatin remodeling) in neurodevelopmental
disorders, including ASDS. Examples of such disorders are
AS and PWS, FXS, RTT, and KS.Mutation of genes encoding
proteins that are involved in DNA methylation and proteins
that interpret epigenetic markings (MBDs) may lead to ASDs.
Copy number variations, which are identified in a significant
percentage or patients with developmental disorders, may also
lead to alterations in the fine structure of the brain through
epigenetic effects (as illustrated by maternal 15q duplication
syndrome). Epigenetic effects may also be important in the
regulation of specific candidate genes that are critical for brain
development. Better understanding of epigenetic mechanisms
in ASD and neurodevelopmental disorders will ultimately
help in the development of novel treatment options. A number
of potential therapeutic approaches are also described here.
Strategies include pharmacological means of unsilencing
imprinted genes, and strategies targeting specific epigenetic
mechanisms (HDAC and HAT inhibitors). In these strategies,
one major issue that has to be addressed is the effect of such
treatments on expression of other genes (off-target effects) and
potential long-term side effects of such therapies.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.
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