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INTRODUCTION
Several recent reviews surveying the promising field of nutrigenomics1,2 have not discussed the important role that epigenetic
mechanisms play at the nexus between nutrition and the genome.
This is a glaring omission. Certainly, “nutrient– gene interactions”
in humans enable various nutrients to transiently influence the
expression of specific subsets of genes. In addition to these phenomena, however, it is becoming increasingly evident that by
interacting with epigenetic mechanisms, which regulate chromatin
conformation across entire genomic regions, transient nutritional
stimuli at critical ontogenic stages can wield lasting influences on
the expression of various genes.3 Moreover, such epigenetic
changes, if they occur in the gametes, may be heritable. This
review focuses on early nutritional influences on cytosine methylation. It proposes that certain genomic regions, including genomically imprinted domains and specific transposon insertion sites, are
especially labile to such influences. Considering the critical roles
that genomically imprinted genes play in mammalian growth and
development4 and the huge proportion of our genome that is
comprised of transposons,5 early nutritional influences on these
genomic components could have a substantial impact on human
health. Genomic and epigenetic similarities between these distinct
classes of elements are elaborated, and key areas of future research
are discussed.

EARLY NUTRITION AND ADULT DISEASE
Extensive human epidemiologic data have indicated that prenatal
and early postnatal nutrition influence adult susceptibility to dietrelated chronic diseases including cardiovascular disease, type 2 diabetes, obesity, and cancer.6 –10 These epidemiologic data are bolstered
by numerous studies in animal models10,11 clearly showing that subtle
nutritional influences during development can influence adult metabolism. Understanding the specific biologic mechanisms underlying
such phenomena should enable early life nutritional interventions, or
even corrective therapies, aimed at preventing chronic disease in
humans. To help focus future mechanistic studies in this area, the term
metabolic imprinting was proposed to encompass a subset of
adaptive responses to early nutrition that is characterized by susceptibility limited to a critical ontogenic period and a persistent
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effect lasting into adulthood.10 To avoid confusion, however, the
term imprinting will be used here to refer to genomic imprinting,
an epigenetic phenomenon in which only a single allele of a gene
is expressed in a parent-of-origin dependent manner.4
We recently demonstrated12 that mammalian phenotype can be
persistently altered via nutritional influences on the establishment
and/or maintenance of epigenetic gene regulatory mechanisms.
Epigenetics is the study of heritable changes in gene expression
that are not mediated by DNA sequence alterations.13 Because of
their inherent malleability, epigenetic mechanisms are susceptible
to environmental influences,14 and as discussed below, this environmental susceptibility is expected to be enhanced during early
development. Accordingly, nutritional perturbation of epigenetic
gene regulation is a likely link between early nutrition and later
metabolism and chronic disease susceptibility.15–17

EARLY NUTRITION AND DNA METHYLATION
Epigenetic information is conveyed in mammals via a synergistic
interaction between mitotically heritable patterns of DNA methylation and chromatin structure.18 This review focuses on the epigenetics of cytosine methylation, which occurs on both strands of
palindromic CpG dinucleotides in mammals. CpG methylation
(the “p” in “CpG” denotes the intervening phosphate group in the
dinucleotide), which is critical for mammalian development,19
affects transcription directly by influencing the binding of methylsensitive DNA-binding proteins and indirectly by influencing regional chromatin conformation.13 Specific patterns of CpG methylation are established in early development and are propagated
during DNA replication by DNA-methyltransferase-1 (Dnmt1).20
Early nutrition can influence DNA methylation because mammalian one-carbon metabolism, which ultimately provides the
methyl groups for all biological methylation reactions, is highly
dependent on dietary methyl donors and cofactors.21 For example,
dietary methionine and choline are major sources of one-carbon
units, and folic acid, vitamin B12, and pyridoxal phosphate are
critical cofactors in methyl metabolism. The genome of the preimplantation mammalian embryo undergoes extensive demethylation, and appropriate patterns of cytosine methylation are reestablished after implantation.4 These DNA methylation patterns
must then be maintained over many rounds of rapid cellular
proliferation during fetal and early postnatal development. Availability of dietary methyl donors and cofactors during critical
ontogenic periods therefore might influence DNA methylation
patterns.10,16 Hence, early methyl donor malnutrition (i.e., overnutrition or undernutrition) could effectively lead to premature “epigenetic aging,”22 thereby contributing to an enhanced susceptibility to chronic disease in later life.
Given that early nutrition may influence the establishment and
maintenance of cytosine methylation, it is logical to wonder
whether there are classes of elements in the genome that are
0899-9007/04/$30.00
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especially sensitive to such nutritional dysregulation. Transposons23 and genomically imprinted genes15,16 may comprise two
such classes.

EPIGENETIC LABILITY OF GENOMICALLY IMPRINTED
GENES
We carry two copies of all autosomal genes, and the vast majority
of these are expressed equally from the paternally inherited and
maternally inherited alleles. Some mammalian genes, however, are
expressed preferentially from the paternal or maternal allele and
are said to be genomically imprinted. The term imprinted conveys
that these genes must somehow be differentially “marked” in
sperm and ova so the developing embryo can distinguish between
them. All current data indicate that this marking occurs via allelespecific methylation of specific CpGs.4 Methylated CpGs serve as
primary imprint marks that must resist the global wave of demethylation that occurs in the preimplantation embryo. These primary
imprints then serve to “seed” the various layers of epigenetic
alterations (including regional cytosine methylation and histone
modifications) that maintain monoallelic expression at appropriate
stages and in appropriate tissues of the developing mammal.24,25
Most imprinted genes are found in clusters, and these imprinted
domains are regulated in coordinate fashion via long-range mechanisms such as antisense RNA interference and methylationsensitive boundary elements.4 For example, the best-characterized
imprinted domain comprises the paternally expressed insulin-like
growth factor 2 (IGF2) gene, which shares regulatory elements
with the maternally expressed H19 gene located 100 kb downstream. The regulatory complexity of imprinted domains and the
“epigenetic balancing” of imprinted genes between transcriptionally active and inactive states15 may render them especially susceptible to environmental dysregulation via nutrition.16,26 Moreover, dysregulation of imprinting can range from loss of
imprinting, which results in bi-allelic expression, to silencing of
both alleles, which results in complete loss of gene function.
The conjecture that early nutrition might alter imprinting regulation is supported by extensive experimental data in rodents and
some alarming observations in humans. Several studies have tested
the hypothesis that nutrition, in the form of various culture media
used during in vitro manipulations of early mouse embryos, can
alter allelic methylation and expression of imprinted genes.
Doherty et al.27 compared the effects of culturing two-cell mouse
embryos to the blastocyst stage in Whitten’s medium or KSOM
medium with amino acids (KSOM ⫹ AA). They found that Whitten’s medium caused bi-allelic expression of H19, which correlated with a loss of methylation in an upstream regulatory region.
Conversely, culture in KSOM ⫹ AA resulted in blastocysts with
appropriate monoallelic expression and methylation similar to that
of embryos developed in vivo.
Khosla et al.28 examined the persistence of such induced epigenetic changes in a slightly different model. They cultured preimplantation mouse embryos in a chemically defined culture medium (M16) with or without fetal calf serum, transferred the
resulting blastocysts into recipient females, and assessed expression and methylation of several imprinted genes at 14 d of gestation. Control blastocysts were obtained from females 4 d post
coitum and transferred immediately to the uteri of recipient females. At 14 d of gestation, fetuses that were cultured in M16
developed similarly to control fetuses. The addition of fetal calf
serum to the M16 culture medium resulted in reduced 14-d viability, and surviving fetuses had lower body weight, decreased
expression of H19 and IGF2, and increased DNA methylation at
the H19 imprinting control region compared with controls.28
Together these data demonstrate that epigenetic alterations
induced in the early embryo can be maintained to later developmental stages. Although it remains to be determined which specific
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components of the different media induce these changes, it is clear
that subtle differences in “nutrition” of the early embryo can have
profound and persistent effects on expression of imprinted genes.
Recent data from a genetically engineered murine embryonic stem
cell model29 confirmed that methylation of specific imprinted
genes, including IGF2 and H19, is labile to subtle biochemical
perturbation. Embryonic stem cells with a two-fold increase in
Dnmt1 activity relative to wild-type cells showed increased methylation at the H19 imprinting control region and an increase in Igf2
and H19 expression, suggesting bi-allelic expression. Imprinted
p57Kip2 also showed increased expression, whereas other imprinted genes examined (IGF2R, Peg3, Snrpn, and Grf1) were not
affected by this excess in Dnmt1 activity.29
Recent observations have indicated that in vitro manipulation
of human embryos also induces imprinting alterations similar to
those characterized in mice. Angelman’s syndrome is a human
neurogenetic disorder caused by loss of function of the maternal
allele of imprinted (normally maternally expressed) UBE3A. This
loss of function results most often from a genetic mutation or more
rarely from a sporadic imprinting error.30 Recently, there have
been several case reports30,31 of children derived from intracytoplasmic sperm injection who developed Angelman’s syndrome
associated with a loss of methylation in the UBE3A region. Assisted reproduction has similarly been linked to an enhanced
incidence of Beckwith-Wiedemann syndrome. BeckwithWiedemann syndrome is a congenital disorder caused by loss of
imprinting of a group of genes (including H19 and IGF2) on
human chromosome 11p15.32 DeBaun et al. found a six-fold
increase in the risk of Beckwith-Wiedemann syndrome in children
born after intracytoplasmic sperm injection.32 Together these studies provide the first evidence that environmental influences encountered during in vitro manipulation of the early embryo can
lead to human disease by inducing epigenetic alterations at imprinted loci.
Data from animal models have indicated that the epigenetic
lability of imprinted genes is not limited to the early embryonic
period. Hu et al. treated mice with 5-azacytidine (an inhibitor of
DNA methylation) at postnatal days 11 and 14 and found dramatic
alterations in allelic expression of IGF2 but not of H19.33 Could
subtle nutritional influences in the postnatal period also affect
genomic imprinting? Waterland and Garza34 obtained an initial
answer to this question by evaluating early and persistent effects
on pancreatic islet function and gene expression in rats suckled in
divergent litter sizes.
In this model, rats suckled in small litters were overnourished,
and those suckled in large litters were undernourished during the
suckling period, relative to pups suckled in litters of normal size.
Directly after weaning and in adulthood, isolated pancreatic islets
from small-litter animals displayed impaired glucose-stimulated
insulin secretion that correlated with blunted serum insulin levels
during in vivo glucose tolerance tests.34 Using DNA microarrays,
10 genes were identified that showed differential expression between islets of control and small-litter animals directly after weaning and in adulthood. The quantitative developmental stability of
the between-group expression differences of these genes suggested
that early postnatal diet had induced epigenetic alterations within
the islets cells. Two of the 10 genes identified, insulin 2 and
neuronatin, are imprinted genes. Because fewer than 0.5% of
rodent genes are currently known to be imprinted,35 these data are
consistent with the hypothesis that imprinted genes have an enhanced epigenetic lability to early nutritional influences.34
A recent study in mice36 showed that, even in the postweaning
period, transient nutritional exposures can persistently alter allelic
expression of imprinted genes. C57/Castaneus F1 hybrid mice
were weaned onto a natural-ingredient rodent diet, an amino acid–
defined diet, or the amino acid– defined diet deficient in methionine, choline, vitamin B12, and folic acid. The intent was to
determine whether the deficient diet would induce relaxation of
Igf2 imprinting. Surprisingly, by 60 d postweaning, the amino acid
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diet caused an even greater increase in renal expression of the
normally silent maternal allele of Igf2 than did the deficient diet.
Furthermore, this differential relaxation was maintained after all
animals were provided the natural-ingredient diet for an additional
100 d.36 Because the amino acid diet was considered nutritionally
complete, these data showed that even subtle differences in diet
during the postweaning period can induce persistent changes in the
regulation of genomically imprinted genes. Notably, if early nutrition induces similar epigenetic alterations at imprinted genes in
the developing germline, it is possible that these could be transmitted to the next generation.

EPIGENETIC LABILITY OF TRANSPOSONS
Transposons are parasitic, repetitive mobile elements that are
dispersed throughout the genome and can be classified as DNA
transposons (which transpose by a direct DNA “cut-and-paste”
mechanism) or retrotransposons (which transpose via an RNA
intermediate).37 Retrotransposons are by far the predominant class
of transposons in the mammalian genome. They are grouped into
two broad classes: long-terminal repeat (LTR)– containing retrotransposons, such as human endogenous retroviruses, and nonLTR retrotransposons, such as the L1 and Alu elements in humans.38 All of these elements are remnants of ancestral infections
that became fixed in the germline DNA and subsequently increased in copy number. The sequencing of the human genome
provided the rather humbling finding that transposons comprise
roughly 45% of our genome.5 This mass of genomic baggage
seems particularly excessive when compared with the 2% of our
genome that is exonic.
Most transposons in the human genome have accumulated
mutations that render them incapable of transposition, but their
promoters often remain transcriptionally competent.23 Except for a
brief period of global demethylation in the early mammalian
embryo, transposons are normally silenced by promoter CpG
methylation.39 Transposons that escape this epigenetic silencing,
however, can interfere with the expression of neighboring genes in
several ways.37 Transcription originating at a transposon promoter
can cause inappropriate expression of neighboring genes.40 For
example, the LTR promoters of human endogenous retroviruses
are used as alternative promoters for the endothelin-B receptor and
the apolipoprotein-C-I genes.41 In contrast, epigenetic interference
of expression can occur when CpG hypermethylation “spreads”
from transposon DNA into neighboring genes, leading to their
inadvertent silencing.42
Whitelaw and Martin recently proposed that stochastic epigenetic variability, which occurs at specific retrotransposon insertion
sites, may underlie a substantial amount of phenotypic variability
in mammals.23 One model for such epigenetically based phenotypic variability is the viable yellow agouti (Avy) mouse. The Avy
mutation resulted from the insertion of an intracisternal-A particle
(IAP, a murine LTR retrotransposon) into an exon of the agouti
gene.12 Normally expressed only in hair follicles during a specific
stage of hair growth, agouti encodes a signaling molecule that
causes yellow hair pigmentation. In Avy animals, ectopic agouti
transcription originates from a cryptic promoter in the proximal
LTR of the inserted IAP, causing pleiotropic effects including
yellow coat color. CpG methylation in the IAP LTR varies stochastically among individuals, such that even among isogenic
Avy/a littermates, a broad range of coat-color phenotypes is observed (Figure 1A).12,43 Another unique characteristic of the Avy
mouse is its capacity for epigenetic inheritance. When Avy/a animals inherit the Avy allele maternally, agouti expression and coatcolor phenotype are correlated with maternal phenotype.44
Rakyan et al.45 proposed the term metastable epiallele to describe alleles such as Avy. Metastable conveys the labile nature of
the epigenetic state of such alleles, and epiallele alludes to their
capacity to maintain their epigenetic state transgenerationally. In

FIG. 1. Maternal dietary methyl supplementation and coat-color phenotype
of Avy/a offspring. (A) Isogenic Avy/a animals representing the five coatcolor classes used to classify phenotype. The Avy alleles of yellow mice are
hypomethylated, allowing maximal ectopic agouti expression. Avy hypermethylation silences ectopic agouti expression in pseudo-agouti animals,
recapitulating the agouti phenotype. (B) Coat-color distribution of all Avy/a
offspring born to 9 non-supplemented (30 offspring, gray bars) and 10
supplemented dams (39 offspring, black bars). The coat-color distribution
of supplemented offspring is shifted toward the pseudo-agouti phenotype
relative to that of non-supplemented offspring (P ⫽ 0.008). Reprinted with
permission from Waterland and Jirtle.12

addition to various IAP insertions at the agouti locus, examples of
metastable epialleles include the mouse axin fused (AxinFu) locus
(which causes a variably expressed tail kink) and the fox star gene
(which causes piebald spotting).45 All metastable epialleles that
have been characterized at the molecular level are associated with
a transposon insertion, thus underscoring the unique ability of
these viral elements to cause epigenetic instability. It was shown
recently that the IAP insertion responsible for the AxinFu mutation
demonstrates individual variations in CpG methylation that correlates with severity of phenotype,46 reminiscent of the Avy IAP.
But are metastable epialleles epigenetically labile to early nutrition? Wolff et al. conducted an initial test of this question by
comparing the coat-color distribution of Avy/a offspring born to a/a
dams that were fed an NIH-31 diet or NIH-31 supplemented with
the methyl donors and cofactors betaine, choline, folic acid, and
vitamin B12.47 Compared with pups born to non-supplemented
dams, the coat-color distribution of those born to supplemented
dams was shifted toward the brown (pseudo-agouti) phenotype.
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Epigenetic metastability does not appear to be specific to LTRcontaining retrotransposons such as the Avy IAP because Sutherland et al.48 also demonstrated epigenetic metastability at a specific
metallothionein-I transgene insert adjacent to an L1 retrovirus in
the mouse. We should note that endogenous retroviruses, which
are structurally similar to murine IAPs, comprise fully 8% of the
human genome.49 Therefore, even if epigenetic metastability is
associated mainly with LTR-containing retrotransposons, these
elements could render a host of human genes epigenetically labile
to early environmental influences.
Epigenetic metastability appears to depend on the genomic
region into which a transposon is inserted. Contrary to the individually variable methylation at the Avy IAP,12 most murine IAPs
are hypermethylated during early embryonic development and
remain so through adulthood.50 The characteristics of the surrounding genomic DNA that confer epigenetic metastability upon
a specific transposon insertion are unknown. The Avy IAP is
inserted into an agouti promoter region,12 whereas the IAP associated with the AxinFu metastable epiallele is positioned in Axin
intron 6.51 It is important to compare these two regions to look
for genomic similarities that may contribute to their epigenetic
metastability. The determination of common characteristics of
metastable epialleles in animal models ultimately may lead to
the development of genomic approaches for their identification
in humans.

GENOMIC AND EPIGENETIC SIMILARITIES OF
IMPRINTED GENES AND TRANSPOSONS

FIG. 2. CG dinucleotide (CpG) methylation within the Avy region of Avy/a
offspring from non-supplemented and methyl-supplemented dams. (A)
Percentage of cells methylated at each of seven CpG sites in the Avy region
in all Avy/a offspring of 9 non-supplemented and 10 supplemented dams.
DNA was isolated from tail tips at weaning. The seven CpG sites studied
are located approximately 600 bp downstream from the Avy intracisternal-A
particle (IAP) insertion site. The percentage of methylation is distributed
bimodally in non-supplemented offspring, with fewer than 20% of the cells
being methylated at each site in most animals. Maternal methyl supplementation increases mean methylation at each site, generating a more
uniform distribution. Dotted lines show the average percentage of methylation across the seven sites in all Avy/a offspring according to coat-color
phenotype. (B) Mediational regression analysis of supplementation, Avy
methylation, and coat color. Supplementation significantly affects offspring coat color (top), but this relation is nullified when Avy methylation
is included in the regression model (bottom). This indicates that Avy CpG
methylation completely mediates the effect of supplementation on coat
color. Reprinted with permission from Waterland and Jirtle.12

Because methylation of Avy correlates with coat color,43 these data
suggested that maternal methyl donor supplementation leads to
increased Avy methylation in the offspring. Recently, we conducted
a direct test of this hypothesis12 by measuring site-specific Avy
CpG methylation in all offspring born to several litters of supplemented and non-supplemented dams. We confirmed that maternal
diet influences offspring coat-color phenotype (Figure 1) and, for
the first time, showed that this effect is mediated by increased Avy
methylation in the offspring of supplemented dams (Figure 2).
Future studies will determine whether other metastable epialleles
in the mouse are epigenetically labile to early nutrition.

Genomically imprinted genes and specific transposon insertion
sites at first may seem to not have much in common. A close
inspection, however, reveals that these apparently disparate
genomic elements share several genomic and epigenetic characteristics that might help us understand their apparent enhanced
epigenetic susceptibility to the influence of early nutrition.
The most obvious such shared characteristic is that imprinted
genes and transposons are transcriptionally regulated by CpG
methylation. Differential methylation of maternal and paternal
alleles plays a primary role in regulating monoallelic expression of
imprinted genes,4 and CpG methylation is necessary to transcriptionally silence most transposons.39,50 Accordingly, imprinted
genes and transposons are associated with regions of high CpG
density.
Another characteristic shared by imprinted genes and transposons is their tendency to be clustered within the genome. The
clustering of imprinted genes is in some cases necessary to facilitate long-range coordinate regulation between pairs of genes
within an imprinted domain.52 Clustering of imprinted genes also
might occur to minimize deleterious epigenetic influences on nonimprinted genes from neighboring imprinted genes.4 Similarly,
transposons tend to cluster within the genome, being enriched in
areas where they cause the least genetic and epigenetic harm to the
host organism.53 Analogous to the epigenetic influences that imprinted genes can exert on neighboring genes, CpG hypermethylation tends to spread from transposons into adjacent genomic
DNA.42 A recent bioinformatics analysis54 demonstrated that a
specific class of transposons, short interspersed nuclear elements,
has been preferentially excluded from imprinted domains over the
course of evolution. This result is consistent with the conjecture
that their shared tendency to influence epigenetic regulation of
neighboring genomic regions prevents imprinted genes and specific transposons from coexisting in close proximity.54 Such regional conflicts in epigenetic regulation could contribute to epigenetic instability, conferring lability to environmental influences at
specific imprinted loci and transposon insertion sites.
The parent-of-origin effects common to imprinted genes and
specific transposons may be mechanistically linked to their shared
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susceptibility to environmental influences. L1 elements and IAPs
are preferentially methylated in sperm and unmethylated in the
oocyte, whereas Alu elements display the opposite behavior.
Hence, certain transposons behave somewhat like imprinted
genes.39 Parental effects at imprinted genes are possible because 1)
differential epigenetic marks are established on sperm and egg
DNA during gametogenesis and 2) these marks are capable of
withstanding the genome-wide demethylation that occurs in the
preimplantation embryo.55
It was previously thought that parent-of-origin effects at metastable epialleles (such as Avy) resulted from incomplete erasure of
epigenetic marks in the sperm or egg. For example, Morgan et al.43
concluded that maternal effects at the Avy locus occur because Avy
methylation is incompletely erased in the oocyte, whereas that in
the sperm is completely “wiped clean.” More recent data,46 however, have shown that Avy methylation in sperm correlates with that
in somatic tissue. If Avy methylation is not completely reset in the
egg or sperm, the maternal effects observed at this locus must
result from differential erasure of those residual marks in the early
embryo. Hence, imprinted genes and, to some extent, metastable
epialleles associated with transposons are able to resist the global
demethylation that sweeps through the genome of the preimplantation embryo. It may be important to consider that this shared
developmental resistance to demethylation might be associated
mechanistically with epigenetic susceptibility to environmental
influences.
CpG methylation at each imprinted gene functions as an “epigenetic switch” enabling the gene’s primary imprint status to
assume one of two distinct states. The “switch” is flipped in one
direction or the other based on the different “environments” encountered during spermatogenesis and oogenesis, respectively.
Metastable epialleles associated with specific transposon insertions
also appear to behave as epigenetic switches. Contrary to the
majority of mammalian alleles, which fairly predictably become
methylated or not in specific cell lineages,55,56 in each cell of the
early embryo CpG sites within metastable epialleles stochastically
assume a methylated or unmethylated state. Once set, this state is
propagated to all the founder cell’s progeny.45 The prevailing
understanding is that these two types of epigenetic switches are
quite distinct; methylation at imprinted loci is determined by
parental inheritance, whereas that at metastable epialleles is determined probabilistically.45
This distinction, however, is not so absolute. For example, it is
customary to refer to imprinted genes as being expressed from the
maternal or the paternal allele. Nevertheless, when highly sensitive
methods are used to determine allelic expression, it is evident that
a small subpopulation of cells within any tissue may express both
alleles of any given imprinted gene,57 and the degree of biallelic
expression of specific imprinted genes varies widely among different individuals.57–59 Beyond this normal low level of “leakiness” of imprinting, more substantial relaxation of imprinting
occurs in several developmental diseases35,60 and cancers.61,62 This
demonstrates that there is also a probabilistic component to
imprinting.
In some imprinted domains, the probabilistic nature of allelic
expression is further reflected at the level of allele-specific differential methylation, which contributes to their regulation. Contrary
to the near-absolute allele-specific methylation found at specific
CpG sites within the differentially methylated regions of many
imprinted genes, some imprinted differentially methylated regions
maintain only quantitative differences in allelic methylation. For
example, on the paternal allele of murine IGF2, specific CpG sites
that comprise differentially methylated region-1 are methylated in
approximately 80% of cells, versus approximately 40% of cells on
the maternal allele.63 Hence, even though methylation in such
regions is certainly influenced by parental inheritance, there is also
a probabilistic component to their epigenetic setting, similar to that
of metastable epialleles associated with transposons. This proba-
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bilistic nature of epigenetic setting may directly confer epigenetic
lability to early environmental influences.

FUTURE DIRECTIONS: NUTRITIONAL EPIGENOMICS
New technologies now make it possible to test the hypothesis that
specific genomic regions have an enhanced epigenetic lability to
nutritional (and other environmental) influences during development. Rather than using genomic approaches to identify genes
whose expression is persistently altered by early nutrition, epigenomic approaches now promise the potential to measure genespecific changes in DNA methylation of many genes simultaneously. Genome-wide methylation profiling offers important
advantages over genome-wide (mRNA) expression analyses,64 and
several different approaches have already been developed.65– 67
Only by applying such epigenomic approaches will we eventually
be able to determine, in animal models, the specificity and breadth
of genomically imprinted genes and transposon insertion sites that
act as targets for early nutritional effects on epigenetic gene
regulation. By using these models to identify the genomic and
epigenetic characteristics that confer epigenetic lability to early
nutrition, we will be poised to identify mechanistically similar
regions that serve as epigenetic templates for metabolic imprinting
in humans.

REFERENCES
1. van Ommen B, Stierum R. Nutrigenomics: exploiting systems biology in the
nutrition and health arena. Curr Opin Biotechnol 2002;13:517
2. Muller M, Kersten S. Nutrigenomics: goals and strategies. Nat Rev Genet
2003;4:315
3. Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat Genet 2003;33(suppl):245
4. Reik W, Walter J. Genomic imprinting: parental influence on the genome. Nat
Rev Genet 2001;2:21
5. Bestor TH. Cytosine methylation mediates sexual conflict. Trends Genet 2003;
19:185
6. Frankel S, Gunnell DJ, Peters TJ, et al. Childhood energy intake and adult
mortality from cancer: the Boyd Orr Cohort Study. BMJ 1998;316(7130):499
7. Leon DA. Fetal growth and adult disease. Eur J Clin Nutr 1998;52(S1):S72
8. Lucas A. Programming by early nutrition in man. Ciba Found Symp 1991;156:38
9. Rasmussen KM. The “fetal origins” hypothesis: challenges and opportunities for
maternal and child nutrition. Annu Rev Nutr 2001;21:73
10. Waterland RA, Garza C. Potential mechanisms of metabolic imprinting that lead
to chronic disease. Am J Clin Nutr 1999;69:179
11. Barker DJ. Programming the baby. In: Barker DJ, ed. Mothers, babies, and
disease in later life. London: BMJ Publishing Group, 1994:14
12. Waterland RA, Jirtle RL. Transposable elements: targets for early nutritional
effects on epigenetic gene regulation. Mol Cell Biol 2003;23(15):5293–5300
13. Bird A. DNA methylation patterns and epigenetic memory. Genes Dev 2002;16:6
14. Petronis A. Human morbid genetics revisited: relevance of epigenetics. Trends
Genet 2001;17:142
15. Pembrey M. Imprinting and transgenerational modulation of gene expression;
human growth as a model. Acta Genet Med Gemellol (Roma) 1996;45(1–2):111
16. Waterland R, Garza CG. Potential for metabolic imprinting by nutritional perturbation of epigenetic gene regulation. In: Black R, Michaelson KF, eds. Public
health issues in infant and child nutrition, Vol 48. New York: Lippincott Williams & Wilkins, 2002:317
17. Jablonka E, Lamb MJ. The changing concept of epigenetics. Ann NY Acad Sci
2002;981:82
18. Rakyan VK, Preis J, Morgan HD, et al. The marks, mechanisms and memory of
epigenetic states in mammals. Biochem J 2001;356(pt 1):1
19. Li E, Bestor TH, Jaenisch R. Targeted mutation of the DNA methyltransferase
gene results in embryonic lethality. Cell 1992;69:915
20. Jones PA. The DNA methylation paradox. Trends Genet 1999;15:34
21. Van den Veyver I. Genetic effects of methylation diets. Annu Rev Nutr 2002;
22:255
22. Lamb MJ. Epigenetic inheritance and aging. Rev Clin Gerontol 1994;4:97
23. Whitelaw E, Martin DI. Retrotransposons as epigenetic mediators of phenotypic
variation in mammals. Nat Genet 2001;27:361

68

Early Nutrition, Epigenetic Changes, and Susceptibility to Chronic Diseases

24. Lopes S, Lewis A, Hajkova P, et al. Epigenetic modifications in an imprinting
cluster are controlled by a hierarchy of DMRs suggesting long-range chromatin
interactions. Hum Mol Genet 2003;12:295
25. Hashimshony T, Zhang J, Keshet I, et al. The role of DNA methylation in setting
up chromatin structure during development. Nat Genet 2003;34:187
26. Thompson SL, Konfortova G, Gregory RI, et al. Environmental effects on
genomic imprinting in mammals. Toxicol Lett 2001;120(1–3):143
27. Doherty AS, Mann MR, Tremblay KD, et al. Differential effects of culture on
imprinted H19 expression in the preimplantation mouse embryo. Biol Reprod
2000;62:1526
28. Khosla S, Dean W, Brown D, et al. Culture of preimplantation mouse embryos
affects fetal development and the expression of imprinted genes. Biol Reprod
2001;64:918
29. Biniszkiewicz D, Gribnau J, Ramsahoye B, et al. Dnmt1 overexpression causes
genomic hypermethylation, loss of imprinting, and embryonic lethality. Mol Cell
Biol 2002;22:2124
30. Cox GF, Burger J, Lip V, et al. Intracytoplasmic sperm injection may increase the
risk of imprinting defects. Am J Hum Genet 2002;71:162
31. Orstavik KH, Eiklid K, van der Hagen CB, et al. Another case of imprinting
defect in a girl with Angelman syndrome who was conceived by intracytoplasmic
semen injection. Am J Hum Genet 2003;72:218
32. DeBaun MR, Niemitz EL, Feinberg AP. Association of in vitro fertilization with
Beckwith-Wiedemann syndrome and epigenetic alterations of LIT1 and H19.
Am J Hum Genet 2003;72:156
33. Hu JF, Nguyen PH, Pham NV, et al. Modulation of Igf2 genomic imprinting in
mice induced by 5-azacytidine, an inhibitor of DNA methylation. Mol Endocrinol
1997;11:1891
34. Waterland RA, Garza C. Early postnatal nutrition determines adult pancreatic
glucose- responsive insulin secretion and islet gene expression in rats. J Nutr
2002;132:357
35. Murphy SK, Jirtle RL. Imprinting evolution and the price of silence. Bioessays
2003;25:577
36. Waterland RA, Jirtle RL. Developmental relaxation of insulin-like growth factor
2 imprinting in kidney is determined by weanling diet. Pediatr Res 2003;
53(suppl):5A
37. Kazazian HH, Jr, Moran JV. The impact of L1 retrotransposons on the human
genome. Nat Genet 1998;19:19
38. Kazazian HH, Jr. Genetics. L1 retrotransposons shape the mammalian genome.
Science 2000;289(5482):1152
39. Yoder JA, Walsh CP, Bestor TH. Cytosine methylation and the ecology of
intragenomic parasites. Trends Genet 1997;13:335
40. Nigumann P, Redik K, Matlik K, et al. Many human genes are transcribed from
the antisense promoter of L1 retrotransposon. Genomics 2002;79:628
41. Medstrand P, Landry JR, Mager DL. Long terminal repeats are used as alternative
promoters for the endothelin B receptor and apolipoprotein C-I genes in humans.
J Biol Chem 2001;276:1896
42. Yates PA, Burman RW, Mummaneni P, et al. Tandem B1 elements located in a
mouse methylation center provide a target for de novo DNA methylation. J Biol
Chem 1999;274:36357
43. Morgan HD, Sutherland HG, Martin DI, et al. Epigenetic inheritance at the agouti
locus in the mouse (see comments). Nat Genet 1999;23:314
44. Wolff GL. Influence of maternal phenotype on metabolic differentiation of agouti
locus mutants in the mouse. Genetics 1978;88:529

Nutrition Volume 20, Number 1, 2004

45. Rakyan VK, Blewitt ME, Druker R, et al. Metastable epialleles in mammals.
Trends Genet 2002;18:348
46. Rakyan VK, Chong S, Champ ME, et al. Transgenerational inheritance of
epigenetic states at the murine Axin(Fu) allele occurs after maternal and paternal
transmission. Proc Natl Acad Sci USA 2003;100:2538
47. Wolff GL, Kodell RL, Moore SR, et al. Maternal epigenetics and methyl
supplements affect agouti gene expression in Avy/a mice. FASEB J 1998;12:949
48. Sutherland HG, Kearns M, Morgan HD, et al. Reactivation of heritably silenced
gene expression in mice. Mamm Genome 2000;11:347
49. Griffiths DJ. Endogenous retroviruses in the human genome sequence. Genome
Biol 2001;2:1017
50. Walsh CP, Chaillet JR, Bestor TH. Transcription of IAP endogenous retroviruses
is constrained by cytosine methylation. Nat Genet 1998;20:116
51. Vasicek TJ, Zeng L, Guan XJ, et al. Two dominant mutations in the mouse fused
gene are the result of transposon insertions. Genetics 1997;147:777
52. Arney KL. H19 and Igf2-enhancing the confusion? Trends Genet 2003;19:17
53. Smit AF. Interspersed repeats and other mementos of transposable elements in
mammalian genomes. Curr Opin Genet Dev 1999;9:657
54. Greally JM. Short interspersed transposable elements (SINEs) are excluded from
imprinted regions in the human genome. Proc Natl Acad Sci USA 2002;99:327
55. Surani MA. Reprogramming of genome function through epigenetic inheritance.
Nature 2001;414(6859):122
56. Reik W, Dean W, Walter J. Epigenetic reprogramming in mammalian development. Science 2001;293(5532):1089
57. Szabo PE, Mann JR. Biallelic expression of imprinted genes in the mouse germ
line: implications for erasure, establishment, and mechanisms of genomic imprinting. Genes Dev 1995;9:1857
58. Croteau S, Polychronakos C, Naumova AK. Imprinting defects in mouse embryos: stochastic errors or polymorphic phenotype? Genesis 2001;31:11
59. Sakatani T, Wei M, Katoh M, et al. Epigenetic heterogeneity at imprinted loci in
normal populations. Biochem Biophys Res Commun 2001;283:1124
60. Weksberg R, Smith AC, Squire J, et al. Beckwith-Wiedemann syndrome demonstrates a role for epigenetic control of normal development. Hum Mol Genet
2003;12(spec no 1):R61
61. Cui H, Cruz-Correa M, Giardiello FM, et al. Loss of IGF2 imprinting: a potential
marker of colorectal cancer risk. Science 2003;299(5613):1753
62. Falls JG, Pulford DJ, Wylie AA, et al. Genomic imprinting: implications for
human disease. Am J Pathol 1999;154:635
63. Weber M, Milligan L, Delalbre A, et al. Extensive tissue-specific variation of
allelic methylation in the Igf2 gene during mouse fetal development: relation to
expression and imprinting. Mech Dev 2001;101:133
64. Maier S, Olek A. Diabetes: a candidate disease for efficient DNA methylation
profiling. J Nutr 2002;132(suppl):2440S
65. Huang TH, Perry MR, Laux DE. Methylation profiling of CpG islands in human
breast cancer cells. Hum Mol Genet 1999;8:459
66. Tompa R, McCallum CM, Delrow J, et al. Genome-wide profiling of DNA
methylation reveals transposon targets of CHROMOMETHYLASE3. Curr Biol
2002;12:65
67. Gitan RS, Shi H, Chen CM, et al. Methylation-specific oligonucleotide microarray: a new potential for high-throughput methylation analysis. Genome Res
2002;12:158

