Epigenetic

Refers to mitotically or
meiotically heritable changes
in gene expression that do
not involve a change in DNA
sequence.

DNA methylation

DNA methylation occurs
predominantly in repetitive
genomic regions that contain
CpG residues. DNA methylation
represses transcription directly
by inhibiting the binding of
specific transcription factors,
and indirectly by recruiting
methyl-CpG-binding proteins
and their associated repressive
chromatin-remodelling
activities.
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Environmental epigenomics and
disease susceptibility

Randy L. Jirtle* and Michael K. Skinner*

Traditional research on the combined effects of the
environment and genetics on individual variation in
disease risk examines the relationship between disease
susceptibility, environmental exposures and germline
mutations in the coding and promoter regions of genes.
Such research efforts have highlighted the importance of
genotype in human diseases. However, it is now becom-
ing clear that a full understanding of environmental
interactions with the genome will require that epigenetic
mechanisms are also considered. Human epidemiologi-
cal studies have provided evidence that prenatal and early
postnatal environmental factors influence the adult risk
of developing various chronic diseases, such as cancer,
cardiovascular disease, diabetes, obesity (for reviews, see
REFS 1-4) and even behavioural disorders such as schizo-
phrenia®®. One general mechanism by which prenatal
and postnatal exposures could be linked to phenotypic
changes later in life is the alteration of epigenetic marks,
which have a central role in determining the functional
output of the information that is stored in the genome.
Although the term ‘epigenetics’ literally means ‘above
the genetics, it is now generally used to refer to changes
in gene expression that take place without a change in
the DNA sequence (BOX 1). Epigenetic changes encom-
pass an array of molecular modifications to both DNA
and chromatin’’, the most extensively investigated
of which are DNA methylation, which takes place at the
carbon-5 position of cytosine in CpG dinucleotides,
and changes to the chromatin packaging of DNA by
post-translational histone modifications”. Other epige-
netic mechanisms of gene-expression control include

Abstract | Epidemiological evidence increasingly suggests that environmental exposures
early in development have a role in susceptibility to disease in later life. In addition, some
of these environmental effects seem to be passed on through subsequent generations.
Epigenetic modifications provide a plausible link between the environment and
alterations in gene expression that might lead to disease phenotypes. An increasing
body of evidence from animal studies supports the role of environmental epigenetics in
disease susceptibility. Furthermore, recent studies have demonstrated for the first time
that heritable environmentally induced epigenetic modifications underlie reversible
transgenerational alterations in phenotype. Methods are now becoming available to
investigate the relevance of these phenomena to human disease.

regulation by non-coding RNAs, such as microRNAs, and
mechanisms that control the higher-level organization
of chromatin within the nucleus, which have a range of
effects on gene expression. Two of the most compre-
hensively studied epigenetically regulated phenomena
in mammals are X-chromosome inactivation (for reviews,
see REFS 11,12) and genomic imprinting (for reviews, see
REFS 13-16). Epigenetic regulation is also involved in
tissue-specific gene expression and in the silencing
of repetitive (transposable) elements, inhibiting their
replication and transposition, and therefore preventing
insertional mutagenesis'.

Importantly, epigenetic changes can be inherited
mitotically in somatic cells, providing a potential mecha-
nism by which environmental effects on the epigenome can
have long-term effects on gene expression. In support of
the importance of such a mechanism, increasing evidence
from animal studies indicates that prenatal and early
postnatal environmental factors — including nutritional
supplements'®-*?, xenobiotic chemicals®**-*, behavioural
cues®?, reproductive factors** and low-dose radiation®
— can result in altered epigenetic programming and
subsequent changes in the risk of developing disease. In
addition, epigenetic alterations might also be inherited
transgenerationally, thereby potentially affecting the
health of future generations — a theory for which there
is also increasing evidence?*'~*. The results of these
animal and human studies support the hypothesis that
is referred to as the fetal basis or developmental origins
of adult-onset disease. This theory posits the intriguing
idea that the evolution of developmental plasticity, which
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Box 1| A brief history of epigenetics

The developmental biologist Conrad Waddington'”’ first defined ‘epigenetics’ in
the 1940s as “...the interactions of genes with their environment which bring the
phenotype into being.” Holliday and Pugh'® proposed in 1975 that covalent
chemical DNA modifications, including methylation of cytosine-guanine (CpG)
dinucleotides, were the molecular mechanisms behind Conrad’s hypothesis. The
further revelations that X inactivation in mammals and genomic imprinting are
regulated by epigenetic mechanisms highlighted the heritable nature of epigenetic
gene-regulation mechanisms'®!°. Therefore, in the 1990s, epigenetics was
described as the study of changes in gene expression that occur not by changing the
DNA sequence, but by modifying DNA methylation and remodelling chromatin®!*.
The genomics revolution inspired the investigation of global, rather than local,

gene analyses, and the term ‘epigenomics’ was coined as the study of the

“

...effects

of chromatin structure, including the higher order of chromatin folding and
attachment to the nuclear matrix, packaging of DNA around nucleosomes, covalent
modifications of histone tails (acetylation, methylation, phosphorylation,
ubiquitination), and DNA methylation.”'*? The resistance of some gene loci to
methylation reprogramming during embryogenesis revealed the possibility that
epigenetic modifications are inherited not only during somatic-cell division, but also
in the subsequent generation®-3*.

Histone modifications
Histones undergo post-
translational modifications
that alter their interaction with
DNA and nuclear proteins. In
particular, the tails of histones
H3 and H4 can be covalently
modified at several residues.
Modifications of the tail
include methylation,
acetylation, phosphorylation
and ubiquitination, and
influence several biological
processes, including gene
expression, DNA repair and
chromosome condensation.

MicroRNAs

Endogenous small RNAs of

~ 22 nucleotides in length that
act as a cellular rheostat for
fine-tuning gene expression
during development and
differentiation. They target the
3" UTRs of mRNAs with which
they share partial sequence
complementarity, leading to
post-transcriptional gene
silencing through translational
repression. When a microRNA
has complete sequence
complementarity with a target
MRNA, it instead directs
cleavage of the transcript.

enables an organism to adapt to environmental signals
during early life, can also increase the risk of developing
chronic diseases when there is a mismatch between the
perceived environment and that which is encountered
in adulthood. Developmental plasticity is evident when
environmental exposure produces a broad range of adult
phenotypes from a single genotype by epigenetically
altering gene expression'®'%.

Here we bring together the mounting evidence that
environmental influences early in development are
linked to disease phenotypes through modifications of
the epigenome. We begin by discussing the epigenetic
marks that are known or considered likely to be suscep-
tible to environmental influence. In particular, we focus
on metastable epialleles, for which studies in mice have
provided strong evidence of an effect of prenatal envi-
ronmental exposures on postnatal phenotypes. We then
discuss the increasing evidence that supports the trans-
generational inheritance of environmentally induced
epigenetic changes. We conclude the Review by looking
ahead to how these studies in animal models could be
extended to determine the importance of environmental
epigenetics in human disease susceptibility. Such studies
might ultimately lead to new diagnostic, prognostic and
therapeutic strategies.

Epigenetic targets of the environment

Environmental exposures to nutritional, chemical and
physical factors have the potential to alter gene expres-
sion and modify adult disease susceptibility in various
ways through changes in the epigenome. Three genomic
targets that are likely to be susceptible to gene-expression
changes owing to environmental perturbations of
epigenetic marks are the promoter regions of some
housekeeping genes, transposable elements that lie
adjacent to genes with metastable epialleles, and regula-
tory elements of imprinted genes. These genomic targets
contain regions that are rich in CpG dinucleotide
sequences, which are normally unmethylated, methyl-
ated or differentially methylated, respectively, with the

methylation status, and in some cases with the status of
histone modifications in the same region, determining
levels of gene expression.

Both DNA methylation and histone modifications
are markedly altered in the promoter regions of tumour-
suppressor genes and oncogenes in human cancer.
Furthermore, changes in the epigenome that alter the
expression of the tumour-suppressor mismatch repair
genes MLH1 and MSH2 have been shown to be inherited
through the germ line*”*. The importance of epigenetics
in the aetiology of cancer has been discussed extensively
elsewhere (for reviews, see REFS 39-41). Here we focus
on imprinted genes and genes with metastable epialle-
les, which have the potential to link the environment,
through epigenetic changes, to early developmental
influences on adult susceptibility to chronic diseases and
behavioural disorders.

Genes with metastable epialleles. Metastable epialleles
are defined as loci that can be epigenetically modified in
a variable and reversible manner, such that a distribution
of phenotypes occurs from genetically identical cells.
Currently, only a few genes with metastable epialleles
have been identified, including the mouse A” (viable yel-
low agouti)*, Axin™ (axin fused)*, and Cabp"? (CDK5
activator binding protein-intra-cisternal A particle
(IAP))* genes.

Of these examples, the A7 allele of the murine agouti
gene has been the most thoroughly characterized. In this
case, allelic expression is correlated with the epigenetic
status of a transposon that is associated with the pro-
moter region of the gene'** (FIG. 1a). Most transposable
elements are silenced by CpG methylation; however, the
epigenetic status of a subset of transposable elements
is metastable, and varies in a stochastic manner from
hypomethylated to hypermethylated*. This variable epi-
genetic status can affect the expression of neighbouring
genes, causing epigenetic mosaicism between cells and
phenotypic variability among cells in genetically identical
individuals'>* (FIGS 1,2).

Agouti encodes a paracrine signalling molecule
that promotes follicular melanocytes to produce yellow
phaeomelanin rather than black eumelanin pigment.
Transcription is normally initiated from a develop-
mentally regulated hair-cycle-specific promoter in
exon 2 of the agouti (A) allele. Transcription of the
A allele normally occurs only in the skin, where tran-
sient expression in hair follicles during a specific stage
of hair growth results in a subapical yellow band on
each black hair shaft, causing the brown (agouti) coat
colour of wild-type mice*>. The A” allele is the result
of the insertion of a murine IAP transposable element
about 100 kb upstream of the transcriptional start site
of the agouti gene'”*? (FIC. Ta). A cryptic promoter in
the proximal end of the A” IAP promotes constitutive
ectopic agouti transcription, leading to yellow fur,
diabetes, obesity and tumorigenesis®*. The degree of
IAP methylation varies dramatically among individual
isogenic A”/a mice, causing a wide distribution in coat
colour, ranging from yellow (unmethylated) to brown
(methylated) (FIC. 1b).

254 | APRIL 2007 | VOLUME 8

© 2007 Nature Publishing Group

www.nature.com/reviews/genetics



© FOCUS ON EPIGENETICS

a
Ectopic agouti expression
AW Q0000
IAP
a

Developmental agouti expression

AW
IAP

|
Agouti

B

|
Agouti

X-chromosome inactivation
The process that occurs in
female mammals by which
gene expression from one of
the pair of X chromosomes is
downregulated to match the
levels of gene expression from
the single X chromosome that
is present in males. The
inactivation process involves
a range of epigenetic
mechanisms on the inactivated
chromosome, including
changes in DNA methylation
and histone modifications.

Genomic imprinting

The epigenetic marking of a
locus on the basis of parental
origin, which results in
monoallelic gene expression.

Epigenome

The global epigenetic patterns
that distinguish or are variable
between cell types. These
patterns include DNA
methylation, histone
modifications and chromatin-
associated proteins.

Melanocyte

A specialized cell type, lying
at the boundary between the
dermis and epidermis, in
which the pigment melanin

is synthesized.

Embryonic stem cell

A type of pluripotent stem cell
that is derived from the inner
cell mass of the early embryo.
Pluripotent cells are capable
of generating virtually all

cell types of the organism.

Figure 1 | Epigenetic regulation of metastable epialleles. a | Epigenetic regulation of the agouti gene in A%/a
mice. White-filled circles indicate unmethylated CpG sites and black-filled circles indicate methylated CpG sites.
Phaeomelanin (the product of the agouti gene) is not produced from the a allele because the agouti gene is mutated
(shown as a box marked with a red cross). Two potential epigenetic states of the A¥ allele can occur within cells of
A%/a mice. The IAP (intracisternal A particle) that lies upstream of the agouti gene can remain unmethylated,
allowing ectopic expression of the gene from the IAP and resulting in a yellow coat colour (top). Alternatively, the
IAP can be methylated, so that the gene is expressed under its normal developmental controls, leading to a brown
coat colour (bottom). If the IAP methylation event occurs later in development and does not affect all embryonic
cells, the offspring will have a mottled appearance (illustrated on the right). b | Genetically identical week 15 A%/a
mouse littermates are shown, representing five coat-colour phenotypes. Mice that are predominately yellow are also
clearly more obese than the brown mice. Part b reproduced with permission from REF. 20 © (2006) National Institute

of Environmental Health Sciences.

Maternal dietary methyl-donor supplementation of
mice with folic acid, vitamin B, ,, choline and betaine
shifts the coat colour distribution of the offspring towards
the brown pseudoagouti phenotype'®'**” (FICS 1,2).
This methyl-donor-induced shift in coat-colour distri-
bution was shown to result from an increase in DNA
methylation at CpG sites in the upstream IAP transpos-
able element". Thus, for the first time, the effect of a
mother’s diet during pregnancy on the adult phenotype
of her offspring was directly linked to DNA-methylation
changes in the epigenome. This observation marked the
advent of studying the role of environmental epigenomic
changes during early development in the aetiology of
adult diseases.

Methylation profiles at these IAP CpG sites are
highly correlated in tissues that are derived from the
ectodermal (brain and tail), endodermal (liver) and
mesodermal (kidney) lineages, providing evidence
that methylation profiles in response to dietary sup-
plementation are established before embryonic stem cell
differentiation'®*. These epigenetic changes are also
stable, as the amount of methylation in tissues from
d21 animals is similar to that in tissues from d100
animals. The effects of maternal methyl-donor supple-
mentation on coat-colour distribution in A” offspring
can also be inherited in the F, generation by germline
epigenetic modifications*.

Maternal dietary exposure to the phytoestrogen
genistein during gestation also shifts the coat-colour
distribution of viable yellow A”/a offspring towards
brown, owing to hypermethylation of the IAP in
the A" allele?. Furthermore, the genistein-induced
hypermethylation protects the A”/a offspring from
obesity in adulthood. These findings are particularly

interesting because genistein, when given at a level that
is comparable to that consumed by humans with high
soy diets, increases DNA methylation even though it
is not a methyl-donating compound; the mechanism
of its action at the A" allele is unknown. These results
suggest the interesting possibility that hypermethyl-
ating dietary supplements could reduce the effect of
environmental toxicants that cause DNA hypometh-
ylation, thereby protecting the epigenome from their
deleterious effects.

Imprinted genes. The vast majority of autosomal genes
are expressed from both parental alleles; however,
approximately 1% of autosomal genes are imprinted,
with expression from only one parental allele (for
reviews, see REFS 13-16)(FIG. 3). Genomic imprinting is
a non-Mendelian, germline-inherited, epigenetic form
of gene regulation that involves heritable DNA meth-
ylation and histone modifications''*. Expression of the
single functional allele of an imprinted gene in both
male and female offspring is parent-of-origin dependent,
with the imprinted epigenetic marks being established
in the parental gametes (FIC. 4). So, allelic expression of
an imprinted gene in the present generation depends
on the parental environment in which it resided in the
previous generation. On the basis of the knowledge that
imprinting defects cause several disease phenotypes,
and the likely susceptibility of the methylation marks
that underlie imprinting to alterations at certain stages
of development, we argue here that imprinted loci are
likely to be targets of disease-causing environmentally
induced epigenetic abnormalities.

The most widely debated theory of why imprint-
ing evolved, the ‘parental conflict hypothesis, views
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a Dietary supplementation during pregnancy imprinting not as a beneficial adaptation of the spe-
cies, but rather as a deleterious consequence of a
Avja 3 Avja G genetic battle between the sexes to control the amount

of resources that are extracted from the mother by
her offspring***. This ancestral genetic conflict is
purported to have occurred because of a reproductive
\ g ) / scenario involving polygamy, viviparity and substantial

maternal investments in the offspring, in the absence

of a similar level of investment by the father. This
a/aQ  theory predicts that imprinted genes that increase the
extraction of resources from the mother by the off-
spring will be paternally expressed (that is, maternally
silenced). By contrast, imprinted genes that decrease
the offspring’s extraction of resources from the mother
are predicted to be maternally expressed (that is,

Unsupplemented Supplemented
paternally silenced). For example, in mice, the growth
‘ J factor gene Igf2 (insulin-like growth factor 2), is pater-
nally expressed®', whereas the growth inhibitor, Igf2r
b A%/a offspring (insulin-like growth factor 2 receptor), is maternally
U expressed™.
nsupplemented mother Supplemented mother

Although genomic imprinting seems to have first
evolved in mammals with the development of the
placenta and the advent of viviparity®™, the process
of imprinted-gene formation is dynamic, allowing
for both its establishment and loss during evolution.
For example, NNAT (neuronatin), MEG3 (maternally
expressed gene 3), DLKI (delta-like 1 homologue)
and CDKNIC (cyclin-dependent kinase inhibitor 1C)
are imprinted in eutherians but not in marsupials®-.
By contrast, IGF2R imprinting, which was initiated
180 million years ago, was subsequently lost approxi-
mately 75 million years ago with the evolution of the
near primates that ultimately gave rise to humans®>*’.
Consequently, IGF2R is imprinted and expressed from
only the maternal allele in mice, but is biallelically
expressed in humans. Because the IGF2R functions as

€ Agouti expression a tumour suppressor®, the incidence of cancers that
Unsupplemented mother Supplemented mother result from its inactivation is predicted to be higher
> in mice than humans. This has important human-
health ramifications, because the mouse is often
‘m— 1 _Agouti used as a surrogate for humans in toxicological risk
AP IAP assessments.
— I

Several developmental disorders are associated with
specific imprinted regions and genes — for example,
Angelman syndrome (AS), Prader-Willi syndrome (PWS),
and Beckwith-Wiedemann syndrome (BWS) (for reviews,
see REFS 59,60). Germline or somatic-cell deregulation
of imprinting control during early development has an

Ectopic agouti expression Developmental agouti expression

Figure 2 | Effect of maternal dietary supplementation on the phenotype and
epigenotype of A%/a offspring. a | Dietary supplementation of female mice during
pregnancy. The diets of female a/a mice are supplemented with methyl-donating
substances (that is, folic acid, choline, vitamin B,, and betaine)' or the

phytoestrogen genistein® 2 weeks before mating with male A%/a agouti mice, important causative role in these disorders. Badcock
and throughout pregnancy and lactation. b | Maternal dietary supplementationand ~ and Crespi® recently put forth the intriguing idea
coat-colour distribution in A%/a offspring. The coat colour is primarily yellow in the that human behavioural disorders such as autism also
offspring that are born to unsupplemented mothers, whereas it is mainly brown in result from imbalanced genomic imprinting during

the offspring from mothers that were supplemented with methyl-donating compounds  hrain development. In addition, numerous linkage
or genistein. Approximately 50% of the offspring from these matings are black (a/a)
but, as they do not contain an A” allele, they are not shown here. ¢ | DNA methylation
and agouti gene expression. Maternal hypermethylating dietary supplementation
shifts the average coat-colour distribution of the offspring to brown by causing an IAP
(intracisternal A particle, shown as a green bar) upstream of the agouti gene to

studies of other complex disorders such as bipolar
disorder, Silver-Russell syndrome, Tourette syndrome
and schizophrenia show a parent-of-origin inherit-
ance preference®, suggesting that as yet unidentified

be more methylated on average than in offspring that are born to mothers fed an imPrinted genes that are in.volved in human diseases
unsupplemented diet. Arrow size is directly proportional to the amount of ectopicand ~ reside outside known imprinted gene clusters.

developmental agouti gene expression. White-filled circles indicate unmethylated Imprinted-gene deregulation or mutation can also
CpG sites and black-filled circles indicate methylated CpG sites. occur in somatic cells in adulthood, thereby increasing
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Figure 3 | Epigenetic regulation of imprinted alleles. Epigenetic regulation of
imprinting in the murine Igf2r (insulin-like growth factor 2 receptor). Exons 1-3

of the 48-exon Igf2r gene are shown. Igf2r is imprinted in murine peripheral tissues
(shown in the upper panel), and expressed from the maternal allele but not from
the paternal allele®?. By contrast, Igf2r is biallelically expressed in neuronal cells in the
brain (shown in the lower panel)!**. The mechanism of imprinting at this locus is
complex, but involves two differentially methylated regions, DMR1 and DMR2,
and the expression status of the Air antisense transcript. DMR1 is differentially
methylated during early development in peripheral tissues, but not in neuronal
cells'®®. In the case of DMR2, the methylation status is inherited through the germ
line. Monoallelic expression of Igf2r is not only tissue-dependent**3, but also
species-dependent®**’. See REF. 114 for more information on the role of DNA
methylation and histone modification in regulating Igf2r expression in mice and
humans. White-filled circles indicate unmethylated CpG sites and black-filled
circles indicate methylated CpG sites .

Angelman syndrome

A defect that is caused by

the loss of expression of a
maternally expressed gene,
UBE3A, which is imprinted only
in the brain and encodes an E3
ubiquitin ligase. Angelman
syndrome occurs in ~ 1 in
15,000 births and its main
characteristics include mental
retardation, speech impairment
and behavioural abnormalities.

Prader—Willi syndrome
The molecular defect that
causes this syndrome is
complex and involves defects
that affect an ~2 Mb
imprinted domain that
contains both paternally and
maternally expressed genes.
Prader—Willi syndrome occurs
in ~1in 20,000 births and

is characterized by a failure

to thrive during infancy,
hyperphagia and obesity
during early childhood, mental
retardation and behavioural
problems.

cancer risk (for reviews, see REFS 63,64). Furthermore,
only a single mutational or epigenetic event is required to
completely inactivate an imprinted tumour-suppressor
gene because one allele is already functionally inacti-
vated by imprinting. Consequently, the silenced allele
of an imprinted gene has been equated to the ‘first
hit) as proposed by Knudson® in his two-step model
for carcinogenesis. Imprinted oncogenes can also be
inappropriately overexpressed in somatic cells through
loss of imprinting (LOI; for reviews, see REFS 63,64).
Importantly, Feinberg and colleagues®® demonstrated
that lymphocytes in approximately 10% of the human
population have LOI at the IGF2 locus. Moreover, bial-
lelic expression in peripheral lymphocytes is strongly
correlated with IGF2 LOI in normal colonic mucosa
and a personal history of colorectal cancer. The mech-
anism for this apparent systemic epigenetic alteration
is currently unknown; however, IGF2 LOI must be
either inherited or acquired early in life in a subset of
individuals®”*.

The functional haploid state of imprinted genes
eliminates the protection that diploidy normally affords
against the deleterious effects of recessive mutations.
Furthermore, the DNA-methylation marks that are
required for parental-specific expression of imprinted
genes are particularly vulnerable to epigenetic deregula-
tion by environmental agents during the early stage of
gametogenesis, and the genome-wide demethylation
and remethylation that occurs in the zygote soon after
fertilization (FIG. 4). Thus, imprinted genes are candidate
susceptibility loci for environmentally induced diseases
with parental-inheritance bias.

Epigenetics and transgenerational effects
Germline transmission. Transgenerational inherit-
ance involves the transmission of a biological trait to
subsequent generations through the germ line. An
epigenetic transgenerational effect requires that epigenetic
modifications in the germ line cause the inheritance of a
phenotype. Because environmental factors can alter the
epigenome, their ability to influence disease risk might
involve epigenetic transgenerational inheritance.

For the transgenerational inheritance of environ-
mental effects on the epigenome to be considered as
a plausible mechanism for the cause of phenotypic
changes, these changes must be maintained in at least
the F, generation when an embryonic exposure is
involved™*** (FIG. 5). When an F gestating female
is exposed, both the F, embryo and the F, generation
germ line are also directly exposed. Therefore, disease
phenotypes in the F, and F, generations might still be
due to the toxicology of direct exposure to the envi-
ronmental factor. Similarly, after postnatal or adult
exposure to environmental toxicants’*”%, because the F,
generation germ line is directly exposed, the observed
phenotypes in these generations cannot unequivocally
demonstrate a transgenerational phenomenon, and the
F, generation must be assessed.

Exposure to several environmental factors during
embryonic development has been shown to influence
disease susceptibility in the F| generation; these fac-
tors include heavy metals causing cancer”, abnormal
nutrition (for example, caloric restriction) causing dia-
betic and uterine defects**”*”, chemical exposure (for
example, benzo(a)pyrene) causing brain and endocrine
defects””7, and endocrine disruptors causing reproduc-
tive and endocrine defects’®®. These environmental
effects on the F| germ line have been observed in species
ranging from insects to mammals**-*. Both human?®
and animal’%%-% studies demonstrate that an embry-
onic exposure (F, generation mother) can produce an F,
generation phenotype (FIC. 5). For example, nutritional
deficiency during gestation affects the incidence of dia-
betes and growth defects in the F, generation rodents™*.
Several environmental chemical exposures also affect the
F, generation (including benzo(a)pyrene®*, orthoami-
noasotoluol®? and dioxin™), and the endocrine disruptor
diethylstilbestrol (DES) has a negative impact on organ
(for example, mammary gland) and reproductive
tract development and function in the F, generation”.
However, in all these cases, further analysis involving
the F, generation is needed to eliminate the potential
problem of direct F, generation germline exposure.

Several studies have now shown marked effects of
environmental toxicants on the F, generation through
germline alterations in the epigenome***-. The endo-
crine disruptor vinclozolin, which is an anti-androgenic
compound, induces transgenerational pathogenesis in
rats, resulting in spermatogenic defects, male infertil-
ity, breast cancer, kidney disease, prostate disease and
immune abnormalities at frequencies ranging from 20%
to 90% (REFS 34,96). These transgenerational disease
phenotypes are transmitted to the majority of progeny
for four generations and, although the transgenerational
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Beckwith—Weidemann
syndrome

A predominantly maternally
transmitted disorder, involving
fetal and postnatal overgrowth
and a predisposition to
embryonic tumours. The
Beckwith-Weidemann
syndrome locus includes
several imprinted genes,
including IGF2, H19 and
KCNQ1, and loss of imprinting
at /GF2 is seenin ~20%

of cases.

Primordial germ cells

Gametogenesis Blastocyst

F, generation

F, generation

Methylation levels
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I |
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Figure 4| Alterations in methylation status during development. During embryonic development and gonadal
sex determination, primordial germ cells undergo genome-wide demethylation, which erases previous parental-
specific methylation marks that regulate imprinted gene expression. In the male (coloured purple) germ line,
paternal methylation marks in imprinted genes are laid down in developing gonocytes that will develop into
spermatogonia. The female (coloured pink) germ line establishes maternal methylation marks in imprinted genes at
alater stage. After fertilization, the paternal genome is actively demethylated (indicated by the lighter purple line in
the graph), whereas the maternal genome undergoes passive demethylation (indicated by the lighter pink line in the
graph)!*®*. Genome-wide remethylation occurs on both parental genomes before implantation. However, imprinted
genes maintain their methylation marks throughout this reprogramming, allowing for the inheritance of parental-
specific monoallelic expression in somatic tissues throughout adulthood.

effect is transmitted through only the male germ line,
both males and females are affected®.

The frequency and reproducibility of the vinclozolin-
induced transgenerational pathologies, and the finding
that most of them occur in adulthood, indicate that
genetic DNA-sequence mutations are not the most
likely cause®**®. The frequency of a DNA-sequence
mutation, even with ionizing radiation, is normally less
than 0.01%, and ranges from only 1% to 5% for hot-spot
mutations””. The most parsimonious explanation for
these findings is therefore that the vinclozolin-induced
transgenerational phenotypes result from the epigenetic
reprogramming of the male germ line at the stage of
gonadal sex determination®®” (FICS 4,6).

The ability of a postnatal environmental exposure
to promote a transgenerationally inherited phenotype
requires that the process of gametogenesis (that is, germ-
cell differentiation in the adult) is altered in such a way as
to reprogramme the germ line (FIC. 6). Epigenetic repro-
gramming of the germ line is known to take place during
gametogenesis’'®-12, but the mechanisms of inheritance
of epigenetically directed transgenerational phenotypes
have yet to be defined. To experimentally address this
fundamentally important issue, methylation-sensitive
restriction-enzyme analysis followed by PCR amplifica-
tion have been used to identify a set of genes and other

DNA sequences with altered DNA methylation that are
potentially epigenetically reprogrammed in the male
germ line as a result of the exposure to vinclozolin, and
that are associated with the transgenerational inherit-
ance of pathological phenotypes**. Whether the genes
that were identified are causal factors or simply markers
of the transgenerational epigenetic phenotype remains
to be determined.

Behavioural transmission. Not all epigenetic multi-
generational effects are transmitted through the germ
line. Elegant studies in mice have demonstrated that the
generation-to-generation acquisition of the nurturing
behaviours of pup licking and grooming and arch-back
nursing are not germline inherited but, rather, are
passed on to the offspring directly from the mother
during the first week of postnatal life**. The adult
female offspring of dams that show an increase in these
maternal nurturing behaviours exhibit reduced fearful-
ness and more modest hypothalamic-pituitary-adrenal
(HPA)-axis responses to stress.

Recently, these maternal programming effects have
been shown to involve DNA methylation and histone
modifications of the NGFIA (nerve growth factor induc-
ible protein A) transcription-factor-binding motif that is
present in the exon 1. promoter of the brain-specific GR
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Gestating mother exposed to an endocrine
disruptor (sex-determination period)

F, germ line
Male embryo (F)

Figure 5 | Germline transmission of epigenetically regulated transgenerational phenotypes. In a gestating
mother, there is multiple-generation exposure of the F female, the F, embryo and the F, generation germ line to
environmental factors. The transgenerational transmission of disease phenotypes through the male germ line
(labelled red) is indicated. Both male and female offspring develop disease, but the transgenerational phenotype is

transmitted only paternally after exposure to vinclozolin®.

(glucocorticoid receptor)®. These epigenetic changes are
correlated with alterations in GR expression, and HPA
and behavioural responses to stress. Moreover, infu-
sion of the histone deacetylase inhibitor trichostatin A
(TSA) or the essential amino acid L-methionine into
the brain ventricles in adulthood reverses the epigenetic
modifications in the hippocampus, and the GR expression
and HPA response in the female offspring of dams with
low and high maternal nurturing ability, respectively?*1%,
Together, these findings indicate that early postnatal life
experiences can modify behaviour by altering the epig-
enome, and that the inherent plasticity of the epigenome
potentially allows for reversal in adulthood — an important
finding in terms of possible therapeutic strategies.

Identification of epigenetically labile genes
Environmental epigenomics is a newly emerging field of
investigation, and many fundamental questions remain
to be answered (BOX 2). A question of central importance
concerns which human genes are likely to be involved
in enhanced disease susceptibility when they are epi-
genetically deregulated by environmental factors. To
address this question, novel techniques are being used
to identify subsets of epigenetically labile genes in both
animals and humans.

Genes with metastable epialleles. The repertoire of
genes with metastable epialleles is anticipated to be
species dependent, because such alleles depend on the
presence of nearby transposable elements and the pat-
terns of insertion of these elements vary from species

to species. Although the human genome is riddled with
transposable elements'**'%, it is currently unknown
whether any of them regulate gene expression in a man-
ner that is comparable to that seen at the agouti locus
in A” mice'”® and, if so, whether they affect human
disease susceptibility. One way to address this question
is to look for potential metastable epialleles in humans
with a methylation and expression profile that is similar
to that of the agouti gene, which we refer to as the ‘agouti
expression fingerprint.

The agouti expression fingerprint is defined by a
large variability in gene expression between individu-
als, combined with a low variability in gene expression
between tissues from the three germ layers in an
individual'®?. The ratio of these two gene-expression
variances is expected to be large for a gene with an
expression pattern that is epigenetically established in
a manner that is comparable to that of the agouti gene
in A” mice. Genome-wide expression chips should
be useful in detecting such genes, not only in inbred
mice, but also in monozygotic human twins, in which
genetic variation is controlled. However, only genes with
expression patterns that are epigenetically established
before embryonic stem cell differentiation, as for the A”
locus in mice, will be detectable with this experimental
approach.

Genes with altered DNA methylation. Similar stud-
ies to those described above for vinclozolin need be
carried out in humans that have inadvertently been
exposed to environmental contaminants in order to
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Figure 6 | A model for endocrine-disruptor-induced epigenetic transgenerational
disease. Endocrine-disruptor action reprogrammes the epigenome of the developing
germ cell during embryonic sex determination, leading to genes and other DNA
sequences with altered DNA methylation®’. These changes are proposed to alter the
transcriptomes of the testis and other organs, thereby promoting adult pathologies,
some of which are inherited transgenerationally. Epigenetic mechanisms might
therefore have a role in the induction of adult-onset disease through environmental
exposures early in development.

Bisulphite conversion

A technique that is used to
identify methylcytosines. The
approach depends on

the relative resistance of the
conversion of methylcytosine
to uracil compared with
cytosine. Conversion can be
followed by PCR amplification
and sequencing of the DNA.
The persistence of a cytosine,
instead of a thymine, being
detected, reflects the
methylation of the cytosine
in the starting DNA sample.

Machine learning

The ability of a program to
learn from experience — that
is, to modify its execution on
the basis of newly acquired

information. In bioinformatics,

neural networks and Monte
Carlo Markov chains are
well-known examples.

identify genes and other DNA sequences that show
alterations in DNA-methylation and allelic expres-
sion patterns. The genome-wide identification of
such sequences will require the use of tiling arrays,
methylation-sensitive restriction-enzyme analysis,
bisulphite conversion of unmethylated CpG sites and
high-throughput DNA sequencing. Although these
procedures are available and rapidly improving, the high
levels of both genetic and epigenetic variation in the
human population will be a potential limitation in
the application of these procedures to humans until
genome-wide individual variation in the epigenome is
ultimately assessed.

Box 2 | Key questions for environmental epigenetics

Imprinted genes. To date, most efforts to identify
imprinted genes have been experimental, focusing on
small regions of a chromosome. A robust method for
genome-wide identification of imprinted genes could
involve the use of machine learning algorithms, which are
trained to identify genomic motifs that are predictive
of imprinted genes. Luedi et al.'* recently developed
such a bioinformatic approach for interrogating the
entire mouse genome for genes that are highly likely to
be imprinted. This imprinted-gene prediction algorithm
identified 600, or 2.5%, of the annotated autosomal
mouse genes as being potentially imprinted, 64% of
which are predicted to exhibit maternal expression.
Future studies are now needed to directly confirm that
these candidate genes are imprinted.

However, the real power of this imprinted-gene
prediction algorithm lies in its ability to readily inter-
rogate the genomes of any eutherian species for which
complete genomic sequence is available. With the use of
a similar bioinformatic approach, the human genome
was predicted to contain fewer imprinted genes than
the mouse, and the repertoire of imprinted genes was
also found to be strongly species dependent (R.L.J.,
unpublished observations). Thus, despite the immense
popularity of using the mouse as a model for human
disease, it might not be a suitable choice for studying
diseases and behavioural disorders that result princi-
pally from the epigenetic deregulation of imprinted
genes, or for assessing human risk from environmental
factors that alter the epigenome.

Conclusions

The word ‘environment’ means vastly different things
to different people. For sociologists and psychologists,
it conjures up visions of social group interactions, fam-
ily dynamics and maternal nurturing. Nutritionists
might envision food pyramids and dietary supple-
ments, whereas toxicologists think of water, soil and
air pollutants. This Review has highlighted the evi-
dence that these vastly different environments are all
able to alter gene expression and change phenotype, in
part by impinging on and modifying the epigenome.
Moreover, if these environmentally induced epigenetic
adaptations occur at crucial stages of life, they can
potentially change behaviour, disease susceptibility
and survival.

* Which human genes result in enhanced disease susceptibility when they are epigenetically deregulated by

environmental factors?

* What environmental factors deleteriously alter the epigenome, and at what doses?

* What role does the epigenome have in reproduction, development and disease aetiology?

* Are there nutritional supplements that can reduce the harmful effects of chemical and physical factors on the

epigenome?

* Can epigenetic biomarkers be identified that will allow for the detection of early-stage diseases?

¢ Can detection technologies be developed that will allow for a quick and accurate genome-wide assessment of the

epigenome?

* Can epigenetics be integrated into systems biology as an important regulatory mechanism?
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Epigenetic modifications do not alter gene sequence
but, rather, gene expression. Therefore, characterizing
the expression profiles of epigenetically labile genes that
are susceptible to environmental dysregulation will ulti-
mately identify epigenetic biomarkers for disease and
environmental exposure. These epigenetic biomarkers
will hopefully allow for the early diagnosis of indi-
viduals with a propensity for adult-onset disease. They
could also be used in novel preventative and therapeutic
approaches before disease symptoms develop. Such an
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