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Abstract

Alcohol exposure during fetal and early postnatal development can lead to an increased incidence
of later life adult-onset diseases. Examples include central nervous system dysfunction,
depression, anxiety, hyperactivity, and an inability to deal with stressful situations, increased
infection and cancer. Direct effects of alcohol leading to developmental abnormalities often
involve epigenetic modifications of genes that regulate cellular functions. Epigenetic marks carried
over from the parents are known to undergo molecular programming events that happen early in
embryonic development by a wave of DNA demethylation, which leaves the embryo with a fresh
genomic composition. The proopiomelanocortin (Pomc) gene controls neuroendocrine-immune
functions and is imprinted by fetal alcohol exposure. Recently, this gene has been shown to be
hypermethylated through three generations. Additionally, the alcohol epigenetic marks on the
Pomec gene are maintained in the male but not in the female germline during this transgenerational
transmission. These data suggest that the male-specific chromosome might be involved in
transmitting alcohol epigenetic marks through multiple generations.
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INTRODUCTION

Epigenetic state is a term used to define chemical modifications that occur within a genome
without changing the DNA sequence. Epigenetic changes often occur during development
where they help maintain the specification of cells during mitotic cell division. These
changes can also be meiotically heritable, passing from one generation to the next. Thus,
they are referred to as transgenerational epigenetic events, which is the focus here. The
transgenerational inheritance of epigenetic changes in the genome provides an additional
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molecular mechanism, along with induction of genetic mutations, for the germline
transmission of environmentally induced phenotypic change (Jirtle & Skinner 2007). In
humans, a number of studies have recently identified diseases that result from disruption to
the epigenetic state that is transmitted across generations. One of these diseases is Prader—
Willi syndrome, which is characterized by decreased mental capacity and obesity. The
syndrome is often caused by aberrant methylation, and appears to be the result of an allele
that has passed through the male germline without clearing of the silent epigenetic state
previously established in the grandmother (Buiting et a/. 2003). Evidence for multi-
generational transfer of alcohol-related disease is beginning to appear. It has been shown that
maternal grandmothers who had alcohol-related medical problems have grandchildren with
higher rates of fetal alcohol spectrum disorders (FASD) than those from control
grandmothers (Kvigne et a/. 2008). Major depressive disorders that often co-occur with
alcohol use disorders in the grandparental generation are known to increase the risk to
grandchildren (Olino et al. 2008). These findings suggest that inheritance of alcohol-related
disorders occurs for multiple generations in humans. In this review, | will present evidence
from animal studies to show alcohol-induced epigenetic changes and associated pathologies
pass through the male germline without clearing of the silent epigenetic state previously
established in the great grandparent, therefore providing support for transgenerational
inheritance.

TRANSGENERATIONAL EPIGENETIC EFFECTS

First, it will be important to differentiate the transgenerational epigenetic effects from
parental and grandparental effects. In a recent review, Dr. Grossniklaus and colleagues have
argued that while some biologists consider all outcomes observed in both parents and
offspring to be transgenerational, an epigenetic basis of environmentally induced effects can
be inferred only if they last over multiple generations (Grossniklaus ef a/. 2013).
Furthermore, some additional aspects need to be considered. For example, parents can
influence their offspring not only by providing their DNA but also by contributing bioactive
molecules in the egg and sperm cytoplasm, by providing nutrients and hormonal information
during embryo-genesis and by taking care of offspring after birth. Many of these parental
(and sometimes grandparental) effects will not have an epigenetic basis and will not involve
modification in the germline (Grossniklaus et al. 2013). It is suggested that an epigenetic
basis of transgenerational environmental effects can be considered only if they last over
three generations for maternal exposures and two generations for paternal exposures (Jirtle
& Skinner 2007). The reasoning behind this assumption is that an environmental exposure of
an FO generation gestating female directly exposes both the F1 generation fetuses and the
germ cells present in those fetuses that will generate the F2 generation. The subsequent F3
generation would be the first generation that would not have been directly exposed to the
environmental factor. Therefore, effects on the F1 and F2 generations can be due to direct
exposure and so should be considered parental effects (Skinner, Manikkam & Guerrero-
Bosagna 2010). In contrast, a transgenerational effect following exposure of an FO
generation gestating female is defined as an effect seen in the F3 or later generations (Jirtle
& Skinner 2007; Skinner 2008). In the case of the male, an environmental exposure of an FO
generation male directly exposes his germ cells which will generate F1 generation fetuses.
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Therefore, transgenerational effects following exposure of an FO male can be inferred only if
they last in F2 generation fetuses. Transgenerational phenomena by definition do not involve
direct exposure but involve epigenetic changes induced in the germline (Guerrero-Bosagna
et al. 2010; Thornburg et al. 2010). We will name these two routes of transmission as
germline-dependent and germline-independent inheritance, to distinguish between the
transgenerational effects and the parental effects of environmentally induced epigenetic
variations (summarized in Fig. 1).

A. Germline-independent epigenetic inheritance

This type of inheritance is acquired through social and behavioral interactions and through
parental and grandparental effects. For example, good maternal care through grooming and
licking was associated with a decrease in DNA methylation at the nerve growth factor-
inducible protein-A transcription factor (TF) binding site in the promoter region of the
glucocorticoid receptor in the hippocampus of offspring rats (Weaver 2007; Weaver et al.
2007). This effect was associated with stress resilience and was passed on to the next
generation. This seems to be, at least in part, socially transmitted, because pups that were
given less maternal care gave less maternal care themselves as parent. Furthermore, cross-
fostering reversed the effect. In addition, early postnatal cross-fostering of these pups with
low licking and grooming mothers reversed these effects, which suggests that the
transmission of these epigenetic changes is germline independent (Weaver 2009; McGowan
etal 2011).

B. Germline-dependent epigenetic transmission

This type of transgenerational transmission of epigenetic marks requires the action of
environmental factors during germline differentiation, a critical narrow window during
which the germline undergoes epigenetic reprogramming (Jirtle & Skinner 2007; Skinner et
al. 2010). The most sensitive developmental period to environmental perturbations is the
fetal gonadal sex determination (Anway et al. 2005; Skinner et al. 2010). After fertilization,
the primordial germ cells undergo an erasure of DNA methylation to produce pluripotent
embryonic stem cells. At the blastula stage of embryonic development, during gonadal sex
determination, the DNA is remethylated in a sex-specific manner to generate male or female
germlines (Reik, Dean & Walter 2001; Morgan et a/. 2005). It was suggested that some
germline imprinted genes or epimutations escape this DNA demethylation process, allowing
transmission of permanent epigenetic changes across generations (Skinner et al. 2010). For
example, exposures to an anti-androgen endocrine disruptor vinclozolin have been shown to
modulate the epigenome (as reflected by alterations in DNA methylation patterns of several
genes) in adult rat males of the F1 generation, and this was followed by DNA methylation
disruption in the spermatozoa of the F2 and F3 generations (Anway, Leathers & Skinner
2006a; Anway et al. 2006b). In addition, many male offspring phenotypes observed
following initial FO vinclozolin exposures persisted to the F4 generation. These phenotypes
include excess tumors and disrupted kidney development (Anway et al. 2006a,b), increased
anxiety traits and decreased reproductive behaviors (Crews et al. 2007). These data suggest
that an altered germline epigenome induced by environmental insults can promote the
transmission of abnormal states of cell and tissue differentiation and behavioral deficits for
many generations.
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KEY ELEMENTS OF TRANSGENERATIONAL EFFECTS

A. Epigenetic processes

The mechanisms by which environmental exposures cause transgenerational effects are not
well understood. The process involving epigenetic modifications is believed to be an
important component that involves chemical modifications to the DNA rather than mutations
of the DNA sequence itself. Epigenetic modifications can be achieved in various ways
including the addition of methyl groups to DNA, known as DNA methylation, or chemical
modifications (e.g. methylation, acetylation, phosphorylation, ubiquitination, ADP-
ribosylation and sumoylation) to the histone proteins that surround the DNA, known as
histone modifications, and/or interference of gene transcription by small non-coding RNAs
(ncRNAS) (Kugel & Goodrich 2012).

The process of DNA methylation involves the transfer of a methyl group onto the C5
position of the cytosine to form 5-methylcytosine (5mC). Methylation is a covalent
modification of the DNA that is catalyzed by the activity of DNA methyltransferases
(DNMTSs) that transfer a methyl group from S-adenyl methionine (SAM) to the fifth carbon
of a cytosine residue. The majority of DNA methylation occurs on cytosines next to a
guanine nucleotide, also known as CpG sites. CpG islands (CGls) are stretches of DNA
roughly about 1000 base pairs long containing strings of CpG dinucleotides and often are
not methylated (Bird et a/. 1985). The majority of gene promoters in mammals (70 percent)
show the presence of CGls in or near them (Saxonov, Berg & Brutlag 2006). Methylation of
CGls is often regulated during development to control gene expression (Doerfler 1983).
DNA methylation regulates gene expression by recruiting proteins involved in gene
repression or by inhibiting the binding of TS(s) to DNA (Moore, Le & Fan 2013). It is well
recognized that DNA methylation, in concert with other regulators, is a major epigenetic
factor controlling gene activities.

DNA demethylation is also an important epigenetic component for gene transcription and
epigenetic programming. Recent studies have shown that 5mC can be oxidized to 5-
hydroxymethylcytosine (5hmC). Tet proteins were recently identified as 5mC hydrolases
that catalyze the conversion of 5mC of DNA to 5hmC, raising the possibility that DNA
demethylation may be a Tet-mediated process (Tahiliani et a/. 2009). It is also suggested that
demethylation may be a process during which 5mC is converted into 5hmC without going
through demethylation (Wu & Zhang 2009). Biological roles of 5hmC are not clear. Ficz et
al. (2011) showed that the presence of 5hmC in promoter regions was associated with high
levels of transcription, suggesting a role on long- and short-term regulation of gene
expression. 5hmC is not recognized by DNMTSs, which will prevent maintenance
methylation during DNA replication, resulting in passive DNA demethylation. Current
evidence suggests that both ‘passive’ and ‘active’ mechanisms may contribute to the DNA
demethylation of the parental genome and participate in epigenetic programming and
reprogramming during development (Cantone & Fisher 2013).

Histone madifications are another major biological process by which epigenetic regulation
of gene expression occurs. Histones are highly basic proteins that help in the packaging of
DNA into nucleosomes, the binding blocks of chromatin. These proteins are subject to
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epigenetic changes to the histone proteins that surround the DNA, known as histone
modifications in response to internal or external factors including alcohol. Histone 3 (H3)
and histone 4 (H4) are commonly studied, as they have tails that can be covalently modified
by methylation or acetylation. The histone tail undergoes malleable posttranslational
modification and allows the chromatin to exist in a relaxed state (euchromatin) that is
conductive for gene activation or in a compacted state (heterochromatin) that is conductive
for gene repression. Heterochromatin is associated with hypoacetylation (deacetylated state)
for H3 and H4, and di- or trimethylation of the ninth lysine residue on H3 (H3K9me2 or
H3K9me3). The open state, euchromatin, is associated with acetylated H3 and H4, and di-
or trimethylation of the fourth lysine residue of H3 (H3K4me2 or H3K4me3) (Arney &
Fisher 2004). Thus, differential histone modifications produce dual effects on gene
transcription, such as gene activation or repression.

Recent evidence has demonstrated involvement of a number of small ncRNAs (~20-30
nucleotides), such as short interfering RNAs (siRNAs), microRNAs (miRNASs) and PIWI-
interacting RNAs (piRNAs) (Aalto & Pasquinelli 2012), in epigenetic silencing of specific
genes and in the protection of the genome against viruses and transposons (Moazed 2009;
Luteijn & Ketting 2013).

B. Epigenetic marks

The DNA methylation/demethylation and histone modifications are passed on to the
daughter cells when a cell divides. They are referred to as epigenetic changes because the
level of regulation is above (“‘epi’) the direct genetic modifications of the DNA (Hemberger,
Dean & Reik 2009). Scientists often use the term ‘marks’ or ‘tags’ to define environmental
factors that induce chemical modifications of DNA and/or histones. Epigenetic marks
carried over from the parents are generally cleaned off during molecular programming
events that happen during embryonic development. After fertilization, a wave of DNA
demethylation leaves the embryo with a fresh genomic composition with the exception of
certain imprinted genes which remain methylated. Later, cells in the developing embryo are
remethylated as they develop into the somatic cells that make up different organs and tissues
in the body (Shi & Wu 2009). Germ cells, meanwhile, undergo their own wave of
demethylation and remethylation programming events, which are specific to the sex of the
developing embryo. However, it is now becoming increasingly clear that epigenetic marks in
germ cells are more stable and persistent than initially assumed (Bohacek & Mansuy 2013).
A recent genome-wide DNA methylation study revealed that a substantial number of genes
retain parental DNA methylation in promoter regions after fertilization, which is an
important requirement for the transgenerational transmission of DNA methylation (Borgel et
al. 2010). Similarly, not all histones in sperm are replaced by protamines and those that are
maintained likely keep their posttranslational modifications and can be transferred to the
oocyte (Hammoud et al. 2009; Brykczynska et al. 2010). In addition to DNA methylation
and histone modifications, new data also point to a role for ncRNAs in the transfer of
transgenerational information through the germline (Johnson et a/. 2011). A number of
studies provided evidence to show that a subset of cytosine methylation patterns in sperm is
known to be heritable (Rakyan & Whitelaw 2003; Rakyan et a/ 2003; Waterland & Jirtle
2003; Cropley et al. 2006; Chong et al. 2007). Additionally, RNA molecules packaged in
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sperm have shown to affect offspring phenotype (Rassoulzadegan et a/. 2006; Wagner et al.
2008; Carone et al. 2010). Furthermore, since sperms are largely devoid of histone proteins,
chromatin structure has been proposed to carry epigenetic information (Chong et al. 2007,
Arpanahi et al. 2009; Brykczynska et al. 2010; Carone et a/. 2010).

A role of site-specific non-CpG methylation has also been proposed in transgenerational
inheritance. While a majority of the methylated residues are in the symmetrical
(meC)pG:Gp(meC) configuration, a smaller but significant fraction is found in the CpA,
CpT and CpC asymmetric (non-CpG) dinucleotides. Nishino ef a/. (2011) found existence of
a unigue DNA methylation at the CCTGG site in the Sry promoter regions and that this
methylation occurred reciprocally to CpG methylation in the developmental process.
However, this non-CpG methylation is transient and unstable on the Y chromo-some.
Additionally, Grandjean et al. (2007) presented data to show that paternal inheritance of
epigenetic information in the form of CpG methylation patterns directs the establishment of
site-specific non-CpG methylation. Hence, further studies are needed to establish the role of
non-CpG methylation in transgenerational inheritance.

A number of studies have recently reported the presence of extensive DNA methylation in
gene bodies downstream of transcription start sites (TSS) (intragenic methylation) (Hellman
& Chess 2007; Ball et al. 2009; Kulis et al. 2013). 1t was noticed that in human cells most of
the DNA methylation peaks are found in gene bodies rather than in promoters. Although
incompletely understood, intragenic DNA methylation exerts multiple potential functions
such as reducing gene expression by regulating transcriptional elongation efficiency
(Lorincz et al. 2004), determining alternative polyA site choice (Wood et a/. 2008) and
tissue-specific selection of alternative promoters (Maunakea et a/. 2010). However, the
functional role of gene body in sex-specific methylation imprinting is not well studied and
remains to be elucidated.

Most available studies on transgenerational epigenetic inheritance have focused on
understanding the role of maternal transmission of environmentally induced epigenetic
modifications; studies on the effects of paternal epigenetic alterations on offspring are still
scarce. In a recent study by Petropoulos, Matthews & Szyf (2014), it was reported that the
administration of the synthetic glucocorticoid, dexamethasone, to adult male mice led to
alterations of the DNA methylation patterns in the mature sperm cells of these animals
which was associated with alterations in the expression and DNA methylation of nuclear
steroid receptors (i.e. mineralocorticoid receptor, estrogen alpha receptor and glucocorticoid
receptor) in somatic tissues such as hippocampus and kidney of offspring.

In our own work, we attempted to answer the question of whether alcohol-related disorders

are transgenerationally inherited through multiple generations. We tested this hypothesis by
using an animal model of fetal alcohol exposure. I will discuss the data from these studies in
the next section of this review.
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ALCOHOL EPIGENETIC MARKS ON PROOPIOMELANOCORTIN (Pomc)
GENE AND THE STRESS AXIS

The question of whether the inheritance of alcohol-related disorders occurs for multiple
generations has recently been tested using an animal model of fetal alcohol exposure.
Drinking alcohol during pregnancy produces children with FASD. These children often
show behavioral and physiological changes such as depression, anxiety, hyperactivity and an
inability to deal with stressful situations (Schneider et al. 2002; Kelly et al. 2009; Kelley et
al. 2010), as well as increased neonatal infection and childhood leukemia (Gauthier et a.
2005; Latino-Martel et al. 2010). Rodents exposed to alcohol during fetal life also show
pathologies including anxiety, stress hyperresponsiveness, immune problems and increased
susceptibility to carcinogenesis (Sarkar ef al. 2007; Boyadjieva et al. 2009; Hellemans et al.
2010; Polanco et al. 2010; Murugan et al. 2013).

The hypothalamic p-endorphin is implicated in the behavioral as well as the biological
responses associated with stress stimuli. The well-studied effect of p-endorphin is its ability
to modulate pain, but the peptide has also been implicated in the central regulation of
hypothalamic corticotrophin-releasing hormone (CRH) (Plotsky 1986). Indeed, p-endorphin
has been shown to play an important role in the negative feedback loop controlling the stress
response. In response to stress, the secretion of CRH and catecholamines stimulates the
secretion of B-endorphin from the hypothalamus that participates in the negative feedback
loop involving adrenocorticotropic hormone (ACTH) from the pituitary gland and
glucocorticoids from the adrenal gland. Central B-endorphin binds to & and p opioid
receptors and modulates the autonomic nervous system via neurons within the
paraventricular nucleus. p-endorphin produced from pituitary POMC that circulates in the
periphery is primarily regulated by CRH and argi-nine vasopressin and has less impact on
autonomic nervous system function (reviewed in Wynne & Sarkar 2013).

POMC neurons in the arcuate nucleus of the hypothalamus play a critical function in
regulation of the HPA (hypothalamic-pituitary-adrenal) axis as well as reward pathways, and
the immune system, through the neuropeptides melanocortin, ACTH and B-endorphin
derived from the POMC precursor polypeptide (Chen et al. 2006). POMC neurons were
found to be impaired in both fetal alcohol-exposed (FAE) rats and postnatally ethanol-
exposed rats (Sarkar et al. 2007; Boyadjieva et al. 2009). Glucocorticoids show levels that
are low in the alcohol-exposed fetus, whereas they are elevated in the FAE neonate and FAE
adult rats (Hellemans et al. 2010). Recent experiments to replace p-endorphin/POMC-
producing cells in FAE rats demonstrated an improvement in stress and immune response in
the animals, demonstrating a role for POMC in FASD (Boyadjieva et al. 2009).

Using an animal model of fetal alcohol exposure (Chen et al. 2006), we determined whether
alcohol exposure during the developmental period incites epigenetic marks leading to
permanent alteration of Pomc gene expression in the hypothalamus. Furthermore, we tested
whether fetal alcohol produces transgenerational effects on the Pomc gene. The results of
this study are recently published (Chen et al. 2006; Govorko et al. 2012; Bekdash, Zhang &
Sarkar 2013). Alcohol feeding via a liquid diet to pregnant dams produced a significant
deficit in Pomc neuronal functions in the hypothalamus, including lower Pomc gene
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expression and its protein product B-endorphin production, of both male and female
offspring during the adult period. Alcohol fetal programming that causes this lower
expression of Pomc gene appears to involve DNA methylation. This is because FAE animals
showed increased methylation of several CpG dinucleotides in the proximal part of the Pormc
gene promoter region. CpG methylation in the promoter region of a gene most often
correlates with silencing of its promoter activity (Deaton & Bird 2011). A group of CpG
dinucleotides in the promoter region or around the TSS of a gene are usually unmethylated.
Abnormal methylation of the promoter CGls in response to external or internal factors has
been associated with gene silencing. We found that one of the hypermethylated CpGs at
position =62 upstream of Pomc gene TSS coincided with the CCAAT box which is a
binding site for TFs essential for transcriptional activation. Another methylated CpG we
found in FAE rats at position —216 contained an 11 bp sequence which is highly conserved
in vertebrates and is important for Pomc gene expression in target tissues (Bumaschny et a/.
2007), suggesting that the hypermethylation of this site by FAE could be one of the causes
of the decrease in Pomc gene expression.

The mechanism by which FAE programs the POMC cells to hypermethylate the Pomc gene
promoter has also been studied (Govorko et al. 2012; Bekdash et al. 2013). It has been
shown that administrations of Trichostatin A (TSA), the inhibitor of histone deacetylases
(HDACS), or 5"-Azacytidine (5’-Aza), the inhibitor of DNMTs, during the neonatal period
normalized fetal alcohol-induced Pomc gene hypermethylation in the adult stage, suggesting
roles for both histone modification and DNA methylation machineries in fetal alcohol
programming of POMC neurons. Measurements of the changes in protein and gene levels of
histone-modifying proteins and DNMT levels in POMC neurons provided plausible
mechanisms by which alcohol programs histone modification and DNA methylation to
increase Pomc gene methylation and expression. It was observed that FAE decreased the
level of histone-modifying enzymes that methylate H3K4 and its associated gene Set7/9, and
acetylate H3K9 and its associated gene CREB-binding protein (CBP). Additionally, FAE
increased the level of HDAC?2, which is known to suppress H3K9 acetylation in the brain
(Pandey et al. 2008). H3K4 methylation and H3K9 acetylation are known to activate gene
expression. On the other hand, FAE increased the levels of histone-modifying enzymes that
methylate H3K9 and its associated genes G9a and Setdbl. These are repressive marks for
gene activation. Hence, increased H3K9 methylation/deacetylation and decreased H3K4
methylation might be the key modifications of the histone tail surrounding the POMC DNA
in FAE animals (Fig. 2).

Ethanol exposure during the human third trimester equivalent has been shown to alter
histone acetylation in the developing rat cerebellum (Guo et a/. 2011), enhanced activity of
G9a (lysine dimethyltransferase) and increased levels of histone H3 lysine 9 (H3K9me2)
and 27 (H3K27) dimethylation in developing mouse hippocampus (Subbanna ef a/. 2013).
Using mice neural stem cell population in vitro, Veazey et al. (2013) also have shown
ethanol-induced reductions in H3K27me3 and H3K4me3 at promoters of genes involved in
neural precursor cell identity and differentiation. Global transcriptome analysis also showed
corresponding changes in gene expression in the brain in a maternal voluntary consumption
model of FASD (Kleiber et al. 2014). These results suggest FAE affects histone modification
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globally rather than in POMC-specific cells to cause HPA-associated phenotypes relevant to
FASD.

It has been proposed that DNMTs could only access the DNA that is wrapped around
nucleosomal histones with H3K9 methylation signal (Vaissiére, Sawan & Herceg 2008).
Ethanol has been shown to interfere with one-carbon metabolism, the primary methyl donor
in the DNMT pathway (Halsted et al. 2002; Fowler et al. 2012). This is accomplished in part
by reducing folate availability. Folate is converted in a stepwise process to methionine,
which is then converted to the active methyl donor SAM. Ethanol can also reduce SAM
levels by reducing the activity of methionine synthase (Barak, Beckenhauer & Tuma 1996).
Reductions in SAM impair the ability of DNMTSs to maintain DNA methylation. DNA
methylation involves covalent modification of the cytosine residue in CpG dinucleotides in
the promoter region to ‘lock in’ the silent state of a gene and is catalyzed by the activity of
DNMTs (Deaton & Bird 2011). DNMTs include DNMT1, DNMT2, DNMT3a, DNMT3b
and DNMT3L. DNA methylation studies in mice have shown that adult mice prenatally
exposed to ethanol have alterations in methylation-sensitive genes (Kaminen-Ahola et al.
2010) and show broad alterations when examined at the whole-genome scale, including
within imprinted regions (Laufer et a/. 2013). Alcohol exposures also have shown to alter
DNA methylation profiles in mouse embryos at early neurulation (Liu et a/. 2009). Hence,
we tested whether significant changes in DNMT activities have also occurred in POMC cells
of FAE animals. We found that the protein and transcript levels of DNMT1 are increased in
POMC cells of FAE offspring. In enkaryotes, this enzyme utilizes SAM to methylate carbon
C5 of cytosine (5-mC) that is located next to a guanine (G) in CpG dinucleotides in the
promoter. It has been shown that there is ‘cross-talk’ between the DNA methylation
machinery and the histone modifiers (Bird 2001). Methylated DNA most often recruits
several methyl-binding proteins (MBDs) to promote gene repression. Increased levels of
methyl-CpG-binding protein (MeCP2) and MBD1 were also observed in POMC cells of
FAE offspring. H3K9 methylation itself recruits MBDs or MeCP2 and other chromatin-
modifying factors to the promoter of a specific gene and leads to gene repression (Sarraf &
Stancheva 2004; Vaissiére et al. 2008; Guibert & Weber 2013). In summary, it could be
hypothesized that FAE epigenetic marks involve methylation of Pomc gene via suppression
of H3 lysine 9 acetylation, activation of HDACs (e.g. HDAC1) and various methylation-
promoting genes (G9a, Setdbl). DNMT 1 and MBD1/MeCP2 assist in spreading the
silencing signal (Fig. 2).

Fetal alcohol exposures also induced some endophenotypes of the Pomc gene expression
defect, including elevated basal and immune stimulus (lipopolysaccharide)-activated ACTH
and corticosterone levels in the plasma of both male and female offspring (Govorko et al.
2012). Noticeably, the suppression of histone deacetylation and DNA methylation by
pharmacological agents normalized Pomc gene expression and POMC neuronal functional
abnormalities (elevated corticosterone and ACTH responses to a stress challenge). These
data suggest that FAE epigenetic marks on the Pormc gene might lead to the abnormal
production of stress hormones and hyperstress response for a prolonged period of time in the
offspring.
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TRANSGENERATIONAL EPIGENETIC MODIFICATIONS CAUSED BY
MATERNAL ALCOHOL CONSUMPTION CAN PROCEED THROUGH THE
MALE GERMLINE

To determine whether the effect of fetal alcohol exposure on the Pomc gene is transmitted
transgenerationally, we compared the POMC gene methylation and expression changes as
well as the endophenotypes related to POMC gene expression defects in F1-F3 offspring of
male germline and female germline (see Fig. 3). F1, F2 and F3 male progenies of male
germline but not female germline demonstrated a significant increase in Pomc gene
methylation and a decrease in expression levels. However, female progeny showed the fetal
alcohol-induced changes in Pommc gene methylation and expression only in the F1 generation
but not in F2 and F3 generation irrespective of their germline differences (Govorko et al.
2012). Similar transgenerational transmission of fetal alcohol effects was also observed on
the stress hyperresponse (lipopolysaccharide-induced ACTH and corticosterone levels),
which is considered one of the endophenotypes of POMC defects (Boyadjieva et al. 2009;
Sarkar et al. 2012; Sarkar & Zhang 2013). Furthermore, the Pomc gene methylation defect
was observed in sperm in F1 through F3 generations of male rats derived from the male
germline. These results provide the first direct evidence that fetal alcohol effects on Pormc
gene hypermethylation and stress axes abnormalities persist throughout adulthood and
perpetuate into subsequent generations through the male germline.

There are a number of studies in humans that provide indirect support of the heritability of
alcohol-related disorders in the literature. In a recent study of Native American women who
abused alcohol, F2 generation offspring (i.e. the grandchildren) of an alcohol-abusing
woman have a higher tendency to show fetal alcohol syndrome than those who do F2
progeny of control women (Kvigne et al. 2008). There is also evidence that hypomethylation
occurs in the sperm of alcoholic men (Ouko et al. 2009). Transmission of the effects of
alcohol through the paternal line has precedents in the literature for induction of symptoms
like those found in FASD. These include mental impairment, cardiac defects, low birth
weight and hyperactivity, compared with controls, as assessed in human epidemiological
studies and backed by animal studies (Abel 2004). This supports the findings of Govorko
and colleagues that factors that impact POMC and subsequently affect the HPA axis and
FASD can be transmitted by males through the germline.

HYPOTHETICAL MECHANISM OF TRANSGENERATIONAL TRANSMISSION
OF THE ALCOHOL EPIGENETIC MARKS

As discussed earlier, transgenerational epigenetic marks on genes are less common as most
epigenetic signatures are typically lost during gametogenesis. However, as discussed earlier,
genome-wide DNA methylation studies revealed a number of genes retain parental DNA
methylation in promoter regions after fertilization, which is an important factor for the
transgenerational transmission of DNA methylation (Borgel ef a/. 2010; Bohacek & Mansuy
2013). The data presented here suggest that the Pomc gene is one of the genes that can retain
alcohol-induced modification of the parental DNA promoter. Why is the APomc gene resistant
to developmental clearance? Prior to fertilization, the male gamete carries the fathers’
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germline epigenetic signature. During development, protamines that are necessary for
stabilization and dense condensation of the male DNA in spermatozoa replace most histones
in late spermatogenesis. During gamete fusion, protamines are exchanged with female
histones, typically acetylated histones, and the male DNA is demethylated (Fulka et a/.
2004). This process leads to clearance of most of the environmentally induced epigenetic
marks on the maternally or paternally derived DNA methylation. However, euchromatic
regions including imprinted regions and CGls may escape demethylation (Li, Kirschmann &
Wallrath 2002). In the hypothalamus, POMC is regulated in part by the non-pairing region
of the Y chromosome (YNPAR) (Botbol et a/. 2011). Additionally, transgenerational changes
in the expression of the Pomc gene in rats were detected in sperm (Botbol et a/. 2011). As
fetal alcohol exposure causes heritable sex-linked changes in Pomc expression in male rats,
the possibility is raised that a sex-linked decrease in Pomc expression is due in part to
epigenetic changes in the Y chromosome (YNPAR) caused by fetal alcohol exposure, creating
the transgenerational pattern observed. Current studies are underway to test this hypothesis.

CONCLUSIONS AND FUTURE DIRECTIONS

Recent studies with various environmental toxins have shown that a genetic or
developmental defect in the offspring of a mother exposed to a toxin during gestation may
appear in later generations. Substances that have the ability to induce a transgenerational
effect cause stable chromosomal alterations or an epigenetic phenomenon such as DNA
methylation (Rakyan & Whitelaw 2003). | have summarized evidence to indicate that
alcohol intake during pregnancy produces epigenetic marks on the Pomc gene, which
involves increases in DNA methylation levels of the proximal part of the Pomc gene
promoter with the concomitant decrease in Pomc gene expression levels and stress
hyperresponse. Furthermore, this Pomc gene methylation defect was observed in germ cells.
More importantly, these fetal alcohol-induced long-lasting changes at the molecular, cellular
and organismal levels impacted subsequent generations via the male germline. The
epigenetic mechanisms described in this review may provide a route through which
developmental plasticity in one generation can be transmitted across multiple generations.
Presently, it is not apparent how the epigenetic marks carried over from the parents bypass
the demethylation process during molecular programming events that happen during
embryonic development. One possibility is that the non-pairing euchromatic region of the Y
chromosome (YNPAR) bypasses developmental molecular programming and therefore
participates in the male-specific transgenerational transfer of the epigenetic mark (Li et a/.
2002). Additional studies are needed for understanding the mechanism by which alcohol’s
epigenetic marks are transmitted across generations in a sex-specific manner. It should also
be emphasized that the lack of genome-wide studies employing ChIP-seq and RNA-seq is a
limitation in the field and should be prioritized in future research. Genome-wide analyses
may reveal the significance of POMC in FASD, particularly whether epigenetic changes in
POMC play a major or a minor role in generating the endophenotypes observed in FASD.
Furthermore, whether POMC and other players in the HPA axis interplay in a network to
affect the neuroendocrine-immune axis functions.
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Multi-generational epigenetic inheritance
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Figurel.
Proposed model of transgenerational epigenetic inheritance.The transmission of epigenetic

marks across multiple generations is proposed to follow two paths: (1) germline dependent
and (2) germline independent. In the germline-dependent inheritance, two mechanisms have
been suggested. (a) Exposure of a gestating mother (FO) to an environmental stressor
directly exposes both the F1 generation fetuses and the germ cells present in those fetuses
that will generate the F2 generation.The subsequent F3 generation would be the first
generation that would not have been directly exposed to the environmental factor. Hence, the
transgenerational effect in this case is only observed at the F3 generation. (b) In the case of
an FO male, exposure to an environmental factor directly exposes his germ cells which will
generate F1 generation fetuses. Therefore, transgenerational effects are seen at the F2
generation. (c) Germline-independent inheritance is acquired through social and behavioral
interactions and through parental and grandparental effects. For example, low maternal
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licking and grooming of pups during the early postnatal period led to somatic epigenetic
modifications that were associated with stress intolerance and were maintained in the adult
female offspring (F1 mother) which in turn perpetuated the phenotype of low licking and
grooming to the next generation of mothers (F2). Adapted from Rachdaoui & Sarkar (2014)
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Histone
proteins

Figure2.
Fetal alcohol marks on epigenetic machinery that may repress POMC gene expression. It

was observed that fetal alcohol exposure decreases the level of histone-modifying enzymes
that methylate H3 lysine 4 (H3K4) and its associated gene Set7/9 and acetylate H3 lysine 9
(H3K9) and its associated gene CREB-binding protein (CBP) expression. Fetal alcohol
exposure also increases the levels of histone-modifying enzymes that methylate H3K9 and
its associated genes G9a and Setdb1 expression. Increased levels of DNA
methyltransferasesl (DNMT1), methyl-CpG-binding protein (MeCP2) and methyl-binding
proteinsl (MBD1) were also observed in POMC cells in fetal alcohol exposure offspring. It
is postulated that histone modifications such as H3 lysine 9 acetylation and H3K4
methylation create a signal that regulates POMC gene transcription. Histone deacetylases
(HDACs) remove acetyl groups from H3 lysine residues making way for methylation.
HDAC:s also activate DNA methyltransferases (DNMT) and methyl-C-binding proteins
(MBD1 and MeCP2) that aid in spreading the silencing signal
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Figure 3.
Transgenerational inheritance of fetal alcohol marks on the stress axis. Alcohol feeding in

the mother produces epigenetic marks on the proopiomelanocortin (Pomc) gene of the
offspring that leads to reduced (indicated by *-”) production of POMC-derived peptide -
endorphin (BEP), hyperstress response and compromised immune functions. Effects may
include the suppression of the BEP stimulatory action (indicated by ‘+”) on the
parasympathetic nervous system (which releases acetylcholine,Ach) and inhibitory action
(indicated by ‘=) on sympathetic neurons (which release norepinephrine, NE), thereby
altering the autonomic neuronal control of innate immune cell functions and anti-
inflammatory cytokine production.The hypothalamic-pituitary-adrenal axis that produces
corticotrophin-releasing hormone (CRH) from the hypothalamus, adrenocorticotropic
hormone (ACTH) from the pituitary and subsequent stress hormones released from the
adrenal gland (corticosterone, Cort) may also be suppressed.As fetal alcohol exposure
causes heritable sex-linked changes in Pomc expression in male rats, the possibility is raised
that a sex-linked decrease in Pomc expression caused by fetal alcohol exposure (indicated by
the red line on the short p arms of the Y chromosome) creates the transgenerational pattern
observed
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