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Abstract

Epigenetic medicine is still in its infancy. To date, only a handful of diseases have documented
epigenetic correlates upstream of gene regulation including cancer, developmental syndromes and
late-onset diseases. The finding that epigenetic markers are dynamic and heterogeneous at tissue
and cellular levels, combined with recent identification of a new form of functionally distinct
DNA methylation has opened a wider window for investigators to pry into the epigenetic world. It
is anticipated that many diseases will be elucidated through this epigenetic inquiry. In this review,
we discuss the normal course of DNA methylation during development, taking alcohol as a
demonstrator of the epigenetic impact of environmental factors in disease etiology, particularly the
growth retardation and neurodevelopmental deficits of fetal alcohol spectrum disorders.
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Epigenetics is characterized by its ability to modify genetic outputs through the alteration of
3D chromatin structure and subsequent accessibility of transcriptional machinery. This
capacity endows the important biological function of intrinsically steering the progression of
cell and tissue development or steadily maintaining a cell-specific program. The backbone
of epigenetics is cytosine methylation (methylcytosine hereafter referred to as 5mC) and the
chemical coding of the histone protein. Recent discovery of 5-hydroxymethylcytosine
(5hmC), a 5mC derivative, and high-throughput DNA methylation analyses have provided
insight into cellular and organismal development, maintenance and plasticity. Contrary to
pre-existing beliefs, DNA methylation is earning a new reputation as a dynamic and
programmable epigenetic marker, consequently allowing for a greater role in development
and plasticity. The first part of this review examines these new features more closely,
particularly in the context of nervous system development, which is spatiotemporally
organized, protracted and greatly influenced by environmental factors.
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Perhaps the most intriguing facet of epigenetics is its potential to internalize external
impacts to potentially redirect an established genetic course. In other words, epigenetics can
selectively record and accumulate environmental information to alter default transcriptional
schemes. An increasing number of environmental factors, such as nutritional disparity,
stress, pollutants, substances of abuse and maternal care [1-5] are evidently capable of
altering epigenetics in this way and laying groundwork for future studies of environmentally
linked diseases. How these external inputs are mechanistically translated remains poorly
understood. The second part of the review will tackle how alcohol abuse as an
environmental teratogen can affect epigenetics at the cellular and genomic level to alter gene
transcription and elicit alcohol-associated disease phenotypes. We specifically emphasize
the role of altered epigenetics in fetal alcohol syndrome (FAS; occurs in 1-2 of 1000
newborns and is a leading cause of hongenetic mental retardation in the western world) in
which children born to women who drink during pregnancy suffer from severe
dysmorphism, and brain and body retardation with psychosocial disability. Approximately
ten-times more children escape diagnosis owing to a lack of obvious dysmorphism. These
patients suffer from a slew of neurodevelopmental deficits and are now categorized into a
broader class termed fetal alcohol spectrum disorders (FASD). Aside from primary
abnormalities, some victims of fetal alcohol exposure do not present distinct phenotypes
until later life when, typically, impaired cognitive plasticity and/or maladaptive behaviors
emerge. On the other hand, FASD and related abnormalities have been identified in subjects
without intrauterine exposure [6,7]. Along these lines, we explore evidence for the novel
case of ‘epigenetic memory’, which may shed light on environmentally linked late-onset and
transgenerational diseases. Elucidating the epigenetic mediation of FASD (including FAS)
will pave the way for the understanding of the epigenetic mechanisms of environmental
exposures that underlie other developmental deficits. To date, there is no treatment for the
disease. This is largely attributed to the lack of understanding of the mechanisms underlying
complex FASD phenotypes. Epigenetic investigation will expand the pathogenic scope and
shed new light on the underpinnings of this and other developmental syndromes. It will also
broaden the pharmacotherapeutic horizon for intervention and treatment in future medicine.

DNA methylation during development

DNA methylation dynamics

Genomic methylation influences the 3D conformation of chromatin and consequent DNA
packing. Such changes further affect the accessibility of bioactive proteins that are essential
for transcription. Methylation predominantly occurs at CpG sites by DNA methyl
transferases (DNMTS) in the somatic cells of vertebrates while non-CpG methylation
prevails in embryonic stem (ES) cells [8,9]. CpG methylation in promoter regions has been
canonically associated with condensed DNA packing and inhibited transcription of genes,
ncRNA and transposable elements [10,11]. Dynamic transcriptional regulation has been
believed by some to arise from the differential distribution patterns of methyl cytosines
within a locus [12]. For example, a distinct gene-body (intragenic) hypermethylation was
shown in highly expressed genes in human cells [13]. Other works have described
hypermethylation at exonic regions, which regulate alternative splicing [14]. The recent
discovery of 5hmC, the hydroxylated form of 5mC, provides a vital alternative that
challenges this view of DNA methylation in transcriptional regulation. In a process of active
demethylation, 5mC is oxidized by Tet 1/2/3 enzymes into 5hmC, which can be further
demethylated into 5-formyl cytosine and 5-carboxylcytosine or deaminated by cytidine
deaminase into 5-methyluracil [15]. This is significant because developmental
demethylation has been previously thought to occur only through replication-dependent or
passive pathways [16]. This developmental, active demethylation pathway significantly
alters the functional equation of DNA methylation in two major ways. First, because of
5hmC abundance during neural development [17,18], a major shift in the initial 5mC profile
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(demethylation) is expected, which could alter gene expression. Second, beyond a
nonfunctional intermediate, 5ShmC is garnering evidence as a standalone epigenetic player
that might serve to prepare or mediate gene transcription [19].

5hmC is found as an enduring form of DNA methylation in ES and zygotic cells [20,21].
Global ana lysis has indicated that while 5mC is associated with suppression of
transcription, 5ShmcC is associated with genes that are transcriptionally active or transitioning
towards activation in ES cells [22] and in the developing brain [17]. In other reports, 5hmC
in genes transitioning from silenced to expressed were found to be bivalently affiliated with
activating and suppressive histone 3 modifications in ES cells [23,24]. The functional
implications of 5mC versus 5ShmC are further supported by their genomic distribution, in
which 5mC is preferentially distributed in promoter regions while 5hmC is associated with
gene bodies (as indicated above) and promoter regions of developmental regulatory genes
(Figure 1) [22] and enriched in regions associated with an activating histone code [19,25].
Finally, 5hmC and 5mC are independently tied to unique methyl binding proteins
(transcriptional regulators) [26] and differentially colocalized to eurochromatin and
heterochromain, respectively [19]. Collectively, this evidence advocates that the conversion
of 5mC to 5hmC offers a critical means for transcriptional transition. Thus, the dynamic
turnover of 5mC and 5hmC shed new light on gene regulation, which is essential in the
context of the ever-changing developmental landscape. In the next section, we review DNA
methylation dynamics in the differentiation of neural stem cells during neural tube and brain
development.

DNA methylation program

Despite many studies describing the timely expression of cohorts of genes in spatially
precise manners, there is still no satisfactory explanation for how tens of thousands of genes
are orchestrated in their exclusive expression during differentiation. Although the answer to
the question remains wide open, upstream epigenetic regulation is an inviting step forward
in that direction. It is now clear that DNA methylation is neither random nor fixed
throughout the epigenome. Instead, DNA methylation throughout development is dynamic,
yet patterned like a program as the stem cell undergoes differentiation.

In the zygote, both 5mC and 5hmC are parentally inherited through the gametes but are lost
as cells undergo rapid divisions in the absence of a DNMT. Thereafter, a less understood,
widespread, de novo remethylation, mediated by DNMT, occurs to ensure the epigenetic
regulation of genomic function [27]. Totipotent ES cells (capable of producing any cell
type) also go through methylation reprogramming, in which a distribution ratio of 75% CpG
methylation to 25% non-CpG methylation is shifted to 99% CpG methylation [9]. These
events may be connected to 5hmC’s involvement in programming and maintenance of the
pluri potency of ES cells and the totipotency of zygotes [20,21,28].

The doctrine of epigenetics suggests that DNA methylation is modifiable and this
modification can be inherited through cell divisions. While this view is indisputable, new
findings also tell us that many newborn progenitor cells are not obligated to the parental
epigenome. In other words, a methylation pattern can either be inherited completely (e.g.,
reinstated in symmetrical daughter cells) or partially modified (e.g., heterogeneous in
asymmetrical daughter cells). The heterogeneity of DNA methylation may thus account for
the diversification of cell fates. In addition to 5mC, recent findings indicate that 5ShmC
content in the methylome accounts for the major diversity of tissue specification [29]. Thus,
the distribution of the 5mC and 5hmC are potential major upstream regulators of early cell
fate determination.
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Remarkably, during neural tube development, DNA methylation progresses in a precise
spatiotemporal manner in neuroepithelial cells. This program coincides with neural
differentiation, as recently demonstrated in our laboratory [30]. Undifferentiated
neuroprogenitor cells are devoid of 5mC as indicated by immunocytochemistry, but they
acquire DNA methylation at the beginning of differentiation and migration approximately at
embryonic day 7-8. The DNA MBD1 and DNMT1 appear approximately 1 day behind 5mC
in the mouse, following similar spatiotemporal patterns. In the anterior-posterior axis, a clear
gradient of DNA methylation appears first in the hindbrain and progresses rostrally to the
forebrain and caudally to the caudal neural tube and spinal cord. It is the same pattern that
has long been known for the progression of differentiation in the neural axis. In the dorso—
ventral division, DNA methylation first occurs ventrally and progresses toward the dorsal
division. This is also matched by the differentiation gradation in the dorso—ventral aspect of
the neural tube.

Since the finding of 5hmC, a much greater resolution of DNA methylation-associated
neuroepithelial differentiation has been achieved. Although an increase of 5mC is a
prerequisite for neural cell differentiation, the initiation of differentiation is not readily
apparent at the presence of 5mC. By contrast, hours to a day after the arrival of 5mC, it is
the appearance of (or transformation to) 5hmC that closely aligns with the beginning of
differentiation in mouse embryos. The transition of 5mC to 5hmC may trigger this
differentiation. This is in agreement with the associative transition of gene activation by
5hmC, which was recently reported in pluripotent stem cells [19] and in mouse neural tube
[31]. It is also in agreement with the decrease of 5mC at CpG islands in promoter regions
and the reported increase of 5hmC at the gene bodies of transcriptionally activated genes
[17].

The DNA methylation program is also evident in the developing brain. Cellular 5mC and
5hmC are highly correlated with neural progenitor cells and their progression towards
differentiation (Figure 2) in several developing regions (e.g., cortices, hippocampus and
cerebellum) [32,33]. Epigenomic ana lysis has also demonstrated the association of 5hmC
with transcription in the postnatal hippocampus and cerebellum [17]. It is worth mentioning
that the DNA methylation program involves a continuous cycle of methylation and
demethylation along the pathway of cellular differentiation until the neurons or glia reach
full maturation. That is, the differentiating neurons containing high levels of DNA
methylation may lose their 5mC and 5hmC after arriving at target regions of the brain or
when transitioning into a stage of active wiring and synaptogenesis. This methylation and
demethylation cycle can be repeated over the course of different stages of differentiation.
These temporal changes indicate that DNA methylation and demethylation prevail
throughout neural development as a program orchestrating the phenotype of specific
neurons.

The DNA methylation progression of neural progenitor cells has been validated by genome-
wide ana lysis of DNA methylation in embryos [34] and in neural differentiating stem cells
(to control for cellular heterogeneity) [35]. Hyper- and hypo-methylation were identified in
the embryonic genome during neurulation and in neural stem cell differentiation [35]. This
is consistent with the transcriptional needs of a maturing cell in which many pluripotent
genes are turned off (e.g., Oct 4), while neuron-specific genes are activated (e.g., Map2)
[35]. The DNA methylation dynamic of 5mC and 5hmC occurs during normal development
in a predictable program where 5mC and 5ShmC appear and transition, in a spatiotemporal
manner, to coincide with the phenotypic progression of neuroprogenitor cells towards
differentiation of specific neurons and glia. This epigenetic program mostly likely underlies
the transcriptional requirement for neural fate determination and specification [36]. DNA
methylation dynamics walk a tightrope, navigating through the protracted and ever-changing
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developmental course to maintain normalcy — a feat that is challenged upon constant
environmental impacts.

Alcohol as a modifier of epigenetics

Alcohol and

Many environmental factors are known to significantly alter the intrauterine environment
and contribute to the dysregulation of the fetal-growth processes. How these environmental
challenges are recorded in active dividing cells and are translated to affect cellular and
molecular processes during fetal development and in later life is not fully understood. DNA
methylation offers an environmentally responsive plasticity in line with the fluctuant nature
of transcriptional programs during cellular differentiation. Alcohol exposure during
pregnancy, which can lead to FASD, has been used as a model to resolve the epigenetic
pathway between environment and phenotype. Several laboratories have reported altered
epigenetics, including DNA methylation, in multiple models of FASD. These studies have
begun to shed light on the mechanisms by which environmental factors reshape epigenetic
scripts to alter developmental phenotypes.

methyl metabolism

Alcohol can directly influence epigenetic marks through the alteration of the methionine
pathway (Figure 3). The synthesis of methionine allows the production of an active methyl
donor, S-adenosylmethionine (SAM), which is recruited by DNMTs for the transfer of a
methyl group to the nucleotide cytosine. Dietary nutrients, methionine, folate and choline,
all play substantial roles in the production of SAM and alcohol has been shown to affect
each in an interdependent manner [37], thus allowing a biochemical pathway for alcohol to
regulate DNA methylation. In turn, DNA methylation can influence histone modifications
and ncRNA, all of which are capable of independently altering genomic expression. Next,
we review alcohol-related methionine deficiencies and the associated epigenetic alterations
in the context of developmental disease.

Dietary folate and vitamin B12 are cofactors of the enzyme methionine synthase, which is
responsible for the conversion of homocysteine to methionine, a precursor of SAM. Betaine
from dietary choline can also be utilized in the conversion of homocysteine to methionine by
betaine homocysteine methyltransferase. Both micronutrients exhibit sensitivity to alcohol.
Chronic alcohol consumption has been linked to decreases in folate absorption [38], uptake
[39] and serum levels [40]. In fetal alcohol models, impaired folate transport to the fetus has
also been reported [41]. Furthermore, while short-term ethanol exposure seems to increase
betaine homocysteine methyltransferase levels (likely to compensate for folate metabolism
deficiency [42]), they eventually fall, along with SAM, to coincide with
hyperhomocysteinemia [43], a condition describing abnormally large levels of homocysteine
in the blood. Alcohol-induced hyperhomocysteinemia itself has been linked to a host of
hepatic [44], renal [45], cardiac [46] and retinal [47] disease phenotypes.

The role of methionine precursors in mediating the teratogenic effects of alcohol is further
supported by fetal supplementation studies, which have demonstrated the rescuing capacity
of folate and choline from alcohol-induced oxidative stress [48], hyperhomocysteinemia
[49,50] and other developmental abnormalities [51-54] (including some that may not be
evident until later life [55-57]). Gestational choline is particularly relevant since it has been
shown to regulate methyl group availability and influence global and gene-specific DNA
methylation in the fetal brain [58,59]. Interestingly, choline deficiency appears to increase
the methylation of genes responsible for histone methylation, subsequently decreasing
histone methylation marks, which are generally associated with gene inactivation (an effect
reversible by choline supplementation)[60]. Finally, acetaldehyde and acetate, products of

Epigenomics. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

alcohol metabolism, have been independently shown to contribute to histone acetylation
[61] and the inhibition of DNA methylation [62,63].

Epigenetic correlates of alcohol exposure

DNA methylation—Evidence of alcohol-induced epigenetic alteration has substantiated
dysregulation of SAM as a mechanism by which environmental teratogens can achieve a
range of disease phenotypes. Alcohol’s alteration of DNA methylation was exemplified by
studies employing the agouti viable yellow (A%) mouse mutant allele, which contains a
methylation-sensitive element within the A% locus, dictating coat color dynamics. In this
way, coat color, ranging from yellow (unmethylated) to pseudoagouti (highly methylated)
[64,65], could be used as an indicator of methylation status. Prenatal exposure to ethanol
increased the incidence of pseudoagouti animals, indicating that the biosensor was highly
methylated and ectopic expression was silenced [66]. It is now known that alcohol’s effects
on DNA methylation can be locus specific and bidirectional. For example, alcohol has also
demonstrated the ability to decrease DNA methylation at imprinting control sites of the H19
locus in sperm [67] and placenta [68], as well as at the glutamate receptor gene Nr2b [69] —
areas that are appropriately tied to growth and neural function. These studies tell that fetal
alcohol exposure has the capacity to alter developmentally significant regions of the
genome, although it has also exhibited influence over other regions of biological relevance
(Table 1) [70].

The likelihood of epigenetic dysregulation in FASD etiology is furthered by evidence of
alcohol-induced epigenetic alteration in neural systems. Both fetal alcohol exposure and
choline supplementation in the third trimester alter total DNA methylation in the murine
hippocampus and prefrontal cortex [71], while high-throughput embryo ana lysis has shown
that ‘binge-like” alcohol exposure alters the methylation profile of over 1000 genes at early
neural development [34,35]. These alterations were further associated with changes in the
expression of several genes, including some required for neural specification and neural
growth. Genomic ana lysis of neural stem cells has revealed that alcohol retards moderately
methylated genes from going toward the hypermethylation and hypomethylation necessary
for differentiation, indicating alcohol’s disruption of the neuroprogenitor DNA methylation
program [72]. The alteration of DNA methylation is consequential. The phenotypes of the
embryos or neural stem cells treated with the methylation inhibitor 5-azacytidine are similar
to those treated with alcohol [35]. These mirrored phenotypic aberrations implicate
epigenetic mechanisms in alcohol-related developmental disease.

Histone code—Evidently, the epigenetic reach of alcohol is not limited to DNA
methylation. Alcohol increases histone 3 acetylation [73], which is tied to gene upregulation
[74]. 1t has also been shown to increase methylation at H3K4, while decreasing methylation
at H3KO9, transcriptionally activating and repressing modifications, respectively [75]. This
bidirectional action speaks to the epigenetic heterogeneity of neural tissues [72]. For
example, in an amygdala-specific study, alcohol increased H3K9 acetylation but decreased
H3K27 trimethylation [76]. In a rat FASD model, histone 3 and 4 acetylation is decreased in
the cerebellum as a consequence of a downregulated histone acetyl-transferase [77]. Alcohol
and its metabolites have also been shown to impact non-neural systems via histone
modification [50,78,79]. Furthermore, alcohol-independent choline studies have
demonstrated the heritability of histone modifications [60,80], presenting yet another
epigenetic pathway for FASD etiology.

mMiRNA & transposable elements—miRNAs are an epigenetic mechanism by which

small ncRNA bind complimentary sequences of DNA and hinder access or stability of
transcriptional machinery. Alcohol has been found to alter the expression of several
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miRNAs in cultured neural stem cells [81]. Evidence suggests that their sensitivity to
alcohol is dependent on cell type and differentiation state [82]. Many of the affected miRNA
families target cellular proliferation [83] and have developmental implications [84]. In
cancer models, some miRNA families have been shown to act on genes regulating
epigenetic elements [85], while themselves exhibiting sensitivity to epigenetic alterations,
such as DNA methylation [86], although it is unclear if the same bidirectional relationship
exists in models of alcohol-related disease.

Transposable elements (TES) are repetitive, noncoding regions that move around the
genome and may cause insertions, deletions and translocations to affect genome integrity or
gene transcription. TEs are normally suppressed by DNA methylation. Differential
methylation of the TEs LINE-1 and the Alu element, AluYb8, were recently found in human
placental tissues of alcohol- and nicotine-exposed infants [87]. Identifying and
understanding how TEs escape silencing will open yet another potential epigenetic pathway
for FASD etiology.

Epigenetic phenotypes

Although alcohol-induced epigenetic dysregulation has been reported for decades, we are
only now uncovering the vast and complex epigenetic derivatives and their ties to human
disease. Fetal alcohol exposure has been linked to a plethora of early- and late-onset FASD
phenotypes (Figure 4). Cross-generational phenotypes have also been speculated in families
without an immediate drinking history. A number of alcohol-altered epigenetic gene targets
are correlated with these phenotypes (Table 1 & Supplementary Table 1; see
www.futuremedicine.com/doi/suppl/10.2217/epi.12.80). A challenge remains the
intractability of some phenotypes (particularly behavioral) to a defined and organized
genetic scheme.

Early-onset phenotypes—A hallmark of FASD is growth retardation. Recall that the
developmentally relevant imprinting control region H19 has exhibited sensitivity to prenatal
alcohol. In one study, hypomethylation, although restricted to paternal alleles on exposed
placentae, was accompanied by substantial growth restriction of both the placenta and
embryo [88]. Another study found that on a particular region of the AZ9locus, fetal alcohol
evoked subtle hypomethylation in embryos as well [89]. The decreased methylation at this
site corresponded with decreased /g72transcription — both of which were ameliorated with a
methyl-supplemented diet.

Some of the earliest and most consequential fetal alcohol insults to the CNS occur at the
level of progenitor cells, which impacts brain growth greatly. These primary phenotypes
include compromised proliferation [90], migration [91], differentiation [92] and survival
[93]. Several groups have demonstrated ethanol-induced epigenetic and transcriptional
alterations of genes that are relevant to each of these biological processes (Table 1 &
Supplementary Table 1). The effects of alcohol on basic, cellular processes can be further
attested by the abnormal representation of neuronal populations and specific developmental
deficits including cardiac [94], ocular [95], renal and hepatic [96] abnormalities that have
been reported with fetal alcohol exposure. These can ultimately account for many of the
secondary phenotypes of FASD, including attention deficits [97], motor impairments [98],
impaired learning [99] and impaired cognitive ability [100].

Late-onset phenotypes—Many alcohol-related phenotypes do not manifest or are not
recognized until later life (e.g., personality and mood disorders to schizoaffective disorders
[97,101,102] and cancer [103]). These phenotypes may be the result of accumulated
epigenetic alterations beset by the initial environmental insult, in this case fetal alcohol
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exposure, sustained in the lifespan by ‘epigenetic memory’ [104] and expanded by
secondary environmental insults until a threshold for phenotypic manifestation is reached
(Figure 4). A major challenge in disseminating the epigenetic background of these (a feat
that must be accomplished in order to more clearly define their ties to fetal alcohol
exposure) is that they are not easily defined in a genetic context. Nonetheless, preliminary
advances have been made in the epigenetic examination of stress-regulating genes and their
ties to anxiety disorders in adulthood [105]. Similarly, although not yet validated in fetal
alcohol models, promising epigenetic gene targets have emerged for schizophrenia [106],
depression [107] and various cancers [108].

It has been widely reported that mothers who consume alcohol exhibit altered behavior
toward their offspring. Epidemiological studies have found a substantial correlation between
neglectful and abusive parental behavior and substance abuse [109]. This type of early-life
stress has been emulated in animal models and has revealed altered epigenetic outcomes in
offspring. A parallel human and rat study found that early-life abuse altered DNA
methylation in a locus-specific manner [2]. Conversely, in an animal model of early-life
environmental enrichment (communal nest paradigm marked by high maternal care-giving
behavior), BDNF expression is increased in the hippocampus and this may be attributable to
increased histone 3 acetylation at the promoter [110]. Early maternal care (pup licking and
grooming) has been linked to decreased Gadl promoter methylation of male offspring and
increased hippocampal expression of Gadl, a gene implicated in psychiatric diseases, such
as schizophrenia and depression [5]. This is especially interesting given that FAS children
have above average rates of psychiatric disease in adulthood [97,101,102]. It is an
interesting hypothesis that neglectful parental behavior (as a consequence of alcoholism)
may present an alternative epigenetic mechanism as a cause for FASD. A gap of knowledge
in this area is yet to be filled and warrants further study.

Transgenerational phenotypes—The transgenerational heritability of epigenetic traits
is circumstantial. A well-documented case reported that the disease states caused by the
insecticide vinclozolin were transmitted across generations through sperm epigenetic
mechanisms [111]. Recently, a cancer-associated germline epimutation was found to be
transgenerationally inherited [112]. Can alcohol-induced epigenomic alterations also be
passed to the offspring? This question was beckoned by early epidemiological studies
revealing infants and adolescents bearing FASD-like features in the absence of maternal
alcohol consumption where the fathers were alcoholics [6,7]. These studies suggest the
existence of long-range and paternal epigenetic influences on FASD etiology. Work in the
field has focused on the molecular mechansims behind these earlier findings and while the
transmissibility of alcohol-induced epigenetic changes across generations has not been
concretely demonstrated, ongoing studies have made strides toward this goal.

An early epigenetic study hypothesized that alcohol can change DNA methylation in sperm,
and a chronic drinking model in rats undergoing spermatogenesis found that DNMT mRNA
levels in sperm were lower than controls [113]. These findings suggest a hypomethylation of
sperm DNA and support the hypothesis that the effects of paternal alcohol may be mediated
by altered DNA methylation of sperm during spermatogenesis. Subsequent investigation has
found hypomethylation at paternally imprinted loci in the DNA of isolated sperm from
moderate to heavy drinkers [67]. Another reported similar findings at the AZ9locus,
although this time in the offspring DNA and not the paternal sperm [114]. Yet another ana
lysis of this imprinting control region revealed hypomethylation at the paternal alleles in
placental but not embryonic DNA [88]. Finally, Stouder and colleagues reported
hypomethylation specifically at H19 CpGs in F1-generation sperm DNA and F2 offspring
brain in a model of low-dose fetal ethanol exposure. This was accompanied by a decrease in
the mean sperm concentration of male offspring [115], an effect which bears striking
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resemblance to intrauterine exposure to the potent demethylating agent 5-aza-2’-
deoxycytidine [116].

Prenatal alcohol has also been linked to inherited epigenetic aberrations on nonimprinted
genes. Neurons containing POMC-derived peptides have been functionally compromised in
patients with a family history of alcoholism, raising the possibility that the alcohol effects on
the POMC system may be transmissible across generations [117]. Functionally, alcohol
increased the basal and lipopolysaccharide-induced stress response for both males and
females of the F1 generation, although this only persisted in the F2 and F3 progeny of the
established male germline [70]. These studies point to the potential heritability of
environmentally induced epigenetic abnormalities and associated gene functionality across
generations. More studies would be needed to confirm the site, nature, gene and stability of
reprogrammed epigenetics in distant offspring. In addition, it will be important to consider
early-life stressors (e.g., parental behavior) in the investigation of transgenerational
epigenetics. More regions of transgenerational epigenomic inheritance are expected to be
identified in the future. The outcomes could prove useful in furthering our understanding of
many late-onset diseases of unknown etiology and their treatments.

Epigenetic therapies for FASD

There is no current disease-modifying therapy for FASD and clinicians agree that early
intervention is the key to a positive therapeutic outcome. However, current diagnostic
criteria are not entirely sensitive to the more subtle phenotypes of the disease spectrum. As
such, there is a pressing need for a better understanding of the molecular underpinnings of
the disease. Epigenetic research in FASD can further both the development of a more
sensitive molecular diagnostic tool and disease-modifying therapies. The exploration of
epigenetic regulators (e.g., methylcytidine analogs and inhibitors of histone-modifying
enzymes) in the treatment of alcohol-related disease is progressing. Preliminary evidence,
however, has presented cytotoxicity and nonspecificity as major roadblocks for their utility
in developmental disease treatment [118]. As previously described, nutritional supplements,
such as methionine, folate and choline, have demonstrated some capability to alleviate the
teratogenic and hepatotoxic effects of ethanol exposure [34,48,49,53-57,119]. Although
affecting much more than epigenetic mechanisms, carefully regulated nutritional
supplements are well-tolerated in humans [120]. Many potential therapeutic agents and
supplements can be developed in light of a better understanding of the epigenetic
mechanisms of FASD. The safety and long-term potential of these should be explored.

Future perspective

Epigenetics is rapidly becoming the epicenter of future medicine [121]. The involvement of
epigenetics in medicine expands beyond the conventional genetic focus of diseases and
treatment. Cancer research has begun its movement toward epigenetic medicine. The next
epigenetic wave is likely to occur in developmental medicine. These range from
developmental syndromes without clear genetic errors (e.g., autistic spectrum disorders) to
idiosyncratic developmental syndromes, late-onset, transgenerational diseases and aging.
Developmental epigenetics may also contribute a better understanding of the diversity
within the normal, ‘healthy’ population. There is no better time to emphasize environmental
inputs and their long-term effects in developmental medicine. For example, early child care,
stress, substances of abuse, environmental toxins can, through epigenetics, influence gene
transcription and phenotype expression during development or continue throughout life.
Many late-onset diseases not attributable to genetic error or polymorphisms may have been
seeded during development. Their occurrence may be concurrent with or triggered upon
further environmental insults over a life span. A greater comprehension of epigenetic
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medicine is still something to be attained but the pace of progress is improving and the
elucidation of a host of human diseases through an epigenetic lens is imminent.
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Executive summary

Background

| Epigenetics can be inherited, intrinsically evolved and externally modified.
What and how an environmental factor impacts epigenetic processes is
demonstrated by fetal alcohol-induced fetal alcohol spectrum disorders
(FASD).

DNA methylation during devel opment

| DNA methylation during development is neither fixed nor random, but
dynamically and specifically evolved to alter developmental processes.

| 5-hydroxymethylcytosine is increasingly believed to be functionally distinct
from 5-methylcytosine and the dynamics of 5-methylcytosine and 5-
hydroxymethylcytosine enrich the regulation of transcription.

Alcohol asa modifier of epigenetics

| Alcohol can metabolically alter the availability of methyl donors to impact
DNA and histone methylation, acetylation and/or ncRNAs.

| Drinking during pregnancy alters DNA methylation and histone codification
of many biologically relevant genes at the fetal stages, such changes may
persist into later life and influence gene transcription.

Epigenetic therapies for FASD

| Therapeutic advances in FASD should continue to focus on regulating the
accessibility of alcohol to epigenetic precursors, such as methyl donors.

Future perspective

| Since DNA methylation and histone modification appear to be cell and/or
locus specific, future ana lysis of the epigenetics should include cellular and
genomic approaches.

| Underlying epigenetic causes of FASD serve as an excellent example of the
environmental impact on epigenetics.
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Figure 1. Two distinct forms of DNA methylation

DNMT transfers a methyl group to cytosine bases to form 5-methylcytosine (5mC). 5mC is
found at CpG rich islands in the promoter regions of the gene. Canonically, CpG
methylation is associated with silenced gene activation (represented by the *X”) [10,11],
often through methyl CpG-binding proteins (i.e., MBD1), which recognize 5mC sites and
recruit negative transcriptional regulatory proteins. The Tet family enzymes can further bind
5mC and hydroxylate the methyl group into 5-hydroxylmethylcytosine (5ShmC). A shift of
5hmC from promoter to the gene-body regions is genomically observed. 5hmC have shown
preference for differential methyl CpG-binding proteins (e.g., MBD3) [26] and increasingly
found to link to transcriptionally activating complexes [17,19,22]. The complimentary
distribution and differential role of 5mC and 5hmC provide a new dynamic for epigenetic
regulation of the complex development.

C: Cytosine; DNMT: DNA methyl transferase; Me: Methylation; TSS: Transcription start
site.
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Figure 2. DNA methylation dynamics during neuronal differentiation

A general view shows basic DNA methylation dynamics on the path to neuronal maturation
from undifferentiated neuroepithelial cells (A-C). (A) While proliferating prior to
differentiation, the neuroepithelial cell nucleus is spindle shaped and contains no DNA
methylation marks (DMMs). However, during early differentiation, they increase in size and
acquire cytosine methylation (5mC) followed by 5hmC. (B) Migration towards the
transitional zone begins after the appearance of DMMs. By then, the nucleus has increased
in size and become ellipsoid shaped and they acquire MBD1. Meanwhile, 5mC and 5hmC
are complimentarily repackaged into heterochromatic and euchromatic regions, respectively.
(C) As they approach a target region, the maturing neuron is characterized by both MBD1
and 5mC in the nuclear heterochromatic distribution and 5hmC in euchromatin. Upon
reaching the target region, the cells appear almost fully rounded and establish more 5hmC
while some mature neurons exhibit decreased 5mC. Left column: immunohistochemical
representation of DMM distribution and nuclear morphology in each differentiation state;
middle column: illustration of cell stage and DMMs; right column: DMM and nuclear
morphology legend. Arrows indicate the direction of the differentiation path. Please see
color figure at www.futuremedicine.com/doi/pdf/10.2217/epi.12.80. 5hmC: 5-
hydroxymethylcytosine; 5mC: Methylcytosine; MBD: Methyl binding domain.
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Figure 3. Alcohol and methyl metabolism

DNA and histone methylation occurs mainly through the transfer of a methyl group to the
substrate. SAM actively carries the methyl donor group. SAM is synthesized from
methionine, which itself can be produced from the dietary intake of folate, choline and other
methyl donors (only folate is shown here for simplicity). Alcohol can affect the methionine
synthesis process by inhibiting metabolic enzymes [122], MAT [43] and DNMTs [123],
both through direct and indirect processes [62,63]. This consequently induces a decrease in
SAM production and hyperhomocysteinemia [124]. In addition, acetate, a by-product of
alcohol metabolism (indicated by a dashed arrow), is involved in the acetylation of Hs.
DNMT: DNA methyl transferase; H: Histone; HAT: Histone acetyltransferase;

HMT: Histone methyltransferase; MTHF: Methyltetrahydrofolate;

SAH: S-adenosylhomocysteine; SAM: S-adenosylmethionine; THF: Tetrahydrofolate.
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FASD

Primary phenotype

* Growth retardation

* Neurodevelopment deficit
* Facial dysmorphology
 Cardiac impairment

* Abnormal stress level
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Figure 4. Epigenetic mechanisms and potential manifestations of fetal alcohol spectrum
disorders

Maternal alcohol exposure leads to expansive phenotypes of FASD but the mechanisms
remain elusive. Besides immediate cellular effects, it is now understood that alcohol
extensively alters epigenetics during fetal and NSC development through genomic DNA
methylation, cellular DNA methylation programming (see text), histone modification,
transposons and miRNA. These epigenetic changes are likely a major upstream disrupter of
gene transcription leading to primary phenotypes of FASD (e.g., growth retardation and
neurodevelopmental deficit) and collectively compromise brain function and mental faculty
as secondary phenotypes in early life. It is not expected that all epigenetic changes lead to
transcriptional and phenotypic changes but increasing evidence suggests that continuous
environmental insults may lead to increased epigenetic abnormality [104]. The primary
seeding of epigenetic errors and secondary, cumulative epigenetic abnormality via abrasive
environment (e.g., childhood abuse and stress) may result in a potential manifestation of
FASD beyond the classical diagnosis in adulthood. Moreover, epigenetic errors (e.g., POMC
and H19 intergenic regulator) carried in the germlines that pass the checkpoint of global
demethylation, may influence the next generations. Epigenetic medicine challenges
clinicians to take a deeper as well as a broader view on FASD, using both the magnifying
and telescopic lens of epigenetics.

FASD: Fetal alcohol spectrum disorders; NSC: Neural stem cell.

Child’s face ©The Board of Trustees of the University of Illinois, all rights reserved.
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Table 1

Epigenetic gene targets of alcohol.

Biological function

Genetarget

Epigenetic regulation

Mbd3, Dnmtl, Dnmt3b and Smarca2

Transcriptional regulation

SIN3A, ZNF562, Cutl? (Cux2), Poudf3and Sox7

Metabolic regulation

Peft, Rfc, Fpgs, Adh, Cytp4502c11, Lasdhand Hal

Cell cycle regulation

Bubl, E2f7, Cenbl, Plk1, CDC23and LIN37

Cellular differentiation

Pard6a, Dgcr2, ERMAP, ACTR3C, Neurod6, Snaill and Srf

Cell survival

Gst-yc2, Crhand Tnf

Neural communication

MAOA, GABRB3, HTR3A, HTR2B, DRD4, GRIN1, Nr2b, OPRM1, POMC, PDYNand Pnoc

Synaptic plasticity

NCAM1

Embryonic development

Jagl, Elavil2, Igf1, 19f2, ABR, Aldhlal, Enah, Ets2, Vax1, Lim2, Kifla, Ncstn, SmydIand Efemp2

Imprinted genes

H19/1GF2 locus, DLK1/GLK2Z locus, H19, Cdknlc,Ube3a, Grbl0,1gflr, Slc22a18, Gatm, PEG10and Nnat

Developmental disease related

Wbscrzzf Nipb/f Bsnd, Ptpn]lf Pthih, Pafah1b1, Vsx1, Vax2, Pdgfra, Ube3a, Dmpk, ldua, Kif21aand

Fox/I2

Late-onset disease related

SNCA, App, Hmox and Trpom7

Cancer

BLCAPand ACTR3C

Demonstrates high-throughput and single-gene analysis of epigenetic alteration by alcohol exposure, including DNA methylation, histone
methylation and acetylation, and miRNA targeting. Alcohol models and stringency of methylation/histone modification comparison vary by studly.
The genes (primarily listed by biological function) revealed by Ingenuity pathway analysis are shown. Supplementary validation methods were
used in some studlies. Additional details and references are detailed in Supplementary Table 1.

fGenes with DNA methylation changes involved in developmental syndromes have considerable overlap with fetal alcohol syndrome, a severe
form of fetal alcohol spectrum disorders based on CDC reports. These genes are WBSCR22 (William’s syndrome), NIPBL (Brachmann De Lange
syndrome) and PTPN11 (Noonan’s syndrome).
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