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Epigenetic modifications
Chemical additions to

the DNA and histones that
are stably maintained and

do not change the primary
DNA sequence.

Epigenomes

The overall epigenetic
modifications of cells. An
organism has multiple, cell
type-specific, epigenomes
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Epigenetics and the environment:
emerging patterns and implications

Robert Feil’ and Mario F. Fraga?3

In eukaryotic cells, DNA is packaged into chromatin,
and covalent modifications on the histone proteins of
the chromatin and modifications on the DNA itself can
influence the expression of genes. When heritable from
one cell generation to the next, such modifications are
referred to as epigenetic modifications and can bring about
lasting changes in gene expression". Epigenetics is the
study of mitotically and/or meiotically heritable changes
in gene function that cannot be explained by changes in
DNA sequence’.

Genome-wide patterns of DNA and chromatin modi-
fications (‘epigenomes’) do not persist throughout life,
but undergo precise, coordinated changes at defined
stages of development, particularly in mammals. These
transitions contribute to the lineage- and tissue-specific
expression of genes>*°. In mammals, and to a lesser
extent in plants, epigenetic modifications are reset upon
passage through the germ line. This epigenetic repro-
gramming prepares the germ cells for development in
the next generation. Besides the developmental ontogeny
of epigenetic modifications, there is also considerable
stochastic variation, often without apparent biological
purpose’ . It is thought that stochastic changes are
mediated both by extrinsic (environmental) factors and
intrinsic factors, but their relative contributions remain
largely unknown (FIC. 1).

The possible impact of the environment on epige-
netic regulation has attracted considerable interest. In
many studies, environmentally induced changes in gene
expression are associated with altered DNA methylation
patterns or with altered histone modifications. From

Abstract | Epigenetic phenomena in animals and plants are mediated by DNA
methylation and stable chromatin modifications. There has been considerable interest
in whether environmental factors modulate the establishment and maintenance of
epigenetic modifications, and could thereby influence gene expression and phenotype.
Chemical pollutants, dietary components, temperature changes and other external
stresses can indeed have long-lasting effects on development, metabolism and health,
sometimes even in subsequent generations. Although the underlying mechanisms
remain largely unknown, particularly in humans, mechanistic insights are emerging from
experimental model systems. These have implications for structuring future research
and understanding disease and development.

work on model systems it is now clear that epigenetic
alterations can indeed be involved in the environmen-
tally triggered phenotypes. To date, much of the focus in
‘environmental epigenetics’ has been on DNA methyla-
tion, which is essential in development and is involved
in processes such as genomic imprinting and silencing
transposable elements®®!!. In mammals and insects,
cytosine methylation is found almost exclusively in the
context of CpG dinucleotides, but in plants it also occurs
in CHG and CHH contexts (where H=A, T or C). The
DNA methyltransferases (DNMTs) that establish and
maintain the patterns of DNA methylation have been
studied in detail®. Less well understood are the processes
that dictate where in the genome DNA methylation is
established and subsequently maintained, and it is these
processes on which environmental signals could have a
considerable impact.

Histone methylation patterns also can be somati-
cally stable, and can mediate the silencing or activation
of genes during development. Dimethylation and tri-
methylation of lysine-4 of histone H3 (H3K4me2/3),
for example, are associated with the stable expres-
sion of developmental genes'?. There is evidence that
histone-methylation-dependent gene regulation can
be perturbed by external factors, but for most histone
modifications it is unclear whether they are epigenetic’
and contribute to environmentally induced phenotypes.
Non-coding RNAs, including small RNAs, also contrib-
ute to the regulation of the epigenome'?, particularly at
repeated DNA sequences. However, besides the involve-
ment of small interfering RNAs (siRNAs) in heat-stress
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Figure 1| Factors that lead to epigenetic variation over time. Many epigenetic
modifications become biologically stabilized at a particular stage of development,
and are maintained subsequently throughout the lifetime of the organism (shown by
the solid black arrow). However, at certain genomic loci, epigenetic marks can readily
change over time (shown by the discontinuous black arrow)’*1%120.121 Thijs ‘epigenetic
drift’is thought to depend both on environmental and intrinsic factors. This diagram
shows an example of how epigenetic drift can lead to the loss of DNA methylation, with
consequences for gene expression and cellular and organismal phenotypes.

Intrinsic factors

Factors that are inherent to
the individual animal or plant.
Genetically determined,
intrinsic factors induce
considerable stochastic
variation, such as different
behaviour between cells.

CpG dinucleotides

Indicates a cytosine followed
(5'-3") by a guanine. Cytosines
at CpG dinucleotides constitute
the principal target of DNA
methylation in mammals. In
plants, cytosine methylation
occurs also in other sequence
contexts.

Heterochromatin

A densely packaged,
transcriptionally silenced type
of chromatin. Constitutive
heterochromatin is found close
to centromeres in all tissues.
Facultative heterochromatin,
such as that commonly found
at gene promoters, can

be developmentally
reprogrammed.

Phenotypic plasticity
The ability of a genotype to
yield different phenotypes;
for example, in response to
environmental stimuli.

responses in plants'*', it remains largely unknown
whether small RNAs could be linked to environmental
effects as well.

The theme of ‘environment and epigenetics’ evokes
excitement because environmentally triggered pheno-
types are found to be associated with DNA methylation
and chromatin alterations. So far, however, few studies
have provided clear mechanistic insights. Particularly in
mammals, it remains often unknown whether there are
substantial epigenetic changes and whether these actu-
ally contribute to the environmentally induced pheno-
types'. Here we consider our current knowledge, from
different animal and plant species, of the effects that are
brought about by diet, temperature changes, chemical
pollutants and other external stresses. This Review does
not cover epigenetic effects that are induced by socio-
economic aspects of the environment; this is a fascinat-
ing topic that is discussed elsewhere'”'®. Our discussion
is structured according to addressing key questions:
which are the developmental and metabolic phenotypes
that are brought about by specific environmental cues;
what do we know about the mechanistic links between
the environmental trigger and the observed epigenetic
alterations; are some individuals more susceptible to spe-
cific environmental stresses than others; and finally, how
should data from experimental models be extrapolated,
and what could be the implications for human health?

Long-term effects on development

The environment can have long-lasting phenotypic
effects without apparent underlying genetic change.
Striking examples are provided by natural phenomena,
including developmental and reproductive transitions
that are brought about by environmental cues. Studying
such processes may help to pinpoint the mechanisms
that underlie aberrant, pathological effects that are
brought about by the environment.

Arthropods. In aphids, the presence of predators, crowd-
ing or other external stresses induces a shift in the popu-
lation from wingless animals to winged animals. This
developmental switch occurs during the early stages
of development, through unknown mechanisms.
Similarly, in Daphnia (water flea) species, external stress
(that is, water-borne chemical cues from predators) brings
about dramatic morphological changes during develop-
ment, and these persist over several generations in the
population”. Aphids and Daphnia spp. have orthologues
of vertebrate DNMTSs, but it is unclear whether their pro-
nounced morphological transitions involve alterations in
DNA methylation'. Substantial changes in DNA meth-
ylation are associated with an environmentally induced
developmental transition in honey bees (Apis mellifora).
Female bees have two alternative forms, sterile workers
and fertile queens, which develop from genetically identi-
cal larvae through receiving different foods. Only larvae
that are fed ‘royal jelly’ develop into queens. Through
yet-unknown mechanisms this brings about differ-
ential DNA methylation and the differential expres-
sion of many genes between queen and worker larvae,
through the action of the de novo methyltransferase
DNMTS3 (REFS 20,21).

In mealybugs, which are Pseudococcidae, and a few
other groups of insects, sex determination is triggered
by environmental factors, probably through temperature
changes during gametogenesis*>**. Though genetically
identical, male and female mealybugs are morphologi-
cally highly divergent. Remarkably, the induction of male
sex identity during early development involves the for-
mation of stable heterochromatin and the silencing of the
entire paternally inherited genome, which brings about
dosage changes at crucial genes?>. Whether temperature-
dependent sex-determination in other groups of animals
— including reptiles (such as turtles and crocodiles) and
fish species — is also mediated through changes in chro-
matin and DNA methylation, remains to be explored™.

Plants. Epigenetic transitions can arise in individual
plants through environmental signals (BOX 1), par-
ticularly as a consequence of persistent temperature
changes®. A striking example is vernalization (FIC. 2A),
a natural process through which plants in temperate
climates become instructed to flower early after hav-
ing been exposed to the cold temperatures of winter?.
Another classic example of phenotypic plasticity in plants
is in Linaria vulgaris (yellow toadflax), for which flower
symmetry can be heritably bilateral or radial. The change
from one to the other flower type occurs occasionally,
and involves alterations in DNA methylation at a gene
encoding a transcription factor, without apparent genetic
mutations”. Also, studies on plant populations in the
wild have identified differential phenotypes that are
associated with specific DNA methylation profiles; these
presumably emerge through selection®*.

Mammals. Animal models have shown that nutrition and
environmental exposures during development can lead
to locus-specific changes in the epigenome®. Possibly
the best-studied model is the agouti viable yellow (A7)
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Box 1 | Altered epigenetic states and phenotypes in plants

In plants, there are many natural examples of stable alterations in DNA methylation
that confer specific phenotypes. These include the Colourless non-ripening (Cnr) locus
in tomato, at which heritable hypermethylation induces repression and hence,
non-ripening of the fruit’2. Another, classic example is flower symmetry in the toadflax
Linaria vulgaris, which is heritably influenced by levels of DNA methylation at the
CYCLOIDEA locus, which comprises a retrotransposon?’. Also in the wild potato
Solanum ruiz-lealii, flower morphology seems to be linked to differential DNA
methylation'®. In the melon, the DNA methylation status of a transposon at the
CmWIP1 transcription factor locus controls the transition from male to female
flowers®. In these examples, it is unclear whether DNA methylation states are
influenced by the environment. One way to address this important issue has been to
compare natural populations in different environments (reviewed in REF. 71). In wild
populations of the perennial violet, Viola cazorlensis, selection seems to be influenced
by cytosine methylation levels at multiple gene loci?. Differential DNA methylation
between populations growing in different microenvironments was also reported in
mangrove trees*® and in orchid species®.

In wild populations, it has generally been challenging to ascertain that observed
phenotypic variations are indeed caused by differential epigenetic states, rather than
resulting from genetic mutations. Therefore, as an alternative approach plants have
been directly subjected to specific stresses, and long-term epigenetic effects were
explored?. In fascinating recent work on asexually reproduced dandelions (Taraxicum
officinale), plants were subjected to four different stress treatments (high salt, low
nutrients and two different stresses to evoke anti-pathogen and anti-herbivore
defences). At many loci, altered DNA methylation was observed following these
treatments, and this was often transmitted to the progeny of the stressed plants®2.
Because the dandelions reproduced from unfertilized seeds (through ‘apomixis’),
these striking epigenetic effects occurred in the absence of genetic variation.

A well-known response to heat stress is the activation of transposable elements®.

In Arabidopsis thaliana, heat stress transiently activates specific retrotransposons®,
and this can lead to the accumulation of genetic mutations in the progeny through
chromosomal insertions. The deleterious effects of heat stress on these
heterochromatic repetitive elements are kept under control not only by regulators of
DNA methylation, but also by components of the RNA interference pathway**.

Metastable epiallele

An allele for which the
expression depends on
environmentally influenced,
stochastic establishment

of epigenetic states during
early development.

Imprinted genes

Genes that express one of their
two alleles only, in a parent-of-
origin-specific manner.

Folate

(Vitamin B9). A water-soluble B
vitamin that is abundant in
green vegetables and fruits.
Folate derivatives are
important substrates in many
one-carbon-transfer reactions.

Methionine

An essential amino acid that
is abundant in fish, eggs and
some seeds and vegetables.

allele in the mouse. This locus comprises an upstream
intracisternal A-particle (IAP) retrotransposon. When
this retrotransposon is unmethylated, the agouti gene is
aberrantly expressed, leading to a yellow coat colour, obe-
sity and diabetes (FIG. 2B). A” has been called a metastable
epiallele because its epigenetic state, though somatically
maintained, has reduced stability and can readily switch
from one generation to the next**. In humans, there is
growing awareness that particularly nutrition, but also
exposure to toxic components (TABLE 1), may have long—
term phenotypic effects”. As is discussed below, human
studies on the gestational effects of nutrition have thus
far identified DNA methylation changes that are relatively
small****. One challenge for the future will be to deter-
mine the biological relevance of these minor changes,
and whether they are a cause, or a consequence, of the
observed developmental and metabolic perturbations.

Developmental stage-dependent effects

Epigenetic alterations that arise around the time of
conception, or during early embryogenesis, are ampli-
fied during development by cell division and somatic
maintenance, and thus affect a high proportion of cells
in the fully grown organism. By contrast, when epi-
genetic alterations occur in adult quiescent cells they
remain restricted to those cells, and when they occur
in adult stem cells they remain restricted to a specific
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tissue. Indeed, altered DNA methylation patterns that
are acquired during early embryonic development are
maintained throughout later development at imprinted
genes and at some other loci***'~*. However, other genes
and certain repeat sequences readily change their meth-
ylation levels during adult life”'°. Further research may
identify which sequences in the genome are epigeneti-
cally most stable over time, and to what extent epigenetic
maintenance processes are comparable between tissues.

Gestational effects. The impact of extrinsic factors on
the mammalian epigenome seems to depend on the
developmental stage. During mouse gestation, dietary
intake of folate together with other compounds that
affect the methionine cycle (also known as the one-carbon
cycle; see below) has clear effects on A” methylation
and the health of developing offspring*!, but does not
apparently affect A” methylation in the mother. Several
lines of evidence suggest that the gestational period is
particularly susceptible to epigenetic perturbation, and
that the environment can have different effects on the
placenta and embryo. An example is the increased inci-
dence of type 2 diabetes in rats that were exposed to
suboptimal nutrition during early development*. This
was associated with the epigenetic repression, in pan-
creatic islets, of hepatocyte nuclear factor 4a (Hnf4a),
which encodes a transcription factor that is involved in
[-cell differentiation and glucose homeostasis. Further
examples include global hyper-acetylation of histone
H3 in the offspring of pregnant Japanese macaques that
were fed high-fat diets*, alterations in DNA methylation
at imprinted genes*' in mouse placentae as a result of a
high-fat maternal diet*’, and severe health problems that
were associated with reduced levels of DNA methyla-
tion at multiple CpG islands in the offspring of pregnant
ewes that were fed restricted amounts of dietary folate,
methionine and vitamin B12 (REF. 48). Several other stud-
ies reported effects on peroxisome proliferator-activated
receptors (PPARs), proteins that are known to regulate
lipid homeostasis and the activities of which are tightly
controlled by nutrient availability. Ppara expression
and promoter methylation were altered in the off-
spring of female rats that were fed a low-protein diet®.
Remarkably, the offspring of male mice that were fed a
low-protein diet also showed altered expression of Ppara
and numerous other genes in the liver. These alterations
were associated with minor DNA methylation changes,
including reduced levels of methylation at a putative
enhancer of Ppara®. This paternally induced, transgen-
erational effect on liver metabolism was not linked to
changes in DNA methylation in the sperm of the males
that were fed the low-protein diet.

A hypothesis that emerged from epidemiological
studies proposes that fetal metabolic adjustments to
nutritionally unfavourable conditions can affect growth
and development, and may substantially alter the risk of
chronic disorders later in life’. During the last decade,
this important framework of thought evolved into the
general concept of ‘developmental origins of health and
disease’ (DOHaD) (BOX 2). Retrospective studies have
shown that nutritional conditions**** and folic acid
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< Figure 2 | Environmentally induced epigenetic phenotypes in plants and animals.
A| Vernalization in plants. In Arabidopsis thaliana, the FLOWERING LOCUS C (FLC) gene
encodes a transcription factor that functions as a repressor of flowering. Before
vernalization, the active chromatin mark of histone H3 trimethylated on lysine-4
(H3K4me3; shown by green circles) is linked to FLC expression (Aa). Winter temperatures
initially induce the transcription of COOLAIR antisense transcripts®. Subsequently, there
is recruitment of different Polycomb repressive complex 2 (PRC2) components including
VERNALIZATION 2 (VRN2) and the PHD finger proteins VRN5 and VERNALIZATION
INSENSITIVE 3 (VIN3; expression of which is cold-induced**), and of protein arginine
N-methyltransferase 5 (PRMT5; also known as SKB1) (Ab). This brings about repressive
chromatin, which is characterized by H3K27me3, H3K9me3 and H4 arginine-3
symmetrical dimethylation (H4R3me2s). After the winter period the repressive chromatin
is maintained, thus preventing FLC expression and allowing early flowering of the
growing plant (Ac). B| Agouti viable yellow (A?) mice. The A allele originated through
retrotransposition of an intracisternal A-particle (IAP) upstream of the canonical
wild-type transcription start site (shown by grey right-angled arrows) of the agouti
gene'*’. These mice are heterozygous for the A allele, and the other allele (a) produces
no functional agouti protein. Alternative transcription (shown by black right-angled
arrows) of the A" allele starts from a cryptic promoter at the IAP element, and is inhibited
by methylation of surrounding CpG dinucleotides'*?. IAP methylation is established in
the early embryo, and is somatically maintained throughout subsequent development
(central panels). Aberrant (high) A expression leads to the agouti (yellow) phenotype;
unperturbed (low) expression results in the pseudo-agouti (brown) phenotype; and
intermediate expression states produce a large variety of variegated phenotypes.
Because A” expression depends on the methylation status of the IAP, the coat colour of
A¥ mice ultimately depends on this epigenetic trait. Maternal diet supplementation with
folate and other compounds that affect the methionine cycle leads to IAP methylation
and A repression in the offspring, which are consequently pseudo-agouti®® (right panel).
Maternal exposure to endocrine disruptors or toxic compounds can induce the
overexpression of A” through hypomethylation of IAP (left panel)®®*”<°. As a result, the
offspring exhibit the agouti (yellow) phenotype. In the published studies, the mothers
were generally pseudo-agouti or mottled. C | Eye colour changes in Drosophila
melanogaster. Red eye colour in D. melanogaster depends on the expression of the
White gene. Translocation of White next to pericentric heterochromatin (the speak
white-mottled-4 mutation) leads to a mosaic pattern of expression of White, and thus a
variegated (white or red) eye colour. In white cells, the stress-responsive transcription
factor ATF2 mediates White repression. This process could be mediated by the
recruitment of histone methyltransferases (HMTs) that establish repressive H3K9me2
marks® (Ca). Heat shock or osmotic stress during early larval development lead to
p38-dependent ATF2 phosphorylation, release of ATF2 from the White promoter, and
subsequent gene activation® (Cb). The resulting active chromatin state is somatically
maintained and adult flies display completely red eyes. Pol I, RNA polymerase II.

supplementation®>** during gestation are associated with
small alterations in DNA methylation at imprinted genes
and at putative metastable epialleles in the peripheral
blood of the offspring. The peri-conceptional period
and early embryonic stages of development seem par-
ticularly sensitive. Studies on the Dutch hunger win-
ter, at the end of the Second World War, indicate that
famine exposure in the peri-conceptional period led to
adverse metabolic and mental phenotypes in the next
generation. Initial studies reported a minor, but signifi-
cant, decrease in DNA methylation at a differentially
methylated region (DMR) in the imprinted insulin-like
growth factor 2 (IGF2) gene®. Further research® iden-
tified persistent, small alterations in DNA methylation
at other imprinted genes such as insulin (INS), guanine
nucleotide binding protein o.-stimulating (GNAS) and
maternally expressed gene 3 (MEG3). Importantly, such
alterations were also found at some loci that are involved
in growth and metabolic disease, such as interleukin 10
(IL10), leptin (LEP) and ATP-binding cassette Al
(ABCA1I). Famine exposure later during gestation had

CpG islands

GC-rich DNA sequences (of
200-2,000bp in length) that
have a high density of CpG
dinucleotides. Approximately
half of the mammalian genes
have a CpG island near the
transcription start site, often
with promoter activity.

Vitamin B12

(Cobalamin). A vitamin that is
abundant in meat, seafood,
eggs and dairy foods. Itisa
fundamental cofactor in the
regeneration of methionine
from homocysteine, and in
other biochemical reactions.
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no significant effects on DNA methylation®. Recently,
Waterland and colleagues® identified various genes for
which methylation levels varied considerably between
individuals, even within pairs of monozygotic twins. To
test whether peri-conceptional nutritional states could
affect these putative metastable epialleles, the authors
studied peripheral blood leukocytes in children from
rural Gambia that were conceived during either the dry
season or the rainy season. The rainy season is nutri-
tionally challenging and children conceived during this
season showed slightly increased CpG methylation at
some of the loci. The genes that were found to be affected
in the Dutch hunger winter cohorts were not altered in
the Gambia study, indicating that different nutritional
challenges have different epigenetic outcomes.

Postnatal effects. Environmental conditions can affect
the epigenome postnatally as well. Studies in monozy-
gotic twins revealed epigenetic changes that could, at
least in part, be environmentally induced®. Data obtained
in a recent longitudinal study in young monozygotic
twins demonstrate that locus-specific inter-individual
DNA methylation differences arise, in part, after birth'’.

One epidemiological study identified a possible
link between particulate air pollution and global DNA
methylation in blood cells®. Global methylation was
also altered in the blood of individuals that had been
exposed to the carcinogen benzene®. A possibly con-
founding factor is that environmental stress can alter the
relative abundance of different cell types in the blood.
Such shifts could lead to altered levels of measured DNA
methylation for specific genes. In addition, DNA meth-
ylation itself is associated with cell fate determination
in haematopoiesis, and its perturbation could affect the
cell populations that constitute peripheral blood'"*.
To avoid such confounding effects, ideally other cell
lineages and tissues should be explored as well, if
experimental design allows one to do so.

Epidemiological studies on skin and other tissues
identified locus-specific DNA methylation changes
associated with various environmental factors, includ-
ing chronic exposure to sunlight, asbestos and tobacco
smoke, consumption of alcohol and use of hair-dye”-.
The relationship between tobacco smoke and altered
DNA methylation seems particularly relevant given that
several tumour suppressor genes show increased pro-
moter methylation in healthy lung cells of smokers and
of former smokers®. Conversely, the coagulation factor I
receptor-like 3 (F2RL3) gene locus is hypomethylated
in the peripheral blood of smokers®. It remains to be
determined whether these aberrant methylation pat-
terns are involved in lung carcinogenesis. In these and
similar studies (TABLE 1), it is also unknown whether the
observed epigenetic changes are directly mediated by
the toxic compound under study. Because not all tissues
of an adult organism are equally exposed to chemical
pollutants, and because sensitivity depends on the tissue
type, epigenetic alterations in adults are probably tissue-
specific in nature. This would be interesting to explore
further, particularly because most human studies so far
have only considered peripheral blood.
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Table 1| Chemicals and pollutants that affect health and induce epigenetic alterations

Compound

Tobacco smoke

Particulate air pollution
Asbestos

Bisphenol A (BPA)
Diethylstilbestrol (DES)

Metalions (such as
chromium, cadmiun, nickel,
arsenic and methylmercury)

Vinclozolin

Methoxychlor

Silica
Benzene

Di- and trichloroacetic acid,
trichloroethylene

AML, acute myeloid leukaemia

Species Ontogenic  Epigenetic alteration  Tissues or cell Phenotypic alterations Refs
stage types affected
Human  Adultlife Locus-specific DNA Lung, blood Lung cancer? 60,61,143
methylation and histone
modifications; chromatin
remodelling machinery
Human, Adultlife DNA methylation Blood, sperm Unknown 54,69
Mouse
Human  Adult life DNA methylation Pleuraltissues  Susceptibility to different 57
diseases
Mouse  Embryonic Locus-specific DNA Systemic Coat colour distribution of 99
development  methylation agouti viable yellow (A”) mice
Mouse Embryonic DNA methylation Gonads Male sexual function 144,145
development
Multiple  Embryonic DNA methylation; Multiple tissues  Increased susceptibility to Reviewed in
species  development, histone modifications diseases such as cancer REFS 146,147
adult life (for nickel)
Mouse,  Embryonic DNA methylation Male germcells  Altered gonad development 81,82
rat development and spermatogenesis in the
male offspring
Mouse Embryonic DNA methylation Male germcells  Altered male reproductive 84
development, system
adult life
Human  Adult life DNA methylation Blood Silicosis 148
Human  Adult life DNA methylation Blood Increased risk of AML 55
Mouse  Adult life Locus-specific DNA Liver Increased risk of hepatic Reviewed in
methylation cancer REF. 147

Explanations for differences between gestational and
postnatal effects. In animals, susceptibility to epigenetic
alterations could be linked to the degree of pluripotency.
Whereas the epigenomes of fully differentiated cells
seem to be relatively stable, the epigenome of mouse
embryonic stem (ES) cells is particularly sensitive to
in vitro culture conditions***?-%*. Also, culture of mam-
malian pre-implantation embryos can readily affect the
establishment and maintenance of DNA methylation,
particularly at imprinted genes****. Similarly, assisted
reproduction in humans involves in vitro embryo cul-
ture, and is associated with an increased occurrence
of imprinting-related epigenetic diseases*’. Epigenetic
instability at imprinted loci has not been reported in
cultured differentiated cells.

In mammals, early embryonic cells show high
expression levels of various regulators of DNA meth-
ylation and chromatin modifications, including the
de novo DNA methyltransferases, DNMT3A and
DNMT3B. The abundance of these regulatory machin-
eries in early embryos, stem cells and germ cells is a
possible reason for the susceptibility of these pluripo-
tent cell types to environmental signals. In numerous
adult cell types, many of the chromatin regulators are
less active, and epigenetic marks have become stabi-
lized (FIG. 3). In addition, stem cell differentiation itself
entails stepwise chromatin transitions, so it is possible
that the epigenome could be more readily perturbed by
external cues during these transitions than in the fully
differentiated state.

It is unclear whether embryonic and adult cells in
plants also have differential susceptibility to environ-
mental cues. Most organs of plants retain a certain
degree of pluripotency, and epigenetic patterns are
possibly susceptible to change in many different cell
types. Indeed, temperature and osmotic stress affect
the organization of heterochromatin and levels of DNA
methylation at different loci in adult plants®. In vitro
culture of potato cell suspensions (derived from tuber
cortex) was shown to alter DNA methylation and acety-
lation on histones H3 and H4 (REF. 66). Given the con-
siderable developmental plasticity in plants, it should be
interesting to explore the extent to which the epigenetic
(and genetic) effects of stress contribute to adaptation
in subsequent generations™.

Transgenerational inheritance

There is substantial interest in whether environmen-
tally induced epigenetic alterations can be inherited
from one generation to the next*. During gametogen-
esis, the epigenome is globally reprogrammed in mam-
mals* and to a certain degree in plants as well**¢”, The
remodelling processes make gonadal cells particularly
vulnerable to extrinsic factors, even in exposed adults®,
and may explain why apparent transgenerational effects
are observed. However, true epigenetic transgenera-
tional inheritance implies that the maternal or pater-
nal animal or plant already had the epigenetic change
and transmitted the change to its offspring, whose cells
were not exposed. In mammals, only epigenetic marks

6 ADVANCE ONLINE PUBL

ICATION

www.nature.com/reviews/genetics

© 2012 Macmillan Publishers Limited. All rights reserved



Box 2 | Developmental origins of health and disease

Early research revealed a relationship between obesity in adulthood and famine
exposure both in utero and during early postnatal life’*®, and demonstrated the
importance of early environmental conditions for adult health and disease. Hales
and Barker®! conceptualized this idea and proposed the ‘thrifty phenotype’
hypothesis. Based on retrospective epidemiological studies, Hales and Barker
argued that nutritional conditions during uterine development have effects much
later in life, and influence the occurrence of adult metabolism and diseases®'. They
proposed that, under poor nutritional conditions, the fetal environment could
modify the development of the embryo to prepare the offspring for a future
environment with low resources during adult life (a thrifty phenotype). Although
genetic factors also contribute’, subsequent epidemiological studies and animal
models sustained the hypothesis®’. Exposure to other external factors — such as
toxic compounds, alcohol and tobacco®®**® — was found to affect fetal programming
as well. Different nutritional cues during infancy and childhood have also been
shown to have adverse effects during adult life'*°. Consequently, the thrifty
phenotype theory has evolved into a more general theory known as the
‘developmental origins of health and disease’ (DOHaD)?’, which proposes that a
wide range of environmental conditions during embryonic development and early
life determine susceptibility to disease during adult life.

transmitted to the F3 generation are truly transgenera-
tional, as the developing germ cells that give rise to the
F2 generation are already present (and could thus have
been exposed) during the embryonic development of
the F1 generation. Although still largely unexplored,
transgenerationally inherited epigenetic states could pro-
vide long-term adaptation to changing environmental
conditions, particularly in plants’®”.

Plants. In flowering plants, DNA methylation patterns
at transgenes and endogenous loci are often inherited
from one generation to the next*””>”7%. This suggests that,
in contrast to the germ lines in mammals’, plants do
not undergo extensive loss of DNA methylation during
gametogenesis. Indeed, whereas CpG methylation is par-
tially reprogrammed from one generation to the next’,
there could be substantial transmission of CHG and
CHH methylation through plant gametogenesis®**. By
contrast, histone H3 modifications are globally repro-
grammed during plant gametogenesis, and are therefore
unlikely to contribute to transgenerational epigenetic
inheritance””.

Mammals. Only in exceptional cases are DNA methylation-
associated phenotypes inherited from one generation to
the next in mammals. The genome-wide DNA demeth-
ylation and chromatin remodelling that occur in the
primordial germ cells of the developing embryo and in
the pre-implantation embryo largely prevent this from
happening*”. However, some sequences in the genome
are relatively resistant to the global DNA methylation
reprogramming in mammals, including IAP elements’®.
Indeed, the A”-associated phenotypes in the mouse are
determined by levels of DNA methylation at the IAP ele-

ment in this locus (FIG. 2B), and can be transmitted to the
next generation through the female germ line”. DNA
methylation is probably not the primary element of her-
itability, however, given that this IAP element was found
to be unmethylated at the blastocyst stage, and becomes
remethylated only after implantation®.

Endocrine disruptors
Chemical compounds that
affect endocrine regulation
and cause developmental
alterations, cancer and
other pathologies.

REVIEWS

Some endocrine disruptors have phenotypic effects
that can be perpetuated through the male germ line.
Vinclozolin, a fungicide that is widely used in vegetable
and fruit production, has anti-androgenic effects. In rats
and mice, when administered by intravenous injection,
vinclozolin affects gonad development and spermato-
genesis in male offspring, leading to decreased sperm
numbers and mobility. Intriguingly, on paternal inherit-
ance, part of this phenotype is iterated in males of subse-
quent generations, up to the third generation®*. In rats,
this transgenerational effect correlates with small altera-
tions in DNA methylation at about fifty different pro-
moters in sperm®. It was not assessed whether altered
methylation states were also present in early embryos
(before germ-cell formation) and could thus be linked
to the transgenerational inheritance. In mouse studies
using vinclozolin, several imprinted genes showed
decreases or increases in DNA methylation in sperm.
Similar small effects on imprinted genes were observed
in the sperm of male offspring following exposure of
pregnant female mice to the endocrine disruptor meth-
oxychlor®. However, somatic cells of different tissues
showed completely normal levels of DNA methyla-
tion®>%, This leaves the question as to what could confer
the transgenerational heritability, and whether this actu-
ally involves epigenetic modifications. One possible sce-
nario is suggested by recent studies showing that at some
mammalian genes, despite the genome-wide histone-to-
protamine exchange during spermatogenesis*, there is
a persistence of histones and associated modifications
in mature sperm®*®. In mammals, there is no evidence
thus far that histone modifications could contribute to
transgenerational epigenetic inheritance. In the nema-
tode Caenorhabditis elegans, perturbation of the protein
complex that regulates H3K4me3 was found to induce
a transgenerational effect on longevity across three gen-
erations; the effect was linked to altered levels of this
permissive modification at a subset of genes®.

Mechanisms of alterations

How do environmental cues bring about epigenetic alter-
ations? What are the mechanisms involved, and are their
effects on the epigenome direct or indirect? It is here that
knowledge is lacking, particularly in humans, thus ham-
pering progress in the field. Nevertheless, experimental
model systems have provided valuable insights into the
molecular mechanisms that are involved in temperature-
and diet-mediated effects.

Temperature effects. Plants and animals use various
strategies to respond to changes in ambient tempera-
ture. Recent work in Arabidopsis thaliana shows that,
in plants, short-term adaptation to temperature changes
is partly mediated through a general mechanism that
involves the variant histone H2AZ%. Nucleosomes con-
taining H2AZ have DNA-unwrapping properties. Cooler
ambient temperatures favour increased H2AZ incorpo-
ration, whereas temperature elevation leads to reduced
incorporation of H2AZ. This differential histone-variant
enrichment mediates levels of gene expression that are
appropriate for the ambient temperature®.
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Figure 3 | Time windows of environmental susceptibility in mammals.

Epigenetic transitions play crucial roles in development and in the differentiation
of stem cells and primordial germ cells. Concordantly, the regulating enzymes are
generally highly expressed in these pluripotent cells®. For example, the de novo
methyltransferases, DNMT3A and DNMT3B, are highly expressed in the early
embryonic cells in which de novo methylation is acquired. Low amounts of external
methyl donor groups from dietary sources can reduce the concentrations of the
universal methyl donor, S-adenosylmethionine (SAM), and can readily affect de novo
DNA methylation. Also, aberrant gains of methylation may occur in early embryonic
cells owing to other external triggers. In adult cells, the maintenance of DNA
methylation is performed mainly by the maintenance methyltransferase, DNMT1,

in a process that seems less sensitive to diet-induced changes in the abundance of

methyl donors.

Polycomb group proteins

A family of chromatin-modifying
proteins that are involved in
chromatin silencing. They

are organized into Polycomb
repressive complexes (PRCs)
that catalyse histone H3
lysine-27 trimethylation and
histone H2A lysine-119
ubiquitination.

Vitamin B6

(Pyridoxal phosphate). A
vitamin that is abundant in
meat, fish and some tubers
and fruits. It is a crucial cofactor
in the trans-sulphuration of
homocysteine and in other
biological reactions.

As mentioned above, vernalization in plants is
a long-term consequence of exposure to cold tem-
peratures, and gives rise to the repression of specific
genes that suppress flowering. In A. thaliana, the
FLOWERING LOCUS C (FLC) gene encodes a MADS-
box DNA-binding protein that functions as a repressor
of flowering (FIG. 2A). Winter temperatures lead to the
recruitment of Polycomb group proteins® and other his-
tone-modifying enzymes, which together induce repres-
sive chromatin. The earliest step that is known to trigger
this silencing process is the expression of a long non-
coding transcript that is antisense to the FLC gene®.
After the winter period, the repressive chromatin is
somatically maintained, thus preventing FLC expression
and allowing early flowering of the plant (see REF. 26 for
areview).

In Drosophila melanogaster, exposure to heat stress
at a specific time during larval development triggers
the loss of heterochromatin at several chromosomal
domains”. Heat shock (and also osmotic stress) leads to
phosphorylation of the transcription factor ATF2 by the
stress-activated kinase p38. This results in the release of
ATF2 from chromatin, which causes the loss of hetero-
chromatin and gene derepression (FIC. 2C). Reminiscent
of earlier studies in flies?? that used the White eye-
colour gene as a marker for heterochromatin forma-
tion in D. melanogaster, Ishii and colleagues® found
that the effects of stress were sometimes transmitted to
the next generation. This transgenerational inheritance
occurred even when unstressed animals were mated
with stressed animals, a phenomenon that could be
similar to paramutation in plants (reviewed in REF. 93).
Also, in the fission yeast Schizosaccharomyces pombe, the
activity of the related protein Atfl is modulated by stress-
activated protein kinases, and stress can lead to defects in
heterochromatin assembly®*.

Dietary components: DNA methylation. In mam-
mals, many dietary components — including folate,
vitamin B6, vitamin B12, betaine, methionine and choline
— have been linked to changes in DNA methylation.
These nutrients can all affect the pathways of one-
carbon metabolism that determine the amount of avail-
able S-adenosylmethionine (SAM), which is the methy!
donor for DNA methylation and histone methylation
(FIC. 4A). Although the availability of methyl donors could
be expected to have a global effect on the epigenome,
locus-specific effects are reported in many studies.
One such example is methylation at the A” allele in
mice (see above and FIC. 2B), in which maternal nutri-
ents that enhance the levels of available methyl donors
result in increased levels of IAP element methylation**%.
The same phenotype was observed as a consequence of
maternal ethanol consumption®. Also, the addition
of genistein — a phyto-oestrogenic component of soy
beans — to the maternal diet, led to increased DNA
methylation at the locus in the offspring®”. How genistein
affects methylation is unknown, but its action seems
independent of the methionine cycle because SAM
and S-adenosylhomocysteine (SAH) concentrations
remained normal®.

Maternal food supplementation with bisphenol A
(BPA) — a compound that is widely used in the manu-
facturing of polycarbonate plastics — led to decreased
CpG methylation at the A” allele in the offspring, along
with an increased frequency of yellow coat colour, obe-
sity and diabetes”. BPA is an anti-androgen compound
that affects endocrine regulation, and could therefore
have locus-specific rather than global effects on the epi-
genome. Remarkably, the effects of this endocrine dis-
ruptor were counterbalanced by supplementation of the
maternal diet with genistein®. This demonstrates how
diet can protect against deleterious effects of chemical
compounds, at least in this specific case. Undoubtedly,
genome-wide studies will identify further loci that are
particularly susceptible to changes in the methionine
cycle and to endocrine disruptors such as BPA'®.
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Betaine

A molecule that is abundant
in whole-wheat foods and
some green vegetables. Some
organisms can synthesize
betaine from choline.

Choline

A soluble molecule that is
abundant in meat, fish, seafood,
eggs, dairy foods and some
vegetables, seeds and nuts.

Methyl donor

A chemical compound that
can donate a methyl group.
The universal methyl donor
for DNA methylation and
histone methylation is
S-adenosylmethionine (SAM).

Dietary components: histone modifications. In mammals,
dietary compounds have been shown to influence the
activity of histone-modifying enzymes. Examples include
inhibitors of histone deacetylases (HDACs), such as
butyrate, which is produced from carbohydrates and orga-
nosulphur compounds from garlic and cruciferous vegeta-
bles'®. Valproic acid, a drug that is used to treat neuronal
disorders, also has a strong inhibitory effect on HDACs.
In addition to effects that are mediated by histone-
modifying enzymes, histone methylation may also
depend on the availability of methyl donors. Although
positive associations have been reported'®, further
research is needed to unravel the molecular mechanisms.

Sirtuins are a class of HDACs that require nicotina-
mide adenine dinucleotide (NAD"); their activity could
therefore depend on nutritional and metabolic fac-
tors (FIC. 4B). In addition to roles in the deacetylation

REVIEWS

Figure 4 | Molecular mechanisms that mediate
environmental effects. A | Levels of
S-adenosylmethionine (SAM) affect global DNA and
histone methylation. In cells, SAM is generated by the
methionine cycle (also known as the one-carbon cycle;
thick black arrows). The cycle incorporates methyl
groups from dietary folate in another multistep cyclic
pathway, called the folate cycle (thick grey arrows). The
folate cycle includes the enzymes serine hydroxymethyl-
transferase (SHMT), methylenetetrahydrofolate
reductase (MTHFR) and 5-methyltetrahydrofolate-
homocysteine methyltransferase (MTR). Before its
incorporation into the folate cycle, folic acid (the
synthetic form of natural folate) from dietary
supplements must be converted to dihydrofolate
(DHF) and then to tetrahydrofolate (THF). MTR uses
methyl groups from the folate cycle to convert
homocysteine to methionine. Methionine adenosyl-
transferase (MAT) catalyses the synthesis of SAM

from methionine. SAM is then converted to
S-adenosylhomocysteine (SAH) by DNA- and histone-
methyltransferases (DNMTs and HMTs) that use its
methyl group to methylate DNA and histones. SAH

is hydrolysed to homocysteine to close the cycle. The
methionine cycle can also incorporate methyl groups
from betaine. Two important cofactors that are
involved in SAM biosynthesis are vitamins B6 and
B12. Vitamin B6 is involved in the conversion of
homocysteine to cysteine, and of THF to
5,10-methyleneTHF. Vitamin B12 is a cofactor of MTR.
Alcohol intake can have an effect on SAM production
at least at two different levels: the conversion of
homocysteine to methionine, and the conversion

of homocysteine to cysteine (by altering the levels of
vitamin B6). B | Sirtuins remove acetyl groups

from histones and other proteins in a reaction that
consumes NAD*. Sirtuin 1 (SIRT1) specifically targets
H4K16ac and H3K9ac. Hyper-caloric diets give rise to
a low NAD*/NADH ratio (Ba) and, consequently, low
SIRT1 activity. Calorie restriction gives rise to a high
NAD*/NADH ratio (Bb), and can therefore increase the
activity of SIRT1. Sirtuins have important roles in

the establishment of the adaptive response to calorie
restriction’®®. They can be activated in an indirect
manner by dietary phenols such as resveratrol'°*°.

of various transcription factors that are involved in the
regulation of glucose and fatty acid metabolic pathways,
mammalian sirtuins target acetylated histones, such as
H4K16ac'®'*, In addition, a recent study has shown that
sirtuin 1 (SIRT1) can deacetylate DNMT1 and thereby
alter its activity'®. These findings suggest that sirtuins
could mediate environment-dependent epigenetic
states (reviewed in REF. 106). Indeed, SIRT1 was found
to regulate constitutive heterochromatin in response to
calorie-restricted diets'””. SIRT1 also targets non-histone
proteins, such as PPARa'®®. Through an indirect mecha-
nism'?, the action of sirtuins is enhanced by resvera-
trol'*’, which is a natural polyphenolic compound that is
abundant in plants and fruits (and in red wine), and that
has gained considerable interest owing to its potential
benefit to healthy ageing. Future research should eluci-
date precisely how sirtuins are involved in the long-term
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Butyrate

A short-chain carboxylic acid
that is produced by bacteria
in the gut as an end product
of the fermentation of
dietary carbohydrates.

Sirtuins
A family of proteins that couple
lysine deacetylation to NAD*.

Bivalent chromatin

Regions of chromatin that have
co-occurrence of histone H3
trimethylated on lysine-27
(H3K27me3) and H3K4me2/3
during embryonic development.

metabolic and epigenetic effects of dietary conditions,
and whether these metabolic sensor proteins indeed
mediate stable chromatin alterations.

Genetic predisposition to environmental effects
Genetic differences between individuals can influence
epigenetic regulation. For example, many autosomal
mammalian genes show different levels of DNA methyl-
ation between males and females™!''"!'2, Similarly, nutri-
tional effects on DNA methylation at specific autosomal
genes can be strikingly different between males and
females®***. Studies on mice have also revealed marked
differences in epigenetic responses to environmental fac-
tors between different inbred genotypes*. Furthermore,
dizygotic twins show more epigenetic differences than
monozygotic twins''>"*. In plants, it is likely that genetic
differences between ecotypes influence susceptibility
and adaptation to environmental effects”.

DNA sequence effects. The extent to which DNA
sequence determines the levels of epigenetic modifica-
tions at specific loci is unclear. Studies on human blood
cells show that SNPs can affect the level of methylation
of nearby CpG dinucleotides'*'"°. In humans, at least
10% of common SNPs reside in regions that have a pro-
pensity for local DNA methylation differences between
different alleles''*.

Studies on ageing indicate that epigenetic varia-
tion over time preferentially occurs at specific loci'?**?'.
Certain loci are more susceptible than others, but the
reasons for this remain poorly understood. However,
based on various studies it seems that CpG-rich regions
tend to gain DNA methylation over time, whereas CpG-
poor sequences tend to lose methylation”. Furthermore,
sequences that are prone to acquiring DNA hypermeth-
ylation during ageing are often enriched in ‘bivalent
chromatin’**'!, DNA methylation in some sequence con-
texts, including the CpG islands that control imprinted
gene expression, is particularly stable during ageing®'?%
this could be linked to particular chromatin configura-
tions at these loci, which have similarities to pericentric
heterochromatin'®. The resilience of some sequences to
changes over time could be linked to the mechanisms
that maintain DNA methylation at these loci.

Many protein complexes are involved in the regula-
tion of DNA methylation and histone modifications in
plants and mammals®. Histone modifications, and pos-
sibly also DNA methylation'*, are controlled by the bal-
ance between activities that either establish or remove
the marks. Levels of specific proteins may vary between
individuals and also between individual cells, and this
could shift the balance. Mouse studies have shown that
artificially modified levels of Dnmt1 expression give
rise to altered levels of DNA methylation at specific
gene loci'*>'*. Although this has not been studied sys-
tematically, smaller, naturally occurring variations in
Dnmt1 expression might also affect DNA methylation
levels and may influence responses to the environment.
Variations in other proteins are also likely to affect epige-
netic responses. A classic example concerns 5,10-methyl-
enetetrahydrofolate reductase (MTHFR), which is part

of the folate metabolic cycle (FIC. 4A). SNPs in MTHFR
give rise to less-active protein variants; these affect DNA
methylation levels and susceptibility to nutritional and
environmental cues'?. Studies on pairs of monozygotic
twins have shown that some twin couples present more
epigenetic differences than others®'*'*73°, Besides the
differences in environmental exposure between the two
individuals in a pair, one explanation could be genetic
variation between different pairs of twins at genes that
code for chromatin-modifying enzymes and other key
proteins®. In the design of human environmental studies,
genetic susceptibility to epigenetic change needs to be
taken into account.

Conclusions

Environmental factors can have long-lasting effects on
gene expression and chromatin. Despite considerable
progress during recent years, many questions remain.
Apart from natural processes, including vernalization, it
remains largely unknown how the environment triggers
alterations in the epigenome. Unravelling the underlying
molecular mechanisms will be a daunting task, but it is
important to understand whether the observed methyla-
tion and chromatin alterations are directly or indirectly
linked to the toxic, dietary or ambient factors that are
being studied. Cell-based approaches could be instruc-
tive tools for such mechanistic studies, as was shown for
HDAC inhibitors'.

Another key issue concerns the biological relevance
of the observed epigenetic alterations. In many animal
and human studies, only minor changes at specific loci
were detected, and it is unknown whether there could
be broader epigenetic effects as well. Exploration of why
specific loci are affected requires the identification and
characterization of the factors that recruit chromatin-
modifying enzymes to these loci. Because transcription
and non-coding RNAs can be involved in the recruit-
ment of epigenetic modifiers to specific loci®, there is the
intriguing possibility that the perturbation of transcrip-
tion could give rise to altered epigenetic patterns. Whether
such a process contributes, for example, to the locus-
specific changes that arise following exposure to endo-
crine disruptors is unknown, but would be interesting
to explore.

To conclude that the epigenome is altered because of
the environmental factors themselves is not straightfor-
ward. Developmental and pathological phenotypes may
readily change the relative contribution of cell popula-
tions in a tissue, and thus alter the measured levels of
epigenetic modifications at specific loci. In the case of
systemic epigenetic alterations, one way to overcome
this hurdle is to analyse different tissues and cells; this
approach has been taken in several recent studies*®'*120,
As discussed above, genetic variation also needs to be
considered. Studies in model organisms have the dis-
tinct advantage that inbred animals are often available.
However, in some inbred mouse lines, environmental
cues have stronger effects than in others™. Also, intrin-
sic epigenetic drift could depend on genetic factors and
could give more variable outcomes in some genetic
backgrounds than in others™'.
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Research will be boosted by the expanding use of
next-generation DNA sequencing technologies'*.
Applications include chromatin immunoprecipitation
followed by DNA sequencing (ChIP-seq) — to assess
the genomic distribution of histone modifications,
histone variants and nuclear proteins — and global
DNA methylation analysis through the sequencing of
bisulphite-converted genomic DNA. Combined with
appropriate statistical and bioinformatic tools'*, these
methods will permit the identification of all the loci that
are epigenetically altered. It remains difficult to system-
atically assess the epigenetic statuses of repeat sequences
in the genome, including retrotransposons, as repeat
sequences are often excluded from bioinformatic analy-
ses. In plants and mammals, DNA methylation at repeat
sequences is regulated through specific mechanisms?
and could be particularly susceptible to certain extrin-
sic factors. Genome sequences of many wild animal
and plant species are rapidly becoming available. For
example, the aphid and Daphnia pulex genomes were
sequenced recently’?, opening the door for epigenomic
exploration of the environmentally induced phenotypes
in these arthropods.

REVIEWS

It seems too early to apply epigenetic alterations
that are induced by diet and chemical compounds
as biomarkers in public health and medicine. Unlike
in cancer'®, environmentally induced DNA meth-
ylation changes often are small, and variable among
exposed individuals. In the coming years, genome-wide
approaches will further define the loci that are suscep-
tible to environmental insults and could yield impor-
tant results for common diseases, such as obesity and
diabetes, that are influenced by dietary conditions”.
Combinations of loci that are susceptible to environ-
mentally induced epigenetic changes could be explored
in cohorts of exposed populations. Recent epidemio-
logical studies in humans have identified lasting effects
of nutritional intake on metabolism and development,
often with associations to specific diseases. If epigenetic
changes can be validated in large-scale human studies,
they could be used to monitor the effects of diet and
other extrinsic factors over time, possibly even across
generations. There is still a long way to go, but the com-
ing years will undoubtedly provide further insights
into the involvement of epigenetics in environmentally
triggered phenotypes and diseases.
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