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Timing is everything
The when and how of environmentally induced changes
in the epigenome of animals
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Environmental influence on developmental plasticity impacts
a wide diversity of animal life from insects to humans. We now
understand the epigenetic basis for many of these altered
phenotypes. The five environmental factors of nutrition,
behavior, stress, toxins and stochasticity work individually and
in concert to affect the developing epigenome. During early
embryogenesis, epigenetic marks, such as DNA methylation,
are reset at specific times. Two waves of global demethylation
and reestablishment of methylation frame the sensitive times
for early environmental influences and will be the focus of this
review. Gene transcription, translation and post-translational
modification of chromatin remodeling complexes are
three mechanisms affected by developmental exposure to
environmental factors. To illustrate how changes in the early
environment profoundly affect these mechanisms, we provide
examples throughout the animal kingdom. Herein we review
the history, time points and mechanisms of epigenetic gene-
environment interaction.

Background

The early environment during development is emerging as a
strong predictor of phenotype and disease in later life. When and
how does the environment alter these later life outcomes? The
“developmental origins of adult disease” hypothesis posits gene-
environment interactions that result in long-lasting effects and
suggests epigenetic inheritance as a prime mechanism." These
early environmental influences can be dietary (total caloric intake,
specific nutrient level, phytochemicals), physical (behavior, tem-
perature, species density, stress), chemical (toxins, endocrine
disruptors, pharmaceuticals) or unknown (stochastic, random
effects). Traditionally, epigenetics has been defined as changes in
gene expression in the absence of underlying changes in genetic
information. More recent, refinement in the usage of the term
specifies that epigenetic changes must be heritable from cell to
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cell, hence through cell lineage development or even transgen-
erationally from parent to offspring to grand-offspring.? Thus,
the convergence of evolutionary developmental biology, environ-
mental toxicology and epigenetics is particularly important at
the carliest stages of development when epigenetic modifications,
such as DNA methylation, are the most sensitive to perturbation
resulting in lifelong and possibly transgenerational effects.

The importance of early environment influences in modify-
ing developmental trajectory has a long and colorful history lead-
ing from Jean-Baptiste Lamarck’s idea that use of a body part
would cause a heritable increase in the size of that body part.?
His proposed mechanism was that organisms have a “tendency to
progression” and that offspring can inherit traits acquired by the
habits of the parents.* Early environmental manipulations were
tried by discredited Soviet biologist Trofim Lysenko in his claims
that crops could be adapted to cold climates by exposing seeds to
cold temperatures.’ This culminated in his attempts at feeding
special diets to gestating cattle hybrids to produce offspring with
greater milk productivity.® Such misconceptions persisted despite
early refutations such as August Weismann’s experiment in cut-
ting the tails off of rats over five generations while never observ-
ing the birth of a tailless rat.” He explicitly refuted the idea of
soft inheritance by proposing what is now called the “Weismann
barrier,” stating that germ cells cannot inherit modifications
acquired by the body. More recent studies, however, have shown
that with an understanding of molecular mechanisms, we can
better establish the link between the early environment and adult
disease. Indeed, epigenetic changes resulting from early environ-
mental exposure are being newly discovered at a rapid pace. The
goal of this review is to examine the timing of DNA methylation
reprogramming and the molecular mechanisms by which this
and other epigenetic marks can be modified. DNA methylation is
primarily a stable repressive mark; however, its regulation is more
dynamic than previously believed, and it can be actively removed
at specific loci and genome-wide at several stages during develop-
ment.® The early environmental time points we focus on are the
post-fertilization and germ cell differentiation stages in male and
female offspring. Here we showcase examples in animals from
insect to man where the environment influences the epigenome
through early developmental exposures.
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The Five Early Developmental Influences Resulting
in Lifelong Phenotypic Change

Nutrition. Nutrition in early life is never guaranteed or con-
sistent. In bees (Apis mellifera), eatly life nutritionally induced
changes are the underlying cause of queen and worker honeybee
differentiation. Bee larva fed royal jelly, a diet specially enhanced
with royalactin proteins, shifts development to the queen pheno-
type and shows similar effects in the fruit fly (Drosophila melano-
gaster).” Furthermore, recent work supports the notion that DNA
methylation is a primary mechanism by which royal jelly acts on
the genome.”” The methylation of dynactin p62 is decreased in
worker bee heads as compared to bodies and averages 10% lower
methylation in the queen bee’s complementary tissues, an effect
that has been experimentally induced by siRNA-mediated silenc-
ing of Dnmt3. For mice, in utero supplementation with methyl
donor rich diets increases methylation and suppresses transcrip-
tion of the Runx3 gene in lung tissue' and permanently shifts
the coat color pattern of mice carrying the Agouti viable yellow
allele.!? Dietary phytoestrogens interact with the methyl donor
pathway to similarly shift the coat color distribution of Agouti
viable yellow mice."> Whole genome hypomethylation is also seen
in offspring from dams receiving folate deficient diets during
pregnancy and lactation." An early post-natal methyl donor defi-
cient diet also reduces methylation at the imprinted gene, Igf2.
In fact, in utero malnutrition in rodents not only directly affects
the expression and methylation of several genes, such as glucocor-
ticoid receptor, Nr3cl and Ppara, but also the neonatal response
to leptin; moreover, these epigenetic effects persist later in life
and affect the ultimate adult phenotype, adiposity.'® Humans are
also affected by early life nutritional status as shown in the DNA
methylation changes at the /GF2 locus in whole blood from indi-
viduals subject to the Dutch hunger winter.” Human longevity
also appears correlated to food abundance available to our grand-
parents during their prepubertal growth, an effect hypothesized
to be epigenetic in origin, though the direct epigenetic mecha-
nism remains unknown.'

Behavior. Behaviorally induced changes are likewise wide-
spread from insects to mammals. The desert locust (Schistocerca
gregaria) produces more offspring of the gregarious swarming
phenotype when breeding in crowded conditions.” Similarly, rats
show persistent DNA methylation changes of the glucocorticoid
receptor and many other loci in the hippocampus due to high
versus low levels of maternal grooming in the first week of life.?
Falling under both behavior and stress, humans abused in early
life also show increased DNA methylation at the NR3CI gluco-
corticoid receptor promoter in the hippocampus.?!

Stress. Stress induces epigenetically controlled phenotypic
changes in many animals. Recent work shows widely varying
genomic methylation levels between insect species and that meth-
ylation level changes within a species during development sug-
gesting a role for methylation in gene-environment interactions
in insects.”? The pea aphid (Acyrthosiphon pisum) has a functional
DNA methylation system and, under stress from crowded condi-
tions or predators, will produce more winged offspring.?® The
crowded mothers express more DNMT enzyme and the winged

792

Epigenetics

offspring show increased methylation at the apJHBP locus.
Emerging evidence suggests that regulation of methylation is
associated with stress and environmental response genes in the
pacific oyster (Crassostrea gigas) and in the basal chordate Ciona
intestinalis.>* After being in close proximity to cats, rats exhibit
symptoms of post-traumatic stress syndrome concomitant with
increases of methylation in the Bdnf gene in the hippocampus.”
Increased methylation of this gene is also seen in human suicide
victims.?® In mice, stress in early life results in increased adult
brain expression of arginine vasopressin (AVP) concomitant with
increased methylation of the Avp gene in neurons.”” Stress from
maternal separation in mice results in depressive behavior cou-
pled with increased DNA methylation at Mecp2 and CbI and
decreased methylation at Crf72.3° Interestingly, these mice can
transmit this phenotype and DNA methylation pattern transgen-
erationally through the male line with the shift of methylation in
F1 sperm being mirrored by its pattern in F2 brain.?® Early life
stress in humans is also linked with gene expression changes for a
polymorphic form of serotonin receptor.?!

Toxicants. Toxins are widely dispersed and comprise the
fourth category of early life epigenetic modifiers. Water fleas
(Daphnia magna) show decreased DNA methylation when reared
in the presence of vinclozolin, a fungicide and endocrine disrup-
tor.”? Female rats exposed to vinclozolin during gestation pro-
duce male offspring with methylation changes in numerous genes
in their sperm and female offspring with a greater incidence of
tumor formation and pregnancy abnormalities.®** Because F1
and F2 germ cells are present in the exposed gestating female,
these cells were therefore also exposed to vinclozolin during early
development and indeed, these effects persist even transgenera-
tionally. Bisphenol A (BPA), a widely studied endocrine disrup-
tor, is ubiquitous in our environment and has been repeatedly
shown to affect DNA methylation in multiple rodent tissues such

as liver and brain.?*37

In primates, early exposure to lead (Pb)
results in decreased DNA methyltransferase activity in the brain
even 23 years later, suggestive of decreased DNA methylation,
though this remains to be directly tested.?® Given the emerging
weight of evidence linking developmental toxicant exposures to
later disease states in animal models via methylation, unraveling
these potential human health effects is particularly crucial.
Stochasticity. Lastly, stochastically placed methylation marks
laid down in early development have been observed at several loci.
The well-studied viable yellow (4”) mouse varies from brown,
pseudoagouti, to yellow fur coloration due to randomly estab-
lished levels of methylation at a recent contraoriently inserted
intracisternal A-particle element (IAP) within the 5' end of the
Agouti gene. DNA methylation can vary by over 80% at sev-
eral CpG sites within this IAP between animals.?” Similarly the
Cabp™? locus in C57BL/6 mice also contains a contraoriented
IAP element in intron 6, capable of stochastic DNA methyla-
tion.** The Axin-fused (Axin™) mouse has a dramatic kinky tail
phenotype caused by another intronic metastable IAP element.!
These alleles are termed “metastable epialleles,” as they are vari-
ably expressed in genetically identical organisms due to epigene-
tic modifications that are established during early development.*?
These elements are variable between individuals but consistent
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and stable in their patterns within a mouse throughout its life,
implying that the level of methylation is set early in develop-
ment and stable for life. The distribution of variable expressivity
has been shifted at these metastable epialleles following mater-
nal exposure to nutritional and environmental factors.'# It is
likely that the underlying stochastic distribution of methylation
at metastable epialleles may be affected by as yet uncharacterized
environmental factors.

The five early developmental influences described here, nutri-
tion, behavior, stress, toxins and stochasticity interact to influ-
ence methylation and other epigenetic marks that in turn affect
life-stage phenotype and disease (Fig. 1). As indicated by the
wide number of animal species discussed, it is likely that the
capacity for epigenetic plasticity is evolutionarily selected and
therefore likely that many more instances of environmental
epigenetic influences remain to be elucidated.” Of important
note, however, not all animals use DNA methylation as a gene
repression mechanism; for example the model organisms fruit
fly (Drosophila melanogaster) and roundworm (Caenorbabditis
elegans).

Time Points of DNA Methylation Lability

In the context of early environmentally modifiable epigenetic
marks, it is important to determine the windows of greatest sus-
ceptibility. For example, the epigenome is most vulnerable to
environmental factors during embryogenesis because the DNA
synthetic rate is high, and the elaborate DNA methylation pat-
terning required for normal tissue development is established
during early development. The mammalian genome undergoes
two waves of global DNA demethylation followed by de novo
methylation, as illustrated in Figure 2 using the mouse as a repre-
sentative mammalian animal model.*’ In mammals, the mother,
G,, hosts the development of the F1 offspring from zygote stage
to birth. During the development of the F1 offspring, a separate
lineage of cells within the F1, called the primordial germ cells
(PGCs), migrate and differentiate into gamete precursor cells
that will eventually become the F2 generation. By convention,
the “first wave” of methylation resetting refers to the reprogram-
ming of the epigenome within these PGCs, and the second wave
refers to the reprogramming that happens shortly after zygote
formation. Exposure of a pregnant mother can affect methylation
status of both the first wave (in the F2 PGCs) and the second
wave (in the post-fertilization F1 pluripotent somatic cells).
Germ cell methylation reprogramming. In mice, the first
wave of reprogramming occurs in primordial germ cells (PGCs)
during and after their migration to the genital ridge beginning
at E7.255° This demethylation is largely complete in the mouse
by E13.5 and allows resetting of imprinted genes in the PGCs to
match the sex of the host in which they now find themselves.”"*
Many repetitive elements are also protected from demethylation
to varying extents during this wave.” Interestingly, this demeth-
ylation event appears to involve a base excision repair pathway.”*
For humans, this wave of PGC reprogramming is especially
important given our complement of imprinted genes and the
high content of repetitive elements in our genomes. These genetic
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Figure 1. Environmental factors working individually and in concert.
Five environmental influences that affect the developing embryo and
its primordial germ cells (represented by the pink and blue dots). Each
of these factors can act through a variety of mechanisms and result in
an array of changes in epigenetic marks.

loci are more susceptible to loss of heterozygosity and increased
methylation instability, respectively.”®

In male mouse fetuses, PGCs differentiate into prospermato-
gonia, enter mitotic arrest and reestablish methylation starting at
E15; this is the time point at which paternal sex-specific imprints
are set.”®”” Consequently, this window is especially important for
disruptions to loci that escape demethylation as well as resetting
of global methylation in male offspring with any effects likely to
be seen in the F2 generation.?®® Non-mammalian animals, in
general, do not have imprinted genes.” Developmental exposures
may affect the growth of the offspring by inheritance without
necessarily having a lasting impact on the parent.

After sexual maturation in all male mammals, the prosper-
matogonia complete meiosis and differentiate into mature sperm
and during this process, the chromosomes are almost entirely
stripped of histones and repackaged with highly basic prot-
amines. Because the protamines do not contain any modifiable
tails, any epigenetic information carried on histones is unable to
be passed through the male germ line.”” A small number of his-
tones are retained in mammalian sperm; however, it is unknown
whether they play a role in passing on any epigenetic information
to the resulting zygote.””*

In contrast to males, F1 female mammalian PGCs complete
meiosis I while still in the developing embryo, followed by cell
arrest until puberty.”” Thus, in human females, for example, the
oocytes remain in a haploid demethylated state for years; there-
fore, the window of possible disruption to the establishment of
methylation patterns in oocytes is much longer and repeatedly
occurs during the maturation of each egg throughout fertility
(Fig. 2).2

Zygotic methylation reprogramming. The second wave of
global demethylation occurs shortly after fertilization and before
implantation. The male pronucleus is stripped of the protamines
while DNA is actively demethylated and repackaged with newly
synthesized histones in the zygote.®"*> The female complement
of chromosomes becomes demethylated via a passive mechanism
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Figure 2. Methylation reprogramming in a single genome occurs in two waves. Global demeth-
ylation events from the perspective of the mouse F2 genome from germ cells to newly combined
somatic embryo. Within the pregnant G, mouse, the F1 embryo generates a group of cells destined
to become its gametes, which will form the F2 generation. These primordial germ cells (PGC) begin
to migrate to the genital ridge around embryonic day 7.25 in the mouse, during which time they
become demethylated in preparation to adopt the somatic methylation pattern and, for imprinted
genes, the gender specific methylation pattern to match the genotype of the individual in which
they now reside. In males, methylation is reestablished by E14. In females the PGC remain largely
unmethylated until maturation in the F1 adult during each estrous cycle. During fertilization, the F2
gametes combine and undergo the second, more complete, wave of demethylation in preparation
to establish somatic methylation patterns (with the exception of the F3 PGCs). Any environmental
influences on the pregnant G, adult can affect the development and adult disease susceptibility of
both the F1 and F2 generations as their somatic and germline methylation patterns are being estab-

hypermethylation at the normally
unmethylated CpG islands.” Cancers
are also widely hypomethylated as com-
pared to normal tissue with notable
hypermethylation of tumor suppressor
genes.”® A complete review of meth-
ylation dynamics of aging and disease
is outside the scope of this review but
is particularly important in the under-
standing of environmental effects on
the epigenome.

Mechanistic Targets
of Environmental Exposure

Mounting evidence suggests that envi-
ronmental pressures can exert effects
on multiple levels of gene regulation.
The weight of evidence supports three
molecular  targets,
transcription, protein translation and

including  gene

the post-translational modification of
chromatin remodeling complexes. As
indicated below, the ability of early
environmental fluctuations to affect
these molecular processes long-term is
not necessarily uniform.

Gene transcription. Gene transcrip-
tion rates can be suppressed by DNA
methylation of CpG islands and pro-

lished, respectively.

moters as well as histone modification

during replication.® Not every gene is demethylated, since the
oocyte contains egg-specific isoforms of DNMT1 and the early
embryo synthesizes its own somatic DNMT1 isoform. The
presence of these maintenance methyltransferases is required to
ensure the preservation of gametically derived differential meth-
ylation for imprinted genes, particularly during global demeth-
ylation of most other regions of the genome.®® By blastocyst
stage, E3.5 in mice and E5 in humans, DNMTT1 is present in
the nucleus and by E3.5 DNMT3Db also relocates to the nucleus
and the genome becomes fully remethylated.®*® This round of
demethylation is less comprehensive than the reprogramming
in PGCs, with imprinting control regions retaining differen-
tial methylation depending on their parent of origin and some
classes of repetitive elements retaining methylation.”* This wave
of methylation cycling sets the pattern for all somatic cells in the
resulting embryo and adult except for the PGCs, which will form
the gametes for the next generation. The embryo (F1) would be
most vulnerable during this window to environmental influences
disrupting reestablishment of DNA methylation.

Somatic methylation lability. The major global demethyl-
ation event that occurs in the somatic cells of adults is associated
with aging and disease states.® As mammals age, they undergo
gradual DNA hypomethylation genome-wide concomitant with
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and nucleosome placement. For example
the methyl group of the 5-methyl-cyto-
sine extends into the major groove of DNA, inhibiting transcrip-
tion by interfering with transcription factor binding proteins. In
addition, DNMTs and methylated DNA interact with higher
order chromatin proteins, such as the repressive Polycomb group
(PcG) protein, Enhancer of Zeste homolog 2 (EZH2), to affect
histone modifications and further compact chromatin. Thus, it is
not only the modifications of DNA base pairs but also the higher
order structure which controls access to transcription factors.
Any of these epigenetic marks can create a metastable epial-
lele, a locus of identical sequence harboring different epigenetic
marks, most commonly DNA methylation, in different individu-
als. As introduced previously, the insertion of a metastable IAP in
the Agouti gene in the A” mouse strain provides a locus for variable
DNA methylation to affect transcription. The Cabp™?, Axin™
and Run3x loci also show a correlation of increased methylation
and decreased expression affected by environmental exposures.
These loci provide a basis for the investigation of genome-wide
changes due to methylation and a number of studies are finding
novel metastable epialleles with variable methylation.®”°
Histone modifications are also targets of environmental
exposure that vary in concert with DNA methylation and sub-
sequently affect gene transcription.”®”! The numerous modifica-
tions of histone tails, collectively referred to as the histone code,
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comprise over 100 modifications, with many of these serving
to modify transcriptional activity.”? The heritable propagation
of histone marks such as the repressive H3K27me3, placed by
the polycomb repressive complex 2 (PRC2), is beginning to be
understood. For example, widespread trans effects are caused
when the PRC2 subunit £ED is mutated, normally transmitted
H3K27me3 modifications are no longer transmitted and devel-
opment is affected.”?

Protein translation. While environmental exposure can
influence transitory effects on protein translation, it is unlikely
to be a pathway of directly maintaining early environmentally
induced changes over the life-course. This is due to the fact
that mRNA is an inherently short-lived molecule serving as an
intermediary to a translated protein. Similarly, methylation of
transfer RNA (¢tRNA) by DNMT2 is unlikely to be a media-
tor of long-term changes but has been shown to be reduced in
azacytidine exposed cells.”* The existence of paramutation in
mice potentially provides a mechanism by which changes in
small RNA levels could be maintained across many cell divisions
thereby affecting translation levels long after the removal of the
environmental stimulus. The most famous example of this phe-
nomenon is the mutant phenotypic transmission to wild-type
offspring resulting in white tail tips by transmission of mutant
RNA or microRNA targeting the Kit locus in mice; however,
these results are still quite controversial.”>’® Small, micro and
anti-sense RNAs could and likely do alter the placement of
other epigenetic marks, which are themselves stably maintained
from early development to cause phenotypic changes long after
the cessation of exposure that caused the initial shift in RNA-
induced changes.

Chromatin remodeling complexes. Post-translational modifi-
cation of DNA-binding proteins is also a target of early environ-
mental influences leading to changes in adult gene expression.
Since chromatin modifying complexes act throughout the
genome, relatively small changes in their activity can cause
widespread trans effects. The methyltransferase EZH2 catalyzes
H3K27 trimethlyation as part of the PRC2 and can be phos-
phorylated by the cyclin dependent kinases, CDKI and CDK2.
After phosphorylation it loses the ability to bind to non-coding
RNAs and is thus unable to place the H3K27me3 mark in a
sequence specific manner.”” The cell-to-cell inheritance of this
mark is thereby disrupted and has implications for development.
Any environmental influences that alter the activity of EZH2, or
its upstream CDK enzymes, can thereby have widespread devel-
opmental effects lasting into adulthood. Placental mammals also
have RexI, a DNA-binding transcription factor thought to target

chromatin remodeling complexes.”® In mouse Rex! null mutants,
the DNA methylation at the differentially methylated regions of
several imprinted loci is disrupted in adult tissues despite the fact
that Rex! is only expressed very early in development.”

Moving Forward

It is increasingly recognized that environmental exposure to
chemical, nutritional and behavioral factors alters gene expres-
sion and affects health and disease by not only mutating pro-
moter and coding regions of genes, but also by modifying the
epigenome. The investigation of early environmental effects can
inform the fields of toxicology and environmental epidemiology
by elucidating the mechanisms underlying developmental expo-
sure and adult disease. Of the five environmental factors acting in
development, nutrition is the best studied. Given the ubiquity of
environmental toxins in our environment, and the proliferation
of new compounds, their effects, singular and in combination,
are in need of the most urgent study. These along with stud-
ies of stress and behavior will increase our understanding of the
multiple factors governing stochastic changes that are commonly
seen in model organisms.

In order to translate epigenetic research to risk assessment or
clinical practice we must first understand the most sensitive time
points in the resetting of epigenetic marks. These vulnerable peri-
ods are likely distinct for males and females as well as for offspring
and grand-offspring and may require specialized preventive and/
or corrective actions. Additionally, the molecular mechanisms
linking these sensitive time points to the adult presentation of
disease need to be fully characterized. Environmentally induced
disruptions in DNA methylation and histone modifications are
currently best characterized while other mechanisms require fur-
ther investigation. For example, posttranscriptional modification
of chromatin modifying enzymes early in life can have profound
consequences on the adult epigenome. Ultimately, researchers
must integrate the layers of epigenetic changes with the times of
sensitivity to understand and generate the best prescriptions for
human health and disease.
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