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Merging data from genetic and epigenetic
approaches to better understand autistic
spectrum disorder

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder that is
characterized by a wide range of cognitive and behavioral abnormalities. Genetic
research has identified large numbers of genes that contribute to ASD phenotypes.
There is compelling evidence that environmental factors contribute to ASD through
influences that differentially impact the brain through epigenetic mechanisms. Both
genetic mutations and epigenetic influences alter gene expression in different cell
types of the brain. Mutations impact the expression of large numbers of genes and
also have downstream consequences depending on specific pathways associated with
the mutation. Environmental factors impact the expression of sets of genes by altering
methylation/hydroxymethylation patterns, local histone modification patterns and
chromatin remodeling. Herein, we discuss recent developments in the research of ASD
with a focus on epigenetic pathways as a complement to current genetic screening.
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The Center for Disease Control estimates
that approximately one in 88 children are
diagnosed with autism spectrum disorder
(ASD). ASD is a neurodevelopmental disor-
der characterized by symptoms that include
impaired social and contextual interactions,
difficulties with communication skills and
restrictive or repetitive patterns of behavior.
ASD is considered to be genetically com-
plex and inherited ASD can be caused by
either single-gene defects or chromosomal
abnormalities. It is also thought that mul-
tiple alleles of small effect that are present in
high frequency in the population contribute
to ASD heritability. ASD is symptomatically
heterogeneous with many of the diagnostic
symptoms showing considerable variability
in severity. Females with ASD exhibit greater
deficits in social communication, lower cog-
nitive ability, reduced levels of restricted
interests, weaker adaptive skills, as well as,
greater difficulties with externalizing prob-
lems when compared with males [1). Children
with ASD exhibit a broad range of sensory

differences both in terms of severity and with
respect to sensory subtype focus [2].

The broad symptomatic profile of patients
with ASD has hampered the search for diag-
nostic biomarkers of the disorder. Idiopathic
(nonsyndromic) ASD, for which an underly-
ing cause has not been identified, represent the
majority of cases. Individuals with ASD traced
to either single-gene mutations or defined
chromosomal/cytogenetic abnormalities (syn-
dromic autism) exhibit characteristic features
that are often accompanied by additional
comorbidities [3.4]. Genetically defined syn-
dromic disorders which phenotypically over-
lap with ASD include Rett, Fragile X, Tuber-
ous sclerosis, Asperger’s, Smith—Lemli—Opitz
syndromes, 22qll.2del, etc. 5]. Adding to
these complexities is the observation that 70%
of children diagnosed with idiopathic ASD
exhibit comorbid medical, developmental or
psychiatric conditions [3.6], including intel-
lectual disability [7]. According to one review,
over 100 genes have been linked to syn-
dromic forms of autism [8]. In addition, there
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are over 400 high-confidence, nonsyndromic autism
related genes that have been implicated by genetic
approaches [9]. Interestingly, not all children with a pre-
disposing genotype develop ASD [10]. This suggests that
additional environmental factors likely interact with the
genome in producing ASD. We discuss current findings
related to molecular mechanisms of ASD and propose
that the fetal environment interacts with predispos-
ing genotypes to alter the developmental trajectory of
cellular transcription in the brain.

Individuals diagnosed with ASD are often associ-
ated with alterations in the expression of specific genes
depending on the presence of specific polymorphisms
in the genotype. For example, null alleles in MET pro-
duce a frameshift and premature stop codon which
results in little if any protein arising from the affected
allele [111. The MET proto-oncogene is a candidate
ASD susceptibility gene. In addition to the genotype,
the prenatal environment induces factors that mod-
ify the expression of distinct and likely overlapping
gene sets. It seems plausible that the transcriprome of
affected individuals reflects contributions from both
the genetic background (genotype) and from envi-
ronmentally mediated changes to the developmental
transcription program. In other words, even though
ASD s considered a complex genetic disorder, the
complexity lies not only in the genetics, but rather in
how the environment interacts at the level of the gen-
otype to influence gene expression relative to neuro-
typical development. Ultimately, gene—environment
interactions determine the specific ASD phenotypes
associated with each patient. Increased risk of ASD is
associated with mutations in genes that overlap with
chromatin remodeling proteins, transcriptional regula-
tors and synapse-associated proteins [12]. Interestingly,
these genes are also targets of environmentally induced
changes in gene expression.

ASD genetics: background

During the last decade, it has become increasingly
clear that in addition to SNPs, copy number variants
(CNVs) account for a significant percentage of ASD
disease burden. During the last decade, both de novo
and inherited gene mutations have been shown to
contribute to increased risk of psychiatric disorders,
including ASD. Whole exome sequencing studies have
led to the identification of de novo CNVs in sporadic
ASD patients, although specific variants are often rare
and overlap with other psychiatric disorders [12.13].
The use of larger patient and control sample sizes has
increased the confidence in the risk associated with
specific CN'Vs. A recent analysis of extended ASD ped-
igrees suggests that the etiology of ASD is complex and
does not necessarily involve the same genetic mecha-

nisms across even closely related cases [14]. Recent esti-
mates suggest that the numbers of genes genetically
associated with ASD are greater than 1000 [12]. At the
same time, these loci account for only a small fraction
of the estimated heritability. While it seems clear that
advances in our understanding of the genetic causes
of ASD have been made by recent findings, additional
work is now needed to further our understanding of
the underlying biology of how various risk genes inter-
act and the role of the environment in shaping these
interactions.

In spite of the recent identification of large numbers
of ASD risk genes and associated pathways, current
estimates indicate that syndromic ASD accounts for
less than 10% of total diagnoses [15]. Current estimates
of heritability vary between 38 and 90%. A recent
study of Swedish children was used to determine the
relative recurrent risk of ASD [16]. Results show that
the individual risk of ASD increased with genetic relat-
edness. Moreover, the heritability of ASD was esti-
mated at 50% indicating that half of the risk is likely
due to environmental factors that may either be shared
or not shared [16].

Many of the mutations that have been implicated
in ASD by genetic studies reside in genes that encode
proteins associated with synaptic function, transcrip-
tional regulation and chromatin-remodeling [12]. The
functional diversity of genes implicated in ASD sug-
gests the possibility that the etiology of ASD may be
as heterogeneous as is the variable symptomatology [s].
There is also considerable overlap in genes associated
with ASD and intellectual disability, as well as between
ASD and epilepsy (8]. This suggests that the genetic
origins of ASD may not only be difficult to tease apart
but that the etiological heterogeneity of ASD may be
just as complex. However, reducing phenotypic heter-
geneity (by subphenotyping) did not increase the
statistical power of a recent association analysis, sug-
gesting the possibility that phenotypic heterogeneity
is not simply the consequence of genetic variation [17].
Collectively, the large numbers of syndromic ASD-like
disorders and the associated genetic variability indicate
that ASD may represent a common end point for a
collection of neurodevelopmental disorders that arise
from a finite set of genes associated with brain func-
tion. While we are a long way from appreciating how
genetic background influences global gene expression
profiles, it seems plausible that the ultimate impact of
genetic mutation lies in the downstream consequences
of altered gene expression and function. The goal for
the foreseeable future is to provide a better understand-
ing of how specific genes function to disrupt specific
biological pathways and whether these pathways are
amenable to pharmacotherapeutic interventions.
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Transcriptome profiles in ASD brain

As noted above, the symptomatic profile of individ-
ual patients is heterogenous. This observation when
coupled with the concept that the etiological hetero-
geneity of ASD is complex leads to the suggestion
that biochemical studies of ASD brain may not prove
informative. Instead, however, what is emerging from
ongoing mechanistic studies across the world is that
the pathophysiology of ASD may converge on com-
mon biological pathways [18-20]. It seems likely that
the observed symptom heterogeneity that is typical of
ASD clinical presentation arises as a result of common
pathophysiological mechanisms that interfere at differ-
ent times (different trimesters) or with distinct brain
structures (different cortical areas, hippocampus, etc.)
during development. In addition, it also seems plau-
sible that the variable ASD symptomatology associated
with idiopathic ASD arises due to the consequences
of epigenetic mechanisms acting on multiple, distinct
genetic locations at different times and brain regions
during development.

Many of the genes enriched in lists of genetic vari-
ants associated with increased ASD risk are linked to
neuronal function. Analysis of gene expression rela-
tionships in specific human brain regions allows for the
identification of modules of interconnected genes that
correspond to distinct cell types. The modules, con-
structed by Weighted Gene Co-Expression Network
Analysis (WGCNA) of genome-wide transcriptome
data [21], are designed to provide information regarding
coexpression networks that correspond to neurons, oli-
godendrocytes, astrocytes and microglia [22.23]. More-
over, they provide information regarding specific func-
tionalities associated with the transcriptional programs
of coexpressed genes. These relationships are useful in
defining genes that are differentially expressed across
multiple neuropsychiatric diseases [24]. Transcriptome
studies of postmortem ASD brain show that mod-
ules of genes associated with brain function are dys-
regulated in ASD cortex. Comparisons of coexpressed
genes in different brain structures show that regional
variations in gene expression that highlight differences
between frontal and temporal cortex are attenuated in
ASD brain [25]. This finding supports the idea that gene
expression related to cortical patterning is likely dis-
rupted. WGCNA of the genes downregulated in ASD
brain regions illustrate that one of the modules consists
of genes related to both interneuron and synaptic func-
tion. Many of the synaptic function mRNAs have also
been identified as ASD-susceptibility or risk genes. In
addition to the decreased expression of genes associated
with neuronal and synaptic function, the expression of
genes enriched in astrocytes and microglia are increased
in ASD cortex [25]. The involvement of genes associated

with synaptic function and immune responses sug-
gests the possibility that neuroinflammation or altered
immune function in the brain may be responsible for
the disrupted neuronal/synaptic function observed in
ASD p2g].

A recent transcriptome analysis of multiple ASD
brain regions confirms these findings and also impli-
cates genes associated with the activation of microglia
and the immune response [20]. The microglial cell state
module, which negatively correlates with the synaptic
transmission module, includes genes associated with
the type I IFN pathway, viral response genes and cyto-
kine-mediated signaling pathway genes. Microglia have
been shown to be important to the process of synaptic
pruning by engulfing material in the brain through the
complement receptor pathway [2728]. Synaptic pruning
prevents the overaccumulation of neuronal connec-
tions that accumulate during neurodevelopment and is
linked to specific genetic mutations common in ASD
patients [29]. The observed microglial/immune system
dysfunction also raises the possibility that transcrip-
tion profiles of ASD brain mirror the consequences of
environmental insults such as prenatal infection.

DNA methylation writers

The downstream consequences of environmental fac-
tors such as maternal stress or infection reside in how
cells of the brain respond to these prenatal or early life
events. Transcriptionally active chromatin is open and
characterized by the presence of transcription factors
and coactivators that bind DNA in nucleosome-free
regions. In closed chromatin, the DNA is condensed
and bound by large numbers of repressor proteins. The
transitions between open and closed chromatin states
are facilitated, in part, by changes in the methylation
status of the DNA. DNA methylation is a cell-type
specific epigenetic modification that impacts chroma-
tin architecture by influencing nucleosome positioning
and the binding of various methylation readers to dis-
crete regions of the genome. DNA methylation is criti-
cal during development of the brain and plays a key
role in diverse processes from synaptic plasticity (30],
learning and memory [31], to cognitive decline [32].
DNA methylation consists of the enzymatic addi-
tion of a methyl group to the C5 position of cytosine
using S-adenosyl methionine and DNA as substrates.
DNA methylation is a stable epigenetic mark that
when located proximal to regulatory elements associ-
ated with transcription start sites, including promoters,
most often facilitates the formation of a repressed chro-
matin state (reviewed in [33.34]). Approximately 70% of
CpGs genome-wide are symmetrically methylated [33].
Regions of high CpG density, called CpG islands, are

generally undermethylated as compared with other
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regions of the genome with moderate-to-low CpG
density. Stretches of DNA flanking the CpG islands,
called CpG island shores, are thought to contain sites
corresponding to cell-type specific differential meth-
ylation [36]. Genome-wide mapping of DNA methyla-
tion in the frontal cortex of humans has shown that
in addition to traditional CpG methylation, non-CpG
methylation is prominent in brain [37-39]. Interestingly,
the positions of CpH are remarkably well preserved
between neurons of different individuals [40]. Non-
CpG methylation (or CpH methylation) is enriched
at regions of low CpG density, in the vicinity of pro-
tein-DNA binding sites and, like CpG methylation,
inversely correlates with gene expression [38,40]. More-
over, methylation of CpH occurs de novo during neuro-
nal maturation and represents the majority of cell-type
specific DNA methylation that promotes repressive
chromatin and inhibits transcription [39]. In addition,
determination of genome-wide methylation shows that
megabase-sized regions of DNA exist that are devoid
of mCpH, and these so-called mCpH deserts occur in
genes such as the immunoglobulin VH locus which
encodes variable domains of the immunoglobulin
heavy chain and in olfactory receptor gene clusters [40].
Comparisons of mCpH/CpH and chromatin accessi-
bility indicate that low-accessibility regions of chroma-
tin tend to contain minimal amounts of mCpH. The
more-accessible genomic regions exhibit a proportional
relationship between accessibility and mCpH content,
while mCpG levels do not show this proportional-
ity [40). These data support the idea that CpG and
CpH methylation are independently regulated.

DNA methylation is initiated and maintained by
members of the DNMT family (DNMT1, DNMT3A,
DNMT3B and DNMT3L) of DNA writers which
methylate cytosine to form 5-methylcytosine (5mC)
(see Figure 1). DNMTTI is involved in maintaining
the methylation status of CpGs during replication
and is referred to as the maintenance methyltrans-
ferase. DNMTs 3A and 3B, so-called de novo meth-
yltransferases, initiate new methylation in most cell
types [33]. In addition to methylating DNA, DNMT
family members bind to DNA in association with
additional proteins, such as MeCP2, forming stable
repressor complexes [4142]. Genome-wide mapping
of the localization of DNMT proteins to DNA in
human differentiated and undifferentiated cells show
that each DNMT binds to discrete and overlapping
intragenic regions depending on cellular differen-
tiation status [41]. Interestingly, comparisons between
the genome-wide locations of DNA methylation and
DNMT binding suggest that DNMTs exert methyl-
ation-independent regulatory roles particularly in the
vicinity of promoters and transcription start sites [41].

Cell-type specific patterns of methylation have been
observed in different cortical brain regions and cer-
ebellum using DNA isolated from postmortem human
brain [43.44]. A large portion of differentially methylated
regions (DMRs) are detected at or near genes that are
selectively expressed across different brain regions [43].
Interestingly, it was noted in this study that 5mC is
under-represented at classic CpG island containing
promoters and enriched at intragenic CpG islands
and promoters containing low levels of CpGs [43]. A
more recent comparison of the DNA methylation pro-
files of four cortical regions, cerebellum, thalamus,
hippocampus and pons showed that, with the excep-
tion of the cerebellum, DNA methylation patterns are
far more homogeneous between different regions of
the same individual, than they are for a single brain
region between different individuals [45]. These studies
show that while the mRNA profiles differ markedly
in different brain regions, the methylation landscape
does not. This study suggests that DNA methyla-
tion may not determine patterns of cell-specific gene
expression as previously thought. By contrast, in the
cerebellum, a strong inverse correlation was observed
between gene expression profiles and DNA methyla-
tion data [45]. These studies present contrasting points
of view regarding the role of DNA methylation in
regulating the cellular phenotype. The differing con-
clusions could be related to the approaches used in
producing the results of the respective studies. That
is, one group used human DNA methylation microar-
rays [43.44] while the second group used methyl-CpG-
binding domain (MBD) affinity purification followed
by deep-sequencing [45]. In both cases, only a fraction
of the total sites in the genome that can be methylated
are assayed. Moreover, both approaches do not provide
adequate coverage of mCpH sites in the genome.

DNA methylation readers

Proteins that read methylated (5mC) and hydroxymeth-
ylated (5hmC) DNA bind these modified sequences
through their evolutionarily conserved DNA-binding
domains. Of the family of DNA methylation read-
ers that bind methylated and/or hydroxymethylated
DNA, MeCP2 is by far the most well studied. MeCP2 is
X-linked and is subject to X chromosome inactivation.
It is genetically linked to the autism-related disorder
Rett syndrome [46]. The purification, sequencing and
cloning of MeCP2 from rat brain was first reported some
25 years ago [47.48]. The single polypeptide chain con-
tains a methyl-binding domain (MBD) and a transcrip-
tional repression domain [49-s1]. Structural comparisons
with other MBD proteins, including MBDs 1-4, sup-
port the idea that the MBD is common to proteins that
recognize and bind methylated cytosines in DNA [s2].
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Figure 1. DNA demethylation pathway. DNA methylation, which utilizes the universal methyl donor SAM, is
catalyzed by members of the DNMT family of proteins (DNMT 1, 3a and 3b). 5mCis a repressive chromatin mark
that negatively correlates with gene expression. The demethylation of DNA, which re-activates transcription,
occurs through several steps that involve the hydroxylation of the methylated cytosine. DNA hydroxymethylation,
the first step in this cascade, is catalyzed by members of the TET (TETs 1-3) family of Fe(ll)/a-ketoglutarate-
dependent dioxygenases. These enzymes further oxidize the hydroxymethyl group to form 5fC and 5caC. Both
5fC and 5caC can be excised by TDG generating an abasic site which is subsequently replaced by BER enzymes
regenerating the unmodified C. The intermediates in DNA demethylation (5hmC, 5fC and 5caC) accumulate to
different extents in cells indicating that each epigenetic DNA mark is stable and likely serves a distinct function.
This is thought to occur by the interaction of each modified base with a variety of DNA readers [86,87]. For
example, unmodified cytosines (5C) are recognized and bound by proteins such as DNMT1 and TET1 that contain a
-CXXC- motif in their zinc finger DNA-binding domain [42]. Methyl-binding domain proteins, like MeCP2 and other

MBDs, bind to 5mC.
BER: Base excision repair; SAM: S-adenosylmethionine.

For many years (as indicated above), methylation
was thought to occur predominantly at CG dinucleo-
tides, although, as noted above, 5mC had been found
in CA, CT, CC (i.e., CH, where H = A, T or Q)
sequences as well [53,54]. Recent estimates of non-CG
methylation in mouse and human indicate that levels
of 5mCH in the brain are at least as high as 5mCG
if not more so [39.40]. In addition, the TET family of
proteins oxidize 5mC to form ShmC (see Figure 1),
which acts as a stable epigenetic mark in neurons [55].
These findings raise the possibility that MeCP2 and
other methyl-CpG binding domain proteins bind to
multiple methylated or hydroxymethylated dinucleo-
tides other than mCpG. But while MeCP2 has a high
affinity for single symmetrically methylated CG dinu-
cleotides, recent studies show that the MBD of MeCP2
also binds mCH with a strong bias for mCA [39.5¢]. In
addition, it was also shown that the affinity of MeCP2
for 5ShmC is considerably reduced relative to 5mC.
This result contrasts with previous findings that iden-
tified MeCP2 as the major ShmC-binding protein in
the nervous system [57]. The recombinantly-expressed
MBD of MeCP2 binds instead the rare hmCA modi-
fied dinucleotide [56]. Because of the low abundance of

this modification in the neuronal genome, the signifi-
cance of this finding is currently not clear. These find-
ings challenge the concept that the MBD of MeCP2
binds both 5mCG and 5ShmCG. However, MeCP2
may not strictly mimic the recombinantly expressed
MBD and may exhibit altered binding properties when
present as part of the native molecule.

As indicated above, MeCP2 is defective in a major-
ity of Rett syndrome patients [46]. There is significant
symptomatic overlap between Rett syndrome and
ASD, including deficits in verbalization skills and loss
of purposeful hand movements. While many Rett syn-
drome patients were initially diagnosed with ASD prior
to genetic analysis, most do not meet DSM-5 diag-
nostic criteria for ASD [58]. Nevertheless, posmortem
brains from both disorders show cellular abnormali-
ties that include reductions in dendritic branching and
cell soma size and reductions in the numbers of den-
dritic spines [59-61]. While the function of MeCP2 is
primarily associated with neurons and astrocytes [62],
the distribution of MeCP2 has been reported in a
large number of cell types [631. MeCP2 associates
preferentially with methylated DNA and next-gener-
ation sequencing shows that its genome-wide binding
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tracks methyl-CpG density [64]. The MeCP2 primary
transcript is alternatively spliced producing multiple
(MeCP2E1 and MeCP2E2) isoforms. While both
isoforms localize to neurons, astrocytes and oligoden-
drocytes, MeCP2El is relatively uniformly distributed
in different brain regions, whereas MeCP2E2 shows
differential enrichment in distinct brain regions [63].
Moreover, MeCP2 is differentially phosphorylated in
an activity-dependent manner that is dependent on
calcium [65.66]. Site specific phosphorylation of MeCP2
is known to impact both its binding to DNA and pro-
tein interaction partners such as CREBI, SIN3A, HP1
and SMC3 [67]. Moreover, activity-dependent phos-
phorylation alters MeCP2 function so that it orches-
trates a genome-wide response to neuronal stimulation
during nervous system development [¢8]. In addition to
phosphorylation, MeCP2 has been shown to undergo
additional post-translational modifications including
acetylation, ubiquination and sumoylation (reviewed
in [69]).

Mice deficient in MeCP2 in GABAergic neurons
develop features reminiscent of ASD including ste-
reotyped behaviors, deficits in social behavior, motor
function, cognition and sensorimotor gating [70].
MeCP2 functions in cooperation with multiple chro-
matin repressors in binding to 5mC, including the
Sin3A repressor protein and HDACs [50,71). Chro-
matin immunoprecipitation assays demonstrate that
MeCP2, DNMT1, DNMT3a and HDAC2 bind to
the same region of DNA of the GADI1 and RELN
promoters in NT2 cells [72]. MeCP2 has a substantial
role in modifying chromatin architecture. In addition
to repressing gene transcription, gene dosage stud-
ies show that MeCP2 positively regulates the expres-
sion of a wide range of genes [73]. By associating with
the transcriptional activator CREB1 and binding
to cAMP response element-binding (CREB) sites at
the promoters of activated targets [73]. In addition to
Rett syndrome, MeCP2-mediated regulation of gene
expression has been implicated in a wide number of
neurodevelopmental disorders, including, as discussed
below, ASD [74].

DNA hydroxymethylation

In addition to 5mC, 5hmC accumulates in the genome
in mammalian cells (see Figure 1). The identification
of 5hmC in cerebellar Purkinje and granule neurons
of the cerebellum [75], and the demonstration that
knockdown of ten-eleven translocase methylcytosine
dioxygenases (TETs) reduce the amounts of cellular
ShmC levels [76] established a mechanism by which
DNA methylation might be reversed. For many years,
it was thought that the stability of the methyl group on
the cytosine ring made DNA demethylation thermo-

dynamically unfavorable. 5ShmC is formed from 5mC
by the enzymatic oxidation of the methyl group which
is catalyzed by members of the TET (1-3) protein fam-
ily. 5ShmC is both an intermediate in DNA demeth-
ylation and a stable epigenetic mark that plays a role
in various processes in the brain [77]. Moreover, ShmC
accumulates at promoters, gene bodies and distal regu-
latory elements [78.79]. It is thought that once converted
to 5fC and 5caC, the modified base is committed to
demethylation by the action of thymine deglycosylase
(TDG) (80]. Recent genome-wide maps of 5ShmC in the
brain have led researchers to attribute distinct func-
tions to this modification depending on genic local-
ization and local ShmC density. That is, the function
of ShmC at distal regulatory elements called enhanc-
ers is different from its role within gene bodies or its
role at mRNA splice sites. ShmC is thought to impact
transcription positively because it is located along the
gene bodies of actively transcribed genes and it often
also correlates with gene expression [81]. This is sup-
ported by data showing that the genome-wide location
of 5hmC also negatively correlates with the location of
two repressive chromatin marks, namely H3K27me3
and H3K4me3 [s2]. Having said this, it appears that
the role of 5hmC may be even more complex [83]. Base
resolution maps of 5mC, ShmC, 5fC and 5caC show
that there is a Tet-mediated gradient of 5mC oxidation
state that correlates with enhancer activity [80]. This
suggests that one role of the TET proteins is to facili-
tate enhancer activity during development from the
fetus to the adult [81].

As indicated in Figure 1, the TET proteins further
oxidize 5ShmC to form 5-fC and 5-caC, both of which
are also stable epigenetic marks that accumulate in the
brain across the genome [84.85]. ShmC interacts with a
large number of distinct nuclear proteins that recognize
and read this epigenetic mark both in embryonic stem
cells and in adult brain [57,86,87]. The 5ShmC oxidation
product, 5fC, is also read by a diverse set of proteins
that include transcriptional regulators, DNA repair
factors and chromatin regulators [87]. Both 5fC and
5caC (Figure 1) are specifically bound by TDG, which
catalyzes the formation of abasic sites that are subse-
quently repaired by enzymes of the base excision repair
(BER) pathway producing unmodified cytosine [88-90].
DNA demethylation via TET-mediated oxidation
occurs in the brain in response to depolarization. Some
3000 CpG sites undergo active DNA demethylation in
dentate granule neurons following synchronous neuro-
nal activation (91]. The demethylated CpGs are located
at or proximal to neuronal-specific genes implicated in
neuronal plasticity [91]. The simultaneous activation
of multiple genes by DNA demethylation in response
to depolarization allows for an orchestrated transcrip-
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tional response as an adaptation or plasticity program
of the neuron. While many studies of TET proteins in
the CNS have focused on TET1, TET3 was recently
shown to act as a sensor of synaptic activity in the brain
and to regulate surface levels of GluR1 in response to
synaptic activity [92]. It is now recognized that all three
TET proteins serve distinct functions in the brain
and that neuronal differentiation is accompanied by
increased levels of all three TETs.

DNA methylation in ASD

Female patients heterozygous for mutations in the
X-linked methyl DNA-binding protein MECP2 are
highly likely to exhibit symptoms of Rett syndrome.
Because of the symptomatic overlap between Rett syn-
drome and ASD, DNA methylation would seem to be
a likely mechanism associated with the pathogenesis of
ASD. In addition, recent studies support the concept
that epigenetic factors converge on DNA methylation
as a consequence of environmental factors that are rel-
evant to ASD. Studies of single ASD gene candidates
provide evidence of altered methylation at multiple
genes including BCL2 [93), EN2 [94], MeCP2 (959,
OXTR (97, RORA (93, SHANK3 (98] and UBE3A [99).
While these candidate gene studies support a role for
methylation in ASD, it is as yet unclear as to what may
be causing these changes and why these particular
genes are targeted.

In contrast, data from genome-wide DNA methyla-
tion studies have produced mixed results. A genome-
wide methylation analysis of DNA from cerebella and
cortices (Brodmann area 9 [BA9]) of ASD subjects
versus matched typical developing controls found no
significant differences in DNA methylation between
groups [100]. This study was performed using the
[lumina HumanMethylation27 BeadChip, which
measures upwards of 27,000 probes across the genome.
A second study independently reported results from
multiple brain regions (dorsolateral prefrontal cortex,
temporal cortex and cerebellum) of 20 ASD and typi-
cally developing controls using the updated Illumina
HumanMethylation450 BeadChip. They identified
multiple DMRs [101]. Positive results within each tis-
sue were subsequently validated. The DMRs in the
temporal cortex were proximal to the following genes:
PRRTI, TSPAN32/Cllorf2I and ZFP57. In cerebel-
lum SDHAP3 was identified [101]. The DMRs are
interesting and biologically diverse. PRRT1 is thought
to be expressed primarily in the hippocampus and is
a component of the outer core of the AMPAR com-
plex. This DMR may be important in regulating the
expression of the corresponding gene [102]. A second
DMR identified in this study is located in a region
that overlaps 7SPAN32 and Cllorf21. While the func-

tion of the Cllorf21 protein is not known, TSPAN32
appears to be a scaffolding protein important for cel-
lular immunity [103,104]. ZFP57 is important for DNA
imprinting marks during development [105,106] and
recruits DNMTs [107). Finally, the DMR identified
in cerebellum is located on a CTCF binding site and
active regulatory element associated with a noncoding
RNA and a small coding RNA. It is also an alternative
promoter of SDHAP3 which is involved in succinate
metabolism. Analysis of whole blood DNA from MZ
twins discordant for ASD identified numerous signifi-
cant DMRs, including many in genes previously impli-
cated in ASD. These DMRs are widespread and corre-
late with autistic trait scores [108]. The specific sites that
have been identified thus far support a role for aber-
rant DNA methylation in ASD brain and blood and
provide insight into novel genes dysregulated in ASD.
The most recent methylation array analysis of ASD
compared two cortical regions, BA24 and BA10, and
also used the HumanMethylation450 BeadChip [109].
Like the previous two studies [100,101], these authors
report data using a small set of postmortem ASD and
control brain. In BAI0, over 5329 CpG sites were
detected as differentially methylated and 10745 CpGs
were identified as differentially methylated in BA24 [109].
Interestingly, neurotypical controls exhibit over 50,000
DMRs between these brain regions. The same compari-
son between ASD brain regions (i.e., BA10 vs BA24)
showed only approximately 10,000 DMRs [109]. Only
a small percentage of hypomethylated (3.5%) or hyper-
methylated (5.9%) DMRs corresponded to previously
identified autism candidate genes. Of particular interest
is the finding that of the significant DMRs identified
in ASD, many of these were associated with immune
response genes, including leukocyte migration, cyto-
kine biosynthesis and the inflammatory response. Many
of the DMRs related to immune functions are hypo-
methylated and correlate with increased transcription.
In contrast, genes relevant to synaptic membrane func-
tion are hypermethylated and correlate with decreased
expression. These data highlight an important area of
investigation that is receiving attention in the litera-
ture (see transcriptomic studies discussed above). That
immune response genes are enriched in the hypometh-
ylated gene set suggests a dysregulated immune sys-
tem as a potential etiological factor. Many of the same
‘immune’ genes are not also observed in the positive
findings identified by genetic studies supporting the
concept that these genes are likely induced through an
environmentally-mediated epigenetic mechanism. In
DNMT1/DNMT3A knockout mice, immune response
genes are disproportionately represented as differentially
methylated [110]. Maternal hospitalization due to viral
infection is one of the environmental factors reported
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to increase risk of ASD [111-113]. These studies add to
the growing literature, encompassing both animal and
human studies that support possible immune response-
mediated epigenetic mechanisms as potential etiological
factors in ASD.

The genome-wide methylation studies indicated
above [101,109] differed with respect to their findings
regarding methylation and ASD. Reasons for these
differences could be due to differences in the methyla-
tion detection platform or in the means of processing
the methylation data. However, both groups used the
same detection platform, in other words, the Human-
Methylation450 BeadChip. This platform covers over
485,000 CpGs and so has a much broader coverage than
the HumanMethylation27 array. However, it should be
noted that while the 450k BeadChip covers over 99% of
known RefSeq genes, there is only limited coverage of
non-CpG sites (i.e., CpH sites). In addition, the 450 k
BeadChip covers only about 2% of the total CpG sites
in the human genome (~28,000,000 [114]), and there are
areas that are poorly represented (e.g. introns and inter-
genic regions) that are enriched in DMRs. One potential
reason for the observed differences may be the different
in silico analytical tools used in evaluating the methyla-
tion array data. It should be noted that results from the
earlier study [101] were also examined in the later one [109].
Many of the sites previously identified, including CpGs
sites upstream of CI11orf21/TSPAN32, were also positive
in the second study. Aside from technical issues related
to data processing, there may also be issues related to
cellular composition in postmortem tissue samples [115],
as well as differences between patient/control cohorts.
It should be noted that in both studies, sample sizes
were relatively small. In addition, the HumanMethyl-
ation450k BeadChip does not differentiate between
5mC and 5hmC unless the conventional methodology is
modified. With the recent advances that have occurred
in the identification and sequencing of modified cyto-
sines, complete coverage of the human genome at base
resolution should be considered a necessity (83]. This
is particularly important as we uncover new functions
associated with large numbers of non-coding genes likely
involved in different types of gene regulation. While a
great deal of new information is available regarding
genomic locations of 5mC and 5ShmC in adult brain [s2],
much less is currently known regarding how changes in
the levels of ShmC at specific sites are facilitated and how
these modifications are targeted to specific sites.

DNA hydroxymethylation in ASD

As noted above, 5ShmC is abundant in the develop-
ing nervous system with levels increasing markedly
between the fetus and adult brain [82]. However, there
is currently little information available regarding DNA

hydroxymethylation and ASD in structures other than
the cerebellum. The dynamics of DNA hydroxymeth-
ylation were recently examined using immunepre-
cipitation of 5ShmC from DNA isolated from fetal and
adult human brain [116). This group reported that while
5hmC is highly enriched at specific DNA domains
including exons and untranslated regions, it is depleted
at introns and intergenic regions. In addition, the
amounts of ShmC were noted to increase during cere-
bellar development with the largest amounts present in
the adult. Moreover, differentially hydroxymethylated
regions (DhMRs) were shown to overlap within highly
expressed genes and CpG island shores. Interestingly,
5hmC was enriched at mRNAs that are regulated by the
fragile X mental retardation protein (FMRP), as well as
many genes linked to neurodevelopment and ASD [116].

We recently examined epigenetic mechanisms
underlying the regulation of several candidate genes in
cerebella of ASD subjects. We studied the expression
of several enzymes in the DNA methylation/hydroxy-
methylation pathway, regional amounts of 5mC and
5hmC, and the expression of various ASD candidate
genes in cerebellum of ASD subjects [117]. Our data
showed that DNMT1 mRNA is unchanged and TET1
mRNA is increased in cerebella of ASD postmortem
subjects. Moreover, the increase in TET1 is accompa-
nied by enriched amounts of ShmC in the promoters
of GADI1 and RELN. While no changes were detected
in MeCP2 protein levels, increased binding of MeCP2
to the same RELN and GADI promoter DNA stretch
was noted. While there were no measurable differences
in DNMT mRNA levels or in the binding of DNMT1
to the RELN and GADI promoters, the increased
expression of TET1 was accompanied by increased
binding of TET1 protein to these promoters [117].
Moreover, the study showed that increased amounts of
5hmC in promoter proximal domains negatively cor-
relate with GAD1 and RELN mRNA levels in ASD
cerebella. As opposed to the study cited above [116], our
finding supports a negative role for increased ShmC
levels and expression of the corresponding gene.

A recent paper described results obtained in a similar
candidate gene study of EN2 in a cohort of ASD cere-
bella [118]. These investigators examined DNA modifi-
cations in the context of the regulation of EN2. Like the
previous paper, they show increased levels of not only
TET1, but also TET3, DNMT3A and DNMT3B.
Increased amounts of ShmC were observed at the EN2
promoter which correlate with increased EN2 mRNA
expression [118] rather than decreased expression, as
noted with RELN and GADI1 [117]. In addition, the
increased levels of 5ShmC at EN2 were associated with
decreased levels of MeCP2 binding to the correspond-
ing promoter sequences. MeCP2 binding has been
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reported to be dependent on total 5SmC/5hmC content
and additional factors such as the local histone modifi-
cations [57]. The discrepancy in terms of MeCP2 bind-
ing relative to 5SmC and 5hmC in these two studies is
not clear although could be the consequence of various
post-translational modifications.

Similar to what was reported in cerebella of ASD
patients [117], the levels of RELN and GADI mRNA
are also reduced in the frontal cortices of ASD and
control postmortem brain [119]. There is a concomitant
increase in TET1-3 expression, a decrease in DNMT1
and MeCP2 mRNA levels are unchanged in the fron-
tal cortex in the same patient cohort. We also report
that MeCP2 and DNMT1 binding to the RELN and
GADI promoters is increased. At the same time, the
levels of 5mC in the corresponding promoter regions
decrease while the levels of 5ShmC are not statistically
different. The ShmC/5mC ratio at both promoter
regions is higher and negatively correlates with tran-
scription. The finding of increased MeCP2 binding
and reduced amounts of DNA methylation in the
same stretch of DNA is difficult to reconcile. However,
DNMTT1 has been shown to interact with the tran-
scriptional repressor domain of MeCP2 [120]. It may
be that DNMT1, through protein—protein interac-
tions with MeCP2, drives the increased binding of a
DNMT1:MeCP2 repressor complex to unmethylated
cytosines through the DNMT1 —-CXXC- domain [121].
Biochemical studies demonstrate that MeCP2 assem-
bles novel repressive chromatin structures independent
of DNA modification [122]. Another possibility is that
recognition of 5mC by the MBD of MeCP2 is facili-
tated by chromatin compaction [122]. Additional stud-
ies are needed to better understand how 5ShmC/5mC
levels change genome-wide, and how this measure
impacts MBD/MeCP2 and DNMT protein binding

and gene transcription.

Environmental effects

Environmental factors induce perturbations to the
epigenome during critical periods of neurodevelop-
ment, which affect cells during processes of prolifera-
tion, migration and terminal differentiation. As indi-
cated above, at the molecular level these perturbations
include changes in DNA methylation, hydroxymeth-
ylation, histone modifications and the expression of
various noncoding RNAs. Reviews describing asso-
ciations between environmental factors and ASD have
been published in recent years [74,123-128]. However,
considerably less is known regarding the mechanisms
by which these factors impact the epigenome. Vast
amounts of monies have been expended on identifying
genes associated with ASD. We now need to invest in
research that provides a better understanding of mech-

anisms by which environmental factors influence gene
expression profiles at both the molecular and circuit
levels so that we can better appreciate their effect on
brain development. Below we discuss the role of mater-
nal stress, infections and prenatal nutrition because
considerably more is known regarding the effect of
these factors on the epigenome.

Maternal stress

Fundamental processes facilitating changes in gene
expression in response to environmental or extracel-
lular cues include DNA and histone modifications
(Figure 2). There is ample evidence to suggest that
environmental factors related to the response of the
brain to pre- or postnatal stress/trauma increase risk for
ASD. Numerous studies have reported an association
between prenatal stress and the development of autis-
tic traits [129], and increased ASD risk [130]. The effects
of prenatal stress via maternal factors crossing the
placenta influence a wide range of neuronal and non-
neuronal systems during fetal development depending
on gestational timing. Recent evidence indicates that
neuronal circuit formation in the brain is susceptible
to the effects of prenatal stress. The establishment of
GABAergic inhibitory circuits occurs at times when
prenatal stress exerts persistent effects on the brain and
behavior [130]. Prenatal restraint stress has been shown
to delay tangential migration of interneuron progeni-
tors in rodents [131]. Prenatal stress exerts a profound
epigenetic influence on GABAergic interneurons by
altering the levels of proteins such as DNMT1 and Tetl
and decreasing the expression of various targets such
as BDNF [132,133]. Ultimately, this results in reducing
the numbers of fully functional GABAergic neurons
postnatally and a concomitant increased susceptibil-
ity toward hyperexcitability. The delayed migration of
GABAergic interneuron progenitors results in reduced
gene expression postnatally which is likely the conse-
quence of increased amounts of DNA methylation [133].
In mice, mutations targeting the Plaur gene disrupt
the ontogeny of the forebrain by arresting migration of
inhibitory parvalbumin interneurons from the medial
ganglionic eminence [134]. Parvalbumin-expressing
interneurons have also been implicated in transcrip-
tomic studies of postmortem ASD brain [25,135], and in
the autism-like behavioral deficits exhibited by Pvalb
knock-out mice [136]. The downstream effectors of the
stress response, glucocorticoids, have also been shown
to retard the radial migration of postmitotic neurons
during cortical development [137]. The net effect of
stress during early development is to disrupt the bal-
ance of excitatory/inhibitory neuronal firing due to
the loss of function associated with disrupted neuronal
migration and maturation.
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Figure 2. Epigenetic impact of the prenatal environment. Environmentally induced epigenetic mechanisms acting on the genome
during prenatal and early postnatal development facilitate genome-wide changes in the epigenome that alter transcription at
distinct developmental time points. The mRNA alterations that occur cause deficits in multiple processes including cortical migration,
chromatin remodeling, transcriptional regulation, immune-response regulation and the formation of synaptic connections.
Genome-wide association and whole exome sequencing studies have identified a large number of genes linked with ASD that
encode proteins that function in synapse formation, transcriptional regulation and chromatin-remodeling pathways [12]. Current
findings, highlighted in this review, indicate that there is considerable overlap between ASD-susceptibility genes and the mRNAs
impacted by various environmental/epigenetic influences. Both environmental factors and genetic mutations alter the transcriptome
during neurodevelopment. We propose that idiopathic ASD is the consequence of environmentally induced epigenetic influences
operating on sufficient numbers of ASD susceptibility genes to produce the ASD phenotype. Individuals with mutations in ASD
susceptibility genes are also subject to these same in utero environmental influences (arrow from altered genome). In contrast,
syndromic ASD is characterized by genetic mutations that occur in so-called network hub genes [25]. In network theory, hub genes
refer to highly interconnected nodes that are often times responsible for regulating key biological pathways or directing the cellular
response to a given stimulus [185]. For example, FMR1 encodes the RNA-binding protein, FMRP which is deficient in Fragile X, an
ASD-related syndrome. FMRP regulates the translation of a set of over 800 plasticity-related genes in response to stimulation by

the neurotransmitter glutamate [186]. Mutations in FMRT cause Fragile X syndrome, which is a syndromic ASD. The etiology and
symptomatology of various syndromic ASD disorders has recently been reviewed [8,9].

ASD: Autism spectrum disorder; CNV: Copy number variant.

Maternal infections

Immune system dysfunction plays an important role
during neurodevelopment and has been implicated
in ASD symptoms. This includes findings of neuro-
inflammation, presence of autoantibodies, increased
T-cell responses, increased natural killer cell responses
and monocyte responses in ASD subjects [138]. More-

over, there are also reports of cytokine dysregulation in
ASD which is likely the consequence of altered immune
system activity [139]. Transcriptome studies of ASD
brain provide data demonstrating that mRNAs associ-
ated with activated microglial and immune response
genes are altered relative to non-ASD brain [20.25]. As
noted above, an independent methylation analysis of
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ASD brain samples shows that genes associated with
immune system function tend to be hypomethylated
compared with DNA isolated from non-ASD brain
samples [109]. This is consistent with the increased
mRNAs observed in the transcriptome studies [20,25].
Alterations in the expression of genes that function in
immune-glial response pathways are likely the con-
sequence of prenatal maternal infections or neuroin-
flammation (see [140] for recent review). This is sup-
ported by recent reports showing that increased risk for
ASD correlates with maternal inpatient diagnosis with
infection during pregnancy [111-113,141,142]. These find-
ings are also consistent with observations that children
with ASD report numerous immune system irregulari-
ties including inflammation [143,144]. Immunological
factors, including inflammation, autoimmunity and
maternal immune activation have long been suspected
in the context of aberrant neurodevelopment and ASD
risk (see [140,145] for current reviews). A recently pub-
lished proof of concept study was undertaken to exam-
ine genome-wide RNA expression profiles in leuco-
cytes from cohorts of children ages 1 to 4 years looking
for gene modules as potential ASD biomarkers [146].
The authors report strong significant dysregulation of
immune and inflammartory gene networks at an age
where clinical risk signs of ASD are first beginning to
emerge [146]. The finding that immune system dys-
function may be an important causative factor in ASD
also provides a link to schizophrenia, another neuro-
developmental disorder that shows some overlap with
respect to de novo mutations [147], and has been etio-
logically linked with maternal immune activation [148].
The risk for both schizophrenia and autism has been
linked epidemiologically to maternal infection [111,149].

Prenatal nutrition

The maternal lifestyle during gestation can expose
the fetus to a wide range of environmental insults and
influences [123,125]. These include nutritional choices of
the mother that directly impact neurodevelopment of
the fetus and which been shown to influence epigenetic
mechanisms [124,150]. Maternal nutrition is essential for
fetal brain development and nutritional deficiencies
due to increased metabolic demands imposed by the
placenta and fetus during pregnancy are linked to neu-
rodevelopmental disorders. The most direct associa-
tion between nutrition and epigenetics occurs through
pathways that involve methyl transfers, such as DNA
and histone methylation, which utilize the methyl
donor S-adenosyl-methionine (SAM). Early altera-
tions in DNA methylation can cause cells to aberrantly
differentiate from their normal lineage causing abnor-
mal pools of differentiated neurons [15s1. DNMTs
utilize SAM to donate methyl groups at specific sites

in DNA [33]. Similarly, histone methyltransferases
(HMTs), which have been genetically linked to various
psychiatric disorders [152], catalyze the transfer of up to
three methyl groups to the e-amino group of specific
lysines on histones H2 (H2BK5), H3 (H3K4, H3KO9,
H3K27 and H3K79) and H4 (H4K20). The levels of
SAM available for one carbon transfers are affected by
methyl groups derived from dietary choline, methio-
nine and methyl-tetrahydrofolate. Folate is a major
source of the methyl group for SAM and is readily avail-
able for pregnant women as part of a periconceptual
vitamin supplement. A large case—control study pro-
vides epidemiological data showing that mothers of
ASD children consumed less folic acid than mothers
of typically developing children [153]. Based on results
from this study, a greater risk of ASD was observed for
children whose mothers had defects in genes associated
with one carbon metabolism [153]. Subsequently, this
group also reported that there is an inverse correlation
between folic acid intake and ASD risk [154]. The find-
ing that periconceptional folic acid supplementation is
associated with a lower risk of ASD was replicated in
a large Norwegian cohort of over 85,000 children [1s5].
The folic acid contained in these formulations is suf-
ficient for both the prevention of neural tube defects
and to ensure an adequate supply of methyl donors
preceding and during gestation. Folic acid and prena-
tal vitamin supplementation protect against a range
of human cancers, neurodevelopmental and neurode-
generative disorders [126]. A model was recently pro-
posed that explains how exposure to a wide range of
environmental toxins that impact neurodevelopment
also result in global DNA hypomethylation [156]. This
model was extended to connect pathways between
dietary nutrition and environmental exposures in the
context of DNA hypomethylation [157]. More recently,
this hypothesis was expanded to show how dietary
nutrients, environmental toxins, genome instability
and neuroinflammation interact to produce changes to
the DNA methylome [126].

In addition to folic acid, there is evidence that chil-
dren of mothers that have a higher intake of polyun-
saturated fatty acids before and during pregnancy have
a reduced risk of ASD [158]. Vitamin D is a fat-solu-
ble steroid hormone that regulates large numbers of
genes that impact the brain during development. The
levels of vitamin D are low in populations living in
overcast areas that have low sun exposure. The num-
ber of ASD diagnoses in regions with low sun expo-
sure in the USA is increased and has also been linked
to vitamin D insufficiency [159]. Recent studies show
that vitamin D activates the expression of tryptophan
hydroxylase, the enzyme associated with serotonin
synthesis [159]. This is particularly interesting because
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it links findings showing decreased levels of serotonin
in ASD patients [160] and reduced levels of vitamin D.
However, a previous study found little evidence that
maternal gestational vitamin D levels are related to
the ASD phenotype among offspring [161]. In addition,
while there is evidence that vitamin D may increase
DNA demethylation of selected gene promoters, the
mechanisms behind this effect are not clear [162]. There
is stronger evidence that vitamin D acts to modulate
chromatin access through interactions with histone
acetyltransferases [162]. Moreover, aside from activat-
ing vitamin D responsive genes through a coactiva-
tor mediated pathway, the means by which vitamin D
facilitates changes in chromatin relaxation are only
beginning to be understood.

Exposure to air pollution, pesticides,
prenatal valproate, cell phone radiation

& ASD

Environmental toxins that are associated with nega-
tive health consequences have been shown to impact
neurodevelopment and have been implicated in
ASD [123]. For example, exposure to traffic-related
air pollution, nitrogen dioxide and particulate matter
during pregnancy and the first year of life is associ-
ated with ASD [163]. Toxicants that are associated with
increased ASD risk include pesticides, phthalates,
polychlorinated biphenyls, solvents, toxic waste sites,
heavy metals and air pollutants [164]. An epidemio-
logical study has linked PVC flooring material in the
home to parental-reported ASD [165]. Exposure to plas-
ticizers, such as bisphenol-A, results in higher levels of
metabolites excreted in urine [166].

Respiratory distress and other markers of hypoxia
have been associated with increased risks of ASD in
twins [167]. Early exposure to androgenic hormones and
maternal immune response represent epigenetic factors
that affect sex susceptibility to ASD [168]. Residential
proximity to agricultural pesticides during pregnancy
is associated with increased risk of ASD and develop-
mental delay [169]. The histone deacetylase inhibitor
and antiepileptic drug, valproate, has long been known
to cause congenital malformations and developmental
delay in children exposed during gestation. In addi-
tion, maternal use of valproate to treat epilepsy during
pregnancy is associated with significantly increased risk
of ASD [170]. Finally, mice exposed to low frequency
electromagnetic fields show a lack of normal sociabil-
ity and preference for social novelty while maintaining
otherwise normal behaviors [171]. While these studies
show associations and links between factors in the
environment and ASD, much less is known regard-
ing how exposure to these developmental influences
trigger changes to the epigenome.

Conclusion

Genetic studies have revealed a plethora of genes that
are associated with increased ASD risk. It is well known
that patients diagnosed with ASD exhibit considerable
variability in both the number and severity of symptoms.
Because of the genetic and symptomatic heterogeneity,
ASD is also thought to be etiologically heterogeneous.
However, as recently argued [19], neuropathological
findings in both idiopathic and syndromic ASD sup-
port instead a common pathophysiological mechanism.
The author of this study argues that multiple exogenous
and endogenous factors disrupt cell division in the brain
which leads to the pathological changes observed in
ASD. These changes are thought to be related to altera-
tions in cortical columnar structure, in dendritic spines
and within the cortical subplate [172] manifest as various
dysplasias and heterotopias [173]. In addition to these
cortical malformations, environmental factors that con-
tribute to neurodevelopment by altering folate metabo-
lism, modifying the stress and inflammatory responses,
and disrupting neuroendocrine hormonal signaling
were also discussed 174]. In other words, both genetic
mutations and environmental stressors impact neuro-
development by altering the expression of modules of
genes in multiple cell types.

Transcriptome studies of postmortem brain indi-
cate that the expression of numerous genes and hence
multiple pathways are disrupted in ASD pathophysiol-
ogy (Figure 2). This includes pathways associated with
synaptic and neuronal function (neuronal growth,
migration, dendritic and neurite outgrowth, synaptic
plasticity), chromatin remodeling (DNA 5mC and
S5hmC writers, readers and erasers; histone writers,
readers and erasers; chromatin remodeling proteins;
microRNA expression) and immune function (microg-
lial activation states). An overlapping set of genes asso-
ciated with these pathways have also been identified
in genetic studies of ASD. Immune function genes are
the exception as the expression of these genes is likely
a consequence of infection or neuroinflammation and
not due to genetic mutation [175]. Moreover, mRNA
changes linked to immune function genes tend to be
increased rather than decreased in ASD [20]. It seems
clear that both DNA mutations and environmental
factors impact development in similar ways by reduc-
ing the expression of key genes associated with typi-
cal development. That is, the overlap between genes
identified by genetic and transcriptomic studies sup-
ports observations that genes associated with synap-
tic function and chromatin remodeling are disrupted
in ASD and related neurodevelopmental disorders.
Loss-of-function mutations are syndromic when mul-
tiple downstream pathways are affected, as occurs in
Fragile X and Rett syndromes (Figure 2). The disrup-
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tion of hub (multiconnected) genes impacts multiple
downstream pathways. Instead, environmental factors,
which also reduce the expression of multiple genes that
impact downstream pathways, often result in idio-
pathic ASD. This could be due to the less severe devel-
opmental effects caused by reducing gene expression,
as opposed to a complete loss of function. As we move
forward in defining the causative factors of ASD, it will
be important to invest in research designed to fill the
void in our current understanding of how individual
environmental factors impact epigenetic marks across
the genome. Organizations (both governmental and
private) that fund ASD studies need to invest both in
epigenomic and genetics research.

In the context of this review, we have discussed numer-
ous advances that have been made in ASD research in
recent years. As noted, however, ASD is comorbid with
multiple additional conditions including various seizure
disorders and ID. Although there is considerable overlap
between ASD and ID, intellectual disability is often con-
sidered separately from ASD. This is not surprising given
that there are people with ASD or ID and people that
experience both ASD and ID. It is not surprising that
recent genetics studies of ID have identified CN'Vs that
are often times also present in subjects with ASD [176].
One of the problems that these issues raise is that current
estimates of autism prevalence do not always account for
the effects of comorbidity on the ASD diagnosis [177].
In fact, at one point it was speculated that much of the
recent advances in ASD research have been the result
of research on subjects who are intellectually normal (7).
While it is not clear if this remains to be a problem, it is
incumbent upon researchers reporting results to provide
accurate, clear and anonymous clinical descriptions of
the subjects in their studies.

Future perspective

Transcriptome analyses of ASD postmortem brain tis-
sue demonstrate that large numbers of mRNAs are
altered as compared with age- and gender-matched
typically developing subjects. A recent meta-analysis of
transcriptome studies in ASD confirmed that there are
commonalities across independent groups of individu-
als with ASD [178]. The mRNA changes are the conse-
quence of gene mutations (SNPs, de novo and inher-
ited CNVs, chromosome abnormalities) that impact
the associated gene and environmental factors that
influence the epigenome during neurodevelopment
(see Figure 2). While the immediate consequences of
null mutations may be predicted, the downstream
consequences of these mutations are more difficult
to predict. For example, a mutation in GRIN2B has
the immediate consequence of disrupting GRIN2B
mRNA and protein levels. Downstream consequences

of this mutation impact the expression of genes asso-
ciated with numerous signaling cascades (p53, Jak-
STAT, Wnt and Notch pathways), as well as, the actin
cytoskeleton and neuroactive ligand-receptor interac-
tions [179]. In order to better understand the complex
interconnections that underlie ASD-related pheno-
types, we have to better appreciate how multiple gene
networks overlap and the connections within each net-
work. These studies are currently underway and some
have appeared in the literature [179-183]. That is, we are
currently at the point in which genes within networks
show nonquantifiable relationships and it would be
more informative to be able to weight the contributions
of individual genes to nodes within networks to allow
for quantitative predictions to be made.

Currently available data suggest that there is overlap
between mRNAs misregulated in ASD due to genetic
abnormalities [12,13,15,184], and the mRNAs differen-
tially expressed derived from transcriptome studies of
ASD subjects [2025]. Epigenetic modifications likely
converge on specific sets of genes depending on the
nature of the environmental factor. Moreover, while
numerous studies have been carried out on environ-
mental factors in specifying ASD-related pheno-
types [124-126,158]), considerably less is known regarding
the direct consequences of these factors on the epig-
enome. Some environmental factors increase DNA
methylation (as in synaptic plasticity genes), while oth-
ers likely facilitate DNA demethylation (immune func-
tion genes) and others likely affect histone methylation
and acetylation patterns. Ultimately, transcriptomic
profiles reflect the downstream consequences of the
effects of genetic mutations/abnormalities and envi-
ronmental factors and how these forces interact during
neurodevelopment. Understanding how the epigenome
responds to environmental insults will likely provide
better insight into common final pathways operative in
the pathophysiology of ASD and provide for the design

of better pharmacotherapeutic treatments.
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Executive summary

Autism spectrum disorder genetics

e Data from genetic studies have been used to identify a large number of genes that contribute increased risk
for autism spectrum disorder (ASD). Network analysis of these genes indicate that they converge on a small
set of pathways that are integral to synaptic function, chromatin remodeling and transcriptional regulation.

Transcriptome profiles in ASD brain

e RNA-seq studies have provided information regarding transcriptome changes in various brain regions of ASD
subjects as compared with typically developing individuals. Network correlation analysis of these mRNAs
provides evidence that in addition to ASD risk genes, modules of genes associated with immune function,
synaptic transmission and neuronal function are altered in ASD.

DNA methylation in ASD

e Members of the DNMT and TET family of proteins modify DNA by either adding a methyl group or by
oxidizing the methyl to form 5hmC, 5fC and 5caC. Changes in the levels of 5mC and 5hmC have been noted at
specific genes in brains of subjects diagnosed with ASD. Comparisons of genome-wide DNA methylation data
with transcriptome data in ASD show that genes associated with immune regulation are hypomethylated and
overexpressed, while genes related to synaptic function are hypermethylated and underexpressed.

DNA methylationreaders

e Members of the methyl binding domain family of proteins, which includes the Rett syndrome protein,
MeCP2, bind to 5mC residues. While MeCP2 is ubiquitously expressed in neurons and astrocytes it localizes to
repressed chromatin domains facilitating transcriptional silencing.

DNA hydroxymethylation in ASD

e DNA hydroxymethylation is the first step in the DNA demethylation cascade. Changes in the levels of 5hmC
in ASD postmortem brain have not been widely studied. Thus far, the research has focused on ASD candidate
genes and results show that the increased 5hmC is associated with both increased (En2) and decreased (RELN,
GAD1) mRNA expression. This suggests the possibility that the 5hmC epigenetic marks may be inappropriately
read by the transcriptional machinery.

Environmental effects

e Exposure to various environmental factors, including stress, infections, nutrition, substance abuse,
medications, pollutants and toxins have been linked to increased ASD risk. These factors are likely to impact
the epigenome through changes in DNA methylation and related mechanisms that regulate local chromatin
conformation. Collectively, the current literature suggests that the effects of environmental factors converge
on epigenetic pathways that result in altered 5mC and 5hmC marks. There is a growing need to better
understand how each of the environmental influences impact chromatin structure in neurons, astrocytes and
microglia of the brain.
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