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The ability of environmental factors to shape health and
disease involves epigenetic mechanisms that mediate
gene-environment interactions. Epigenetic gene regula-
tion comprises the heritable changes in gene expression
that occur in the absence of changes to the DNA sequence
itself. Epigenetic mechanisms include chromatin folding
and attachment to the nuclear matrix, packaging of DNA
around nucleosomes, covalent modifications of histone
tails (e.g. acetylation, methylation, phosphorylation), and
DNA methylation. The influence of regulatory small
RNAs and micro RNAs on gene transcription is also
increasingly recognized as a key mechanism of epigenetic
gene regulation.

Conventional gene-environment interaction studies
strive to understand how individuals with different geno-
types respond to various environmental factors and how
these responses change over time. Such research efforts
have highlighted the important contribution of both
genetic and environmental variability in human diseases.
However, it has been argued that a full understanding of
gene-environment interactions requires that epigenetic
mechanisms be taken into account. Therefore, the inter-
disciplinary field of environmental epigenomics empha-
sizes the potential for nutritional and environmental
factors to influence fetal, adult, and transgenerational
epigenetic gene regulation, resulting in numerous
phenotypic consequences.’

The viable yellow agouti (A”) mouse model, in which
coat color variation is correlated to epigenetic marks
established early in development, has been used to
investigate the impacts of nutritional and environmental
influences on the fetal epigenome (Fig. 1A and B). The

wild-type murine Agouti gene encodes a paracrine signal-
ing molecule that produces either black eumelanin (a)
or yellow phaeomelanin (A). Both A and a transcrip-
tions are initiated from a developmentally regulated
hair-cycle-specific promoter in exon 2 (Fig. 1A). Tran-
sient A expression in hair follicles during a specific stage
of hair growth results in a sub-apical yellow band on
each black hair shaft, causing the brown agouti coat
color of wild-type mice? The A” metastable epiallele
resulted from the insertion of an intracisternal A par-
ticle (IAP) murine retrotransposon upstream of the
transcription start site of the Agouti gene (Fig. 1A).>* A
cryptic promoter in the proximal end of the A” IAP
promotes constitutive ectopic Agouti transcription not
only in hair follicles, but throughout all cells, leading to
yellow fur, as well as adult-onset obesity, diabetes, and
tumorigenesis.*” Interestingly, CpG methylation in the
A" TAP correlates inversely with ectopic Agouti expres-
sion. The degree of methylation within the 5" IAP long
terminal repeat (LTR) varies dramatically among indi-
vidual isogenic A”/a mice, causing a wide variation in
coat color ranging from yellow (unmethylated) to
pseudoagouti (methylated) (Fig. 1B).

The A7 allele is the most extensively studied murine
metastable epiallele. Metastable epialleles are identical
alleles that are variably expressed due to epigenetic modi-
fications that are established very early in development.®
They are most often associated with retroelements and
transgenesis. Three of the identified murine metastable
epialleles (A7, Axin™, Cabp™") are associated with con-
traoriented IAP insertions.>”® The extent of DNA methy-
lation at each allele is stochastic and dependent upon
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Figure T The viable yellow agouti (A"”) mouse model. A)
A contraoriented IAP insertion within pseudoexon 1A
(PS1A) of the murine agouti gene contains a cryptic pro-
moter (short arrowhead labeled A") that drives ectopic
agouti expression. Transcription of A and a alleles initiates
from a hair-cycle-specific promoter in exon 2 (short arrow-
head labeled A, a). B) Genetically identical adult viable
yellow agouti (A”) mice representing the five coat color phe-
notypes. Yellow mice are hypomethylated at the transpos-
able element upstream of the Agouti gene allowing
maximal ectopic expression, whereas hypermethylation of
this site silences ectopic agouti expression in the pseudoa-
gouti animals. Mice that are predominately yellow are also
clearly more obese than brown mice.
Reprinted from Dolinoy et al. (2007)"" with permission.

maternal nutrition and environmental exposures during
early development.>”™"" Approximately a thousand copies
of IAP retrotransposons are present in the mouse
genome,'"” and about 40% of the human genome is com-
prised of transposable elements, of which approximately
9% are retrotransposons."

The work summarized here utilizes the A" mouse
model as an epigenetic biosensor to characterize nutri-
tional and environmental factors affecting epigenetic
gene regulation and subsequent adult phenotype. First,
the A” model was recently employed to investigate the
effects of a plant phytoestrogen on the fetal epigenome.’
Isoflavones represent a class of phytoestrogens present in
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soy and soy products that are active in multiple biological
systems, including estrogen receptor- and non-estrogen
receptor-mediated signaling pathways.'*® Maternal
dietary supplementation with genistein (250 mg/kg diet),
the major isoflavone present in soy, shifted the coat color
distribution of A"/a offspring toward pseudoagouti
(brown). This marked phenotypic change was mediated
by increased DNA methylation of six CpG sites within the
A" TAP. The extent of DNA methylation in tissues from
the three germ layers (brain, kidney, and liver) was cor-
related, indicating that genistein’s influence on DNA
methylation occurs during early embryonic development.
Moreover, the genistein-induced hypermethylation per-
sisted into adulthood, decreasing ectopic Agouti expres-
sion and protecting adult offspring from obesity. The
observed effects of genistein on the epigenome serve as a
plausible explanation for the lower incidence of certain
cancers in Asians compared to Westerners'® as well as the
increased cancer incidence in Asians who immigrate to
the United States."” In the future, it will be important to
determine if co-exposure to genistein and methyl donors,
such as folic acid, or the presence of other isoflavones, can
somehow inappropriately methylate the epigenome. This
is especially critical for infants consuming soy formula
and in areas where the local grain supply is supplemented
with folic acid.

Many xenobiotics, ubiquitously present in the envi-
ronment, have estrogenic and/or other hormonal proper-
ties and function as endocrine disruptors. Their potential
to modify the epigenome remains largely unexplored.
Recently, the A” model was utilized to evaluate the effects
of maternal exposure to the endocrine active chemical
bisphenol A (BPA) on the fetal epigenome."" BPA is a
high-production volume chemical used in the manufac-
ture of polycarbonate plastic and epoxy resins, and it is
present in many commonly used items including food
and beverage containers, baby bottles, and dental sealants.
To evaluate the effects of maternal BPA exposure on the
fetal epigenome, female a/a mice received phytoestrogen-
free AIN-93G diet or phytoestrogen-free AIN-93G com-
bined with 50 mg BPA/kg diet 2 weeks prior to mating
with A”/a males and throughout gestation and lactation.
Maternal dietary BPA did not significantly (p>0.25)
influence litter size, litter survival, wean weight, genotypic
ratio, or sex ratio (data not shown). In contrast, maternal
dietary BPA exposure shifted the coat color of A”/a off-
spring toward yellow (Fig. 2A) and decreased methyla-
tion of nine CpG sites within the A” IAP. CpG
methylation was also decreased at the Cabp™” metastable
locus, indicating that BPA-induced hypomethylation is
not gene-locus specific, and may also impact as yet uni-
dentified epigenetically labile genes in the mouse and,
potentially, the human genome. Moreover, the BPA-
induced hypomethylation of the fetal epigenome was
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Figure 2 Offspring coat color distributions following
maternal BPA exposure or maternal BPA exposure com-
bined with nutritional supplementation. A) Coat color
distribution of A”/a offspring born to 16 control (n = 60) and
17 BPA-exposed (n = 73) litters (50 mg BPA/kg diet). Maternal
BPA exposure shifts offspring coat color distribution toward
yellow (p = 0.007). B) Coat color distribution of A/a offspring
born to 14 BPA-exposed/methyl donor-supplemented
(n=54), 16 control (n=60), and 17 BPA-exposed (n=73)
mothers. Maternal nutritional supplementation with methyl
donors counteracts BPA-induced DNA hypomethylation and
the shiftin coat color distribution toward yellow. C) Coat color
distribution of A“/a offspring born to 13 BPA-exposed/
genistein-supplemented (n = 39), 16 control (n = 60), and 17
BPA-exposed (n = 73) mothers. Maternal nutritional supple-
mentation of the BPA diet with the phytoestrogen genistein
also counteracts BPA-induced DNA hypomethylation and the
shift in coat color distribution toward yellow.

Redrawn from Dolinoy et al."" with permission.
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abolished by maternal dietary nutritional supplementa-
tion with either methyl donors (folic acid, betaine,
vitamin By,, and choline) (Fig. 2B) or the phytoestrogen
genistein (Fig. 2C). These findings demonstrate that
simple dietary changes can protect against the deleter-
ious effects of environmental toxicants on the fetal
epigenome.

The BPA study represents the first time the A” model
was employed to examine the effects of an environmental
contaminant rather than a nutritional agent on the fetal
epigenome. Unfortunately, current risk assessment poli-
cies have yet to incorporate environmental influences on
the fetal epigenome in standard practice. While our
studies with the A” mouse have determined that maternal
nutrition®” and environmental exposures' influence the
fetal epigenome, the characterization of other key chemi-
cal and physical environmental factors affecting the fetal
epigenome is imperative to protect individuals from envi-
ronmentally induced changes on the fetal epigenome.
Although the A" mouse serves as an excellent in vivo
epigenetic biosensor for epigenetic alterations, the even-
tual development of high-throughput assays for rapid
toxicological evaluation of environmental agents on the
epigenome will significantly advance the field of environ-
mental epigenomics.

In our maternal exposure studies, A” methylation
was similar in tissues from the three germ layers, indi-
cating that methyl donors, genistein, and BPA act early
in development.*®"" Clearly, embryogenesis is a critical
window of vulnerability for environmentally induced
epigenetic alterations. In fact, epigenetic marks, includ-
ing CpG methylation, are generally stable in somatic
cells; however, during at least two developmental time
periods, the epigenome undergoes extensive reprogram-
ming. These critical windows of development include
gametogenesis as well as early preimplantation
embryos.'® Therefore, in order to fully characterize envi-
ronmental epigenomics, a fuller analysis of timing of
exposure will be essential. In fact, a recent study of
maternal nutrition using the Axin™ metastable epiallele
observed tissue-specific DNA methylation changes,
indicating that environmentally induced epigenetic
changes can be dependent on the developmental
time point of exposure."” Epigenetic risk assessment
strategies should consider the developing embryo as well
as other critical time points (e.g. puberty and old
age) when assessing environmental risk of a particular
compound.

Epigenetic modifications affecting metastable epial-
lele regulation appear to be not only mitotically heritable,
but also transgenerationally heritable through inefficient
reprogramming of epigenetic marks during gametogen-
esis.*'”?* Additionally, it has been shown that the influ-
ence of environmental factors on epigenetic gene

S9

20z I4dy 60 uo 1senb Aq 0266£61/.S/L 1ddns/99/a]01uB/SMBIASIUONIIINU/WOD dNO dlWapeoe//:sdny wol) papeojumoq



regulation may also persist transgenerationally despite
lack of continued exposure in subsequent generations.>*
Breeding studies conducted with both A” and Axin™
mice have revealed transgenerational inheritance of coat
color* or tail kink phenotype."” However, when Whitelaw
et al.” investigated DNA methylation as the inherited epi-
genetic mark within developing A" embryos, DNA
methylation was entirely absent from the blastocyst, indi-
cating that CpG methylation is not the inherited mark.
Thus, though it is clear that environmental effects on the
epigenome can be inherited in the mammalian germ-line,
the mechanisms supporting this inheritance are
unknown. Histone modifications and non-coding RNAs
are two likely mechanisms mediating transgenerational
epigenetic inheritance, although their exact roles remain
to be elucidated.

When developmental biologist Conrad Waddington
first envisioned the epigenetic landscape as a metaphor
for cellular determination during development, it is
doubtful he could have predicted the full complexity of
the field 50 years later.”* Throughout the years, the defi-
nition of epigenetics has evolved, while the number of
molecular phenomena involving epigenetic pathways
has grown. Recently, yet another metaphor was put
forward to describe the field of epigenetics as a “bridge
between genotype and phenotype” that alters gene
expression without changing the underlying DNA
sequence.”® The notion that early environmental expo-
sures interact with epigenetic gene regulation to influ-
ence phenotype and adult disease suggests that
epigenetic gene regulation serves as a link between
nature and nurture.
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