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Abstract

Post-translational modifications of histones are the subject of inten-
sive investigations with the aim of decoding how they regulate, alone
or in combination, chromatin structure, genomic stability, and gene
expression. Major epigenetic programming events take place during
gametogenesis and fetal development and are thought to have long-
lasting consequences on adult health. Epidemiological and experimen-
tal studies have pointed toward maternal nutrition as a major player
during prenatal development in influencing disease susceptibility later
in life. Although the mechanisms underlying such observations are not
well elucidated, epigenetic alterations of histones by particular mater-
nal diets might be of central importance. Moreover, as much as dietary
sources can influence epigenetic programming during pregnancy, they
have started to be implicated in cancer chemoprevention, via the tar-
geting of reversible epigenetic deregulations at the level of the histones.
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INTRODUCTION

Although an understanding of how epigenetic
mechanisms drive the expression of the genome
has only recently stirred up the scientific com-
munity, reversible histone modifications were
discovered about 50 years ago. Together with
DNA methylation, they are involved in the
control of chromatin assembly, DNA replica-
tion and repair, chromosome segregation, and
gene expression. Epigenetic mechanisms have
been implicated in critical processes, such as
gametogenesis, fetal development, and main-
tenance of early established patterns of gene
expression throughout life. The epigenetic in-
formation carried by DNA and histone modifi-
cations appears to be influenced significantly by
environmental factors, including nutrition, and
might explain how maternal diets can have life-
long consequences on health and disease risk.

Delage o Dashwood

In the meantime, nutritional intervention has
proven to be a powerful tool in the battle against
cancer and other chronic diseases. In the epi-
genetic arena, research has mainly focused on
diet-related changes in DNA methylation sta-
tus, but the present review highlights recent ob-
servations on histone manipulation by dietary
agents.

EPIGENETIC LANGUAGE:
THE “HISTONE CODE”

In eukaryotic nuclei, a complex of DNA and
histones efficiently packages the heritable ge-
netic information in the form of chromatin.
Specific patterns of chromatin modification
regulate protein interactions with DNA. Tran-
scriptionally active regions of the genome re-
side in euchromatin, whereas inactive regions
reside in heterochromatin. The presence of
euchromatic and heterochromatic regions re-
flects the regulation of chromatin structure by
epigenetic mechanisms. Epigenetic regulations
also control gene expression and chromosome
condensation and segregation during mitosis
and meiosis. Alterations in chromatin struc-
ture are intimately related to changes in chro-
matin function and are regulated by specific
chromatin remodeling enzymes often grouped
in multiprotein complexes. Nucleosomes are
composed of 147 bp of DNA wrapped around
an octamer of core histone proteins, namely
H2A, H2B, H3, and H4 (81). Another his-
tone called H1 is located at the outer surface
of the nucleosome and serves as an anchor to fix
DNA to the nucleosome. Acetylation, biotiny-
lation, methylation, phosphorylation, ubiquiti-
nation, SUMOylation, and ADP ribosylation
are among the different types of chemical mod-
ifications mainly located within the N-terminal
tails of core histones. Over the past few years,
the list of histone modifications and histone-
modifying complexes has continued to grow,
as well as the intricacy of what is now com-
monly designated as the histone code. The his-
tone code works together with the DNA methy-
lation code to ensure an efficient silent state
of chromatin and, from time to time and in a
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gene-specific way, to allow genes to be tran-
scriptionally expressed. The appropriate on/off
switching of genes during cell cycle progres-
sion and development requires the relief of
repressive mechanisms concomitant with the
establishment of a new epigenetic profile. Si-
lencing of chromatin has been diversely re-
lated to germline development, X-inactivation,
stem cell identity, cell cycle regulation, and mi-
tosis/meiosis. Thus, a description of the most
common patterns of DNA and histone modifi-
cation may help in decoding epigenetic mech-
anisms implicated in chronic diseases such as
cancer.

Epigenetic Mechanisms
of Gene Silencing

Historically, epigenetic mechanisms often fo-
cused on the methylation of DNA by DNA
methyltransferases (DNMT1, 2, 3a, 3b, and
3L), involving the addition of methyl groups
to cytosines within dinucleotide CpG islands.
More recently (Figure 1), the methylation of
histones has been found to constitute a quite
stable covalent alteration, but requiring careful
interpretation with respect to the specificamino
acid residue modified. Methylation at lysines 4
or 79 of histone H3 (H3K4 or H3K79) corre-
lates with active transcription, whereas methy-
lation at H3K9, H3K27, H4K20, and H1K26
are found typically in transcriptionally silent re-
gions (34). Moreover, this methylation code is
further complicated by the possibility that a
lysine residue can carry one to three methyl
groups, which generates differential effects on
chromatin structure and transcriptional regu-
lation. For example, monomethylated H3K27
has been found broadly distributed through-
out euchromatin, whereas H3K27 di- and
trimethylation were missing from active pro-
moters (121).

The addition of methyl groups to his-
tone tails is catalyzed by lysine-specific his-
tone methyltransferases (HMTs). Most HMTs
contain a SET domain referring to three
proteins originally discovered in the fruit fly
Drosophila melanogaster, namely suppressor of

variegation [Su(var)3-9], enhancer of zeste
(Ez), and trithorax (34). Pericentromeric and
centromeric heterochromatin is characterized
by an enrichment of trimethylated H3K9.
The establishment of H3K9 hypermethylation
at these regions is catalyzed by the HMTs
Suv39hl and Suv39h2 (mentioned later as
Suv39H), counterparts of Drosophila Su(var)3-
9 (74). The impairment of Suv29H func-
tion and the loss of H3K9 trimethylation
reveal their essential role in heterochromatin
organization and chromosome segregation dur-
ing mitosis and meiosis (96). Methylated H3K9
at centromeric heterochromatin is well known
to serve as a recognition mark for the recruit-
mentand docking of heterochromatin protein 1
(HP1). The HP1 family, which includes HP1«,
HP1p, and HP1y, is evolutionarily conserved
in fungi, plants, and animals, and was first dis-
covered through studies in Drosophila (LPHLI).
All three HP1 family members are encoded
by distinct genes, and are characterized by a
chromodomain that binds specifically to di- and
trimethylated H3K9.

Maintenance of a heterochromatic struc-
ture also requires DNMT'1 and DNMT3a, re-
cruited by Suv39h1, which interacts specifically
with HP1p (43). The presence of trimethy-
lated H3K9 in transcriptionally repressive het-
erochromatin prevents the establishment of
other histone modifications, such as phospho-
rylation of H3S10 (96, 100). Consequently, the
acetylation of H3K14 by the histone acetyl-
transferase (HAT) GCNS5 (19), normally fa-
cilitated by the presence of phosphorylated
H3S510, was also inhibited by H3K9 methyla-
tion (100). Specific interactions with the methy-
lated CpG-binding protein MeCP2 might also
be required for HP1 recruitmentat heterochro-
matic regions (2). Alterations in the level of
CpG methylation due to DNMT1 (36) or
DNMT3a/3b knockout (47) also resulted in the
depletion of di- and trimethylated H3K9, and
a concomitant increase in H3K9 acetylation.

Although HP1« and HP1§ are exclusively
heterochromatic, HP1vy is found in both het-
erochromatin and euchromatin, which sug-
gests that HP1 may also display different
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functions depending on the chromatin envi-
ronment. Accordingly, the H3K9 methylation
mark spreads beyond the boundary element
of heterochromatin and contributes to tran-
scriptional silencing in neighboring euchro-
matin. While Suv39H methylates H3K9 at
(peri)centromeric chromatin, another SET do-
main protein, called G9a histone methyltrans-
ferase, targets H3K9 at transcriptionally active
euchromatin (116). As with Suv39H~/~ mice,
the depletion of G%a in ES cells altered the
methylation of H3K9 as well as other modifi-
cations of the neighboring residues in H3 tails.
H3S10 phosphorylation and H3K14 acetyla-
tion were not affected, and the absence of G9a
allowed HAT and H3K4-specific methyltrans-
ferase to target specific lysines in histone H3
(116).

Interestingly, whereas Suv39H specifically
targets lysine 9, G9a also methylates lysine
27 of histone H3 (115). Methylated H3K27
prevails in silent chromosome regions to-
gether with methylated H3K9, and is recog-
nized by chromodomain-containing proteins,
such as HP1 and Polycomb repressive com-
plexes (PRCs) (16). Two Polycomb complexes,
PRCI and 2, were first implicated in the hy-
permethylation of H3K27 associated with long-
term transcriptional silencing of the Drosophila
homeotic genes (89). The PRC2 complex con-
tains several core protein components, in-
cluding EED, related to the Drosophila ho-
mologue ESC (Extra Sex Combs), SUZ12
(Drosophila Suppressor of Zeste 12 [Su(Z)12]),
EZH2 (Drosophila Enhancer of Zeste (E(z)),
and the histone-binding proteins RbAp48/46
(Drosophila Nurf55) (108). H3K27 methyla-
tion appeared to be specifically triggered by
the SET domain-containing subunit EZH?2,
whereas SUZ12 has been recently implicated in
H3K9 trimethylation in human fibroblasts (27).
Moreover, the depletion of SUZ12 decreased
the level of trimethylated H3K9 without affect-
ing trimethylated H3K27, and altered HP1ox
distribution. Because the loss of trimethylated
H3K9 was not caused by alterations in Suv39H
recruitment, the authors (27) suggested that
SUZ12 mightrecruit H3K9 methyltransferases
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other than Suv39H or inhibit a potential H3K9
demethylase.

Transcriptional silencing mediated by PRC2
was also related to direct recruitment of
DNMT1/3a/3b (126). This might explain how
EZH2 overexpression can promote aberrant
DNA methylation-associated gene silencing in
tumors (107). Although PRC2 seems to be
involved in the initiation of silencing, PRC1
may recognize methylated H3K27 marks (84)
and ensure the maintenance of a silent state
of chromatin imposed by DNA and histone
methylation (53). PRCI might, indeed, inhibit
mating type switching/sucrose nonfermenting
(SWI/SNF) chromatin remodeling and induce
ubiquitination of H2AK119 (42, 88). Recent
data indicate that PRC1 subunits Ring1B and
Bim1 possess an ubiquitin E3 ligase activity tar-
geting specifically H2A. Cao etal. (15) demon-
strated that H3K27 trimethylation and H2A
ubiquitination cooperated to silence homeotic
genes by Polycomb complex groups. H2A
ubiquitin status was also related to cell cy-
cle progression (61). Ubiquitinated H2A might
prevent H3S10 phosphorylation by Aurora B
kinase, which is required for correct condensa-
tion of chromatin during the G2/M transition
(22).

Epigenetic Mechanisms
of Gene Activation

Methylation at CpG islands may sterically in-
terfere with the binding of transcription fac-
tors by limiting their accessibility to DNA
and, as a result, is usually associated with
gene silencing. Conversely, DNA hypomethy-
lation in promoter regions typically correlates
with gene activation. DNA demethylation in-
duced in DNMT3a/3b~/~cells was associated
with a major loss of dimethylated H3K9 and
a progressive acetylation of H3K9 (47). The
transfer of an acetyl group to histone lysine
residues is usually associated with transcrip-
tional gene activation and is catalyzed by HATS,
whereas its removal involves histone deacety-
lases (HDACs) (Figure 2). HATs have been
divided into three main families: GenS-related
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N-acetyltransferase (GNAT), adenoviral E1A-
associated protein 300kDa and cAMP-response
element-binding protein (p300/CBP), and
MOZ, Ybf2/Sas3, Sas2 and TIP 60 (MYST)
(137).

The removal of acetyl groups is under the
control of four classes of HDAC:s. Class I com-
prises HDACI1-3 and HDACS, and class II con-
tains HDAC4-7 and HDAC9-10. The third
class, NAD-dependent and generally nonre-
sponsive to inhibitors of other classes, com-
prises the sirtuin family, homologous to yeast
sir2 and called SIRT1-7, which has no sequence
homology with the other HDACs. A fourth
class was recently suggested for HDACI1, and
other HDACs previously grouped in class 11
(48).

HATs and HDACGs often exist in multi-
protein complexes that facilitate coordination
between different histone-modifying enzymes.
Consistent with this idea, the acetyltrans-
terase p300/CBP-associated factor has been re-
cently copurified with a histone deubiquiti-
nase. Histone acetylation may then influence
H2A deubiquitination at lysine 119 by 2A-
deubiquitinase (2A-DUB) by increasing the ac-
cessibility of the C-terminal end of H2A, which
contains the targeted lysine (138). This is in
agreement with the paradigm that acetylation
correlates with gene expression, whereas H2A
ubiquitination often colocalizes with methy-
lated H3K27 in repressive chromatin.

However, the depletion of 2A-DUB does
not seem to trigger other repressive marks,
such as methylated H3K9 and H3K27. Acety-
lation and deubiquitination coincide with the
upregulation of histone H1 phosphorylation,
which may potentially displace the linker, re-
duce DNA-nucleosome interactions, and facil-
itate transcription. Activation of 2A-DUB is
apparently independent of another ubiquitiny-
lated histone, H2B, found in active promoters
with methylated H3K4 and H3K79. Although
not yet investigated in mammals, deubiqui-
tinated H2B is required to maintain silenc-
ing of heterochromatic DNA in yeast and
plants, whereas heterochromatic-specific his-
tone modifications are destabilized by ubiqui-

tin conjugation (111, 139). Methylation at ly-
sine 4 of histone H3 has also been correlated
with histone H3 acetylation and gene expres-
sion (91). This modification is under the control
of Trithorax, which consists of a SET domain-
containing complex mixed-lineage leukemia, as
well as other chromatin-remodeling complexes,
such as SWI/SNF (108). A recent study re-
vealed that the presence of a methyl group on
H3K4 prevented the recruitment of DNMT3L
(95). DNMT3L belongs to the DNMT fam-
ily despite the fact that it lacks the capacity
to transfer methyl groups to cytosine in CpG
islands. Essential for parental imprinting and
transposon silencing, DNMT3L stimulates the
recruitment of DNMT3a/3b and HDAC:s to
promoters (32). Nonetheless, it is not known
if other transcription-related histone modifi-
cations, such as H3S10 or H3KO9, also inhibit
DNMT3L binding. The phosphorylation of
H3S10 by the mitotic kinase Aurora B was at
least capable of inducing the dissociation of
HP1 from chromatin (39, 54) and facilitating
transcription through a phospho/methyl binary
switch. The specific back-and-forth interac-
tion between methylated H3K9 and phospho-
rylated H3S10, turning transcription either on
or off, is only one of many examples illustrating
the complex interplay between histone modi-
fications, and epigenetic cross-talk with DNA
methylation.

DEVELOPMENTAL ORIGIN
OF DISEASES

Epigenetic (Re)Programming
During Development

In the lifetime of a mammal, two periods are
characterized by extensive epigenetic repro-
gramming: gametogenesis and, after fertiliza-
tion, the preimplantation development period
(Figure 3).

The development of germ cells is a highly
ordered process that begins during fetal growth
and is completed in the adult. Mammalian
meiosis consists of a two-step division process
in which one diploid eukaryotic cell divides
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to generate four haploid gametes (oocyte or
sperm). This process implicates a reduction of
the genetic material and the introduction of
genetic variability through chromosome re-
combination. Relatively recent evidence has
demonstrated that specific chromatin epige-
netic remodeling events can orchestrate game-
togenesis in a sex-specific way.

Epigenetic reprogramming events play a
role very early in the adoption of developmen-
tal cell fates with, for example, the establish-
ment of the germ cell lineage from epiblast
cells. Later, primordial germ cells (PGCs), de-
veloping in the postimplantation embryo, ini-
tiate genome-wide epigenetic modifications in
the embryonic mouse during their migration
from the hindgut region to the genital ridges. A
loss of DNA methylation and H3K9me1/2, re-
placed by increased levels of H3K27me3, char-
acterizes the reprogramming events occurring
in PGCs (109).

When the PGCs reach the genital ridges,
they are no longer motile and undergo few
further rounds of mitosis before upregulating
meiosis-specific genes. After female PGCs en-
ter meiosis, they are arrested in prophase I for
a long period of time, while male PGCs enter
mitotic arrest in G0/G1 prospermatogonia un-
til around birth, when mitosis of spermatogonia
is resumed. Under appropriate hormonal stim-
ulation, the oocyte in prophase I successively
goes through meiosis I, enters meiosis 11, and
is again arrested in metaphase II and awaits for
fertilization.

The genome of the differentiated oocyte is
believed to require epigenetic chromatin re-
modeling during meiosis and fertilization to
produce a totipotent embryo. Changes in DNA
methylation (51, 80, 92) and post-translational
modifications of histones have been partially
characterized, although their biological conse-
quences remain unclear. Specifically, the oocyte
at prophase I displays a high level of acetylation
at histones H3 and H4, whereas the level dra-
matically drops at metaphase I, and a complete
deacetylation affecting H3K14, H4K12, H4KS,
H4K16 (3), and H4KS5 (1) was reported later at
metaphase II.
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Such active and global deacetylation has also
been observed in spermatocytes before fertiliza-
tion, and might result from HDAC activation,
whereas HATS appear to be inactivated during
gametogenesis (65). As mentioned above, hi-
stone acetylation is commonly related to spe-
cific conformations of chromatin structure that
render the DNA accessible to transcription
factors. However, although transcription may
decrease during oocyte maturation as the chro-
matin condenses (30), transcriptional repres-
sion is observed long before germinal vesi-
cle breakdown (8) and appears independent of
chromatin condensation and deacetylation of
histone H3 (28), suggesting an alternate role for
deacetylation. Moreover, preventing histone
deacetylation with HDAC inhibitors affects
neither the chromatin condensation process
nor oocyte maturation or further fertiliza-
tion and preimplantation development. In fact,
the deacetylation process may be necessary to
maintain the binding of ATR-X, a member
of the SNF2 family of helicase/ATPases with
chromatin remodeling activity, at centromeric
heterochromatin in the mouse oocyte chromo-
somes at metaphases I and II (29, 83).

The kinetochore is a protein complex at-
taching the centromeric region of chromo-
somes to spindle microtubules, ensuring the
proper segregation of chromosomes during mi-
tosis and meiosis. ATR-X might play a func-
tional role in chromosome alignment on the
spindle microtubules, and may interact with
other kinetochore-associated proteins, such
as HPI1, also localized at centromeric hete-
rochromatin. This suggests that global histone
deacetylation during the progression of meio-
sis may be required for an appropriate recruit-
ment of heterochromatin proteins. Indeed, in-
adequate histone hyperacetylation was found to
interfere with the kinetochore assembly in so-
matic cell lines, resulting in activating the mi-
totic checkpoint (101).

Ifhistone deacetylation during meiosis is es-
sential for ATR-X function, and guarantees the
proper attachment of chromosomes with the
meiotic spindle, it does not exclude the pos-
sibility that heterochromatin proteins may be
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influenced by other epigenetic modifications.
Indeed, contrary to rapid histone deacetylation,
histone methylation persists through meiotic
progression, providing a chromosome environ-
ment necessary for HP1 recruitment (12, 67).
As mentioned above, poorly aligned chromo-
somes activate a spindle assembly checkpoint
in somatic cells, as well as in male germ cells
(14), which delays the cell cycle or induces an
arrest, preventing the production of aneuploid
progeny. However, such a checkpoint is absent
or more permissive in female germ cells, lead-
ing to aneuploidy when cells are treated with
the HDAC inhibitor trichostatin A (T'SA) (3,
29). Similarly, incomplete histone deacetylation
during oocyte maturation, observed in aged
mice, has been associated with an increased fre-
quency of aneuploidy (3).

Interestingly, TSA mightalso affect the level
of phosphorylated histone H3 at serine 10,
which is found closely colocalized with peri-
centromeric chromatin during metaphase I and
anaphase I, whereas phosporylated H3S10 is re-
distributed uniformly along the chromosomes
in the metaphase of the second meiosis (127).

Other histone modifications appear to be of
biological significance for genome reprogram-
ming during female gametogenesis. Specifi-
cally, methylation of histone arginine residues
(H3R17me and H4R3me) was dramatically re-
duced in metaphase II-arrested oocytes, as well
as in the fertilized egg and during the first
cleavages of the zygote (106). Methyl argi-
nine marks often associate with decondensed
chromatin and activation of gene expression,
and removal of arginine methylation coincides
with chromatin condensation during meiosis.
G9a HMT (114) and Suv39H (74), catalyz-
ing mono-, di-, and trimethylation, as well as
Meisetz, a meiosis-specific H3K4 trimethyl-
transferase (52), were also involved in the pro-
gression through meiosis 1. Also, reduced lev-
els of mono- and dimethyl H3K9 in G9%a HM'T
knockdown male germ cells did not correlate
with gene derepression or reactivation of retro-
transposons, but rather with improper synap-
sis formation leading to cell death. After com-
pletion of synapsis, the methyl mark might

be actively removed in wild-type male germ
cells by the activation of JHDM?2A, a specific
H3K9 demethylase (114, 134). As with DNA
methylation (92), the prevailing view concern-
ing histone modifications during gametogen-
esis points to alternative functions in germ
cells versus somatic cells for regulation of gene
expression.

Major epigenetic events happen upon fer-
tilization when gametic marks have to be re-
placed by the embryonic pattern characteristic
of totipotency. Immediately after fertilization,
the paternal genome, condensed and packaged
with protamines, undergoes a rapid hyperacety-
lation as a consequence of a protamine-to-
histone exchange (1). Moreover, immediately
after histone incorporation, during the pronu-
clear (one-cell) stage, the paternal genome un-
dergoes active DNA demethylation, while the
maternal pronucleus arrested in metaphase 11
resumes meiosis. Later, both parental genomes
experience a passive demethylation related to
DNA replication during the preimplantation
period up to the morula stage. Although asym-
metric, epigenetic changes observed in both
pronuclei are believed to be required for
restoration of totipotency in the fertilized egg.
However, this wave of demethylation excludes
specific sequences, such as imprints, retrotrans-
posons, and centromeric heterochromatin, al-
though the mechanisms are still unknown.

H3K9 methylation in the maternal genome
also participates in epigenetic asymmetry be-
tween the parental pronuclei during the first
step of development (78, 104). Specifically,
these epigenetic differences may underlie dif-
ferences in transcriptional activity between the
paternal and maternal genome (4). Key obser-
vations here are possible utilizing the technique
of somatic cell nuclear transfer (SCNT). SCNT
consists of the transfer of a somatic nucleus into
an enucleated oocyte for the purpose of creat-
ing genetically identical animals. The success of
such a technique greatly depends on the appro-
priate reprogramming of the epigenetic marks
during conversion of the somatic nuclei into a
totipotent state in the oocyte cytosol. Recent
evidence shows that histone modifications have

www.annualyeviews.org o Dietary Manipulation of Histone Structure and Function

TSA: trichostatin A
SCNT: somatic cell

nuclear transfer



Annu. Rev. Nutr. 2008.28:347-366. Downloaded from www.annualreviews.org
by Rowan University on 01/04/12. For personal use only.

DNMTs: DNA
methyltransferases

354

arole in primordial epigenetic reprogramming,
since the efficiency of SCNT was greatly im-
proved by the use of TSA (102). Acetylation
and phosphorylation of specific histone lysines,
as well as the lack of methylated H3K9 (58),
driven in part by the maternal protein nucleo-
plasmin, may be responsible for sperm genome
decondensation (117).

Successive cell divisions are characterized by
gradual loss of DNA methylation due to the
exclusion of DNMT1o (embryonic DNMT),
whereas phosphorylation (58) and arginine
methylation of histones (106) may fluctuate
during the cell cycles. The first lineage com-
mitment at the blastocyst stage, as well as de
novo methylation, is identified with the forma-
tion of the trophectoderm and the inner cell
mass. It is not yet clear to what extent histone
modifications participate in cell commitmentin
specific cell lineages, although their function is
not restricted to DNA replication (120). Nev-
ertheless, a recent study reported that stem cell
differentiation required exposure to a differ-
entiation signal that may regulate a particular
gene expression involved in mesoderm selec-
tion through increases in H3S10 phosphoryla-
tion and K14 acetylation (73).

Parental Imprinting

Parental imprinting is an epigenetic form of
gene regulation consisting of about 100 genes
for which only one parental allele is expressed.
Although there is no definitive description of
the mechanisms involved, it has been hypothe-
sized that imprinting of particular developmen-
tal genes is required to prevent conflict between
maternal and paternal investmentin growth and
development of the offspring (86). Indeed, the
parental conflict theory of imprinting is based
upon the observation that paternally imprinted
genes are involved in growth of the fetus, while
maternally imprinted genes promote develop-
ment of extraembryonic tissues. The establish-
ment of gene imprinting is preceded by era-
sure of parental imprints, which takes place in
PGCs, and consists of genome-wide DNA and
histone demethylation (affecting also nonim-
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printed genes) (109), although the exact mech-
anisms are unclear. The acquisition of imprints
responsible for sex-specific expression usually
occurs during gametogenesis. However, in the
case of IGF2R encoding the receptor of insulin-
like growth factor 2, the imprinting marks in the
mouse appear to be established earlier, during
ovocyte growth (13). Similarly, the paternally
imprinted gene H19 acquires most of its methy-
lation during the prenatal window and appears
fully methylated before the end of prophase I
(pachytene phase) (26).

Despite the fact that DNA methylation is
considered as the main (if not the sole) mas-
termind in silencing of the imprinted allele,
recent reports reveal that H3K27 methyla-
tion (135) and histone hypoacetylation (18,
49) accompany DNA methylation in silenc-
ing one parental allele, while the constitutively
active allele is enriched in methylated H3K4
(103). Likewise, induction of expression of the
normally silent paternal HI9 allele by active
deacetylation using TSA has also confirmed the
importance of HDAC: in the silencing process
(112). These data, along with other reports (60),
suggest that histone modifications may partic-
ipate in targeting DNMT5s to soon-to-be im-
printed alleles. Once imprinting is established
in the germ line, the silenced marks are main-
tained throughout the gametogenesis process
and beyond, after fertilization and preimplan-
tation, in spite of global demethylation affecting
the embryo genome until the blastocyst stage.
The mechanisms protecting imprintings, which
are still to be elucidated, might involve specific
combinations of histone modifications and be
strictly dependent on development.

Imprinting genes have been involved in sev-
eral diseases, including cancers, particularly be-
cause there is no protection against recessive
mutations. However, losses of imprints are also
often observed in cancers (23) and have re-
vealed that, although somehow stable, imprint-
ing marks can be influenced by environmental
factors, such as nutrition. In the same genomic
region as H19, IGF2 encodes the insulin-like
growth factor 2 and is a maternally imprinted
gene under control of differentially methylated
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regions containing CpG islands that are methy-
lated at the maternal allele. Abnormal biallelic
IGF2 expression was induced and stabilized in
kidneys of mice fed a diet restricted in methyl
donors during one to two months postweaning.
Interestingly, no changes in DNA methylation
were found at the differentially methylated re-
gions governing IGF2 expression, suggesting
that other mechanisms, such as histone mod-
ifications, could have been targeted by the diet
(129). This is consistent with the observation
that specific fatty acids in milk modify the ex-
pression of chromatin remodeling factors in the
small intestine of preweaning rodents (85). An-
other study reported how easily and quickly
manipulations of rodent diets disrupt the bal-
ance of epigenetic modifications regulating
metabolic genes (55). These studies highlighted
the well-documented impact of unbalanced, re-
stricted, or enriched diets with specific com-
pounds (methyl donors, carbohydrates, fatty
acids, etc.) on metabolic homeostasis later in
life, caused by alterations of epigenetic marks,
including imprints. More research is warranted
to determine how maternal diet modifies the fe-
tal epigenome and the subsequent risk of devel-
oping diseases later in life (fetal origin of adult
diseases).

Involvement of Epigenetics in the
Fetal Origin of Adult Diseases

The theory of fetal programming of disease
(metabolic imprinting) emerged from the idea
that in utero nutritional conditions affect epi-
genetic patterns of gene transcription or si-
lencing normally established early and retained
throughout life. This raises the possibility that
the laying down of aberrant epigenetic marks
in utero might increase disease susceptibil-
ity in adulthood. Compelling epidemiological
evidence, as well as data from animal stud-
ies, have linked maternal diet with suscepti-
bility to metabolic disorders (obesity, glucose
intolerance, type II diabetes) and related dis-
eases (atherosclerosis, cardiovascular diseases)

(128).

Influence of Maternal Diet
on Fetal Programming

As mentioned above, feeding animals with di-
ets enriched or restricted in methyl donors
affects the epigenome, and consequently
influences gene expression. S-adenosyl-r-
methionine (SAM) is the universal methyl
donor for methyltransferases and is exclu-
sively provided by folate-mediated one-carbon
metabolism. Many dietary factors, including
folate, methionine, choline, betaine, and vi-
tamins B2, B6, and B12, contribute to the
production of SAM. Other nutritional sources
containing dietary catechols, phytochemicals,
and metals may also modulate the methionine-
homocysteine cycle, alter methyltransferase
activities, and affect the SAM/S-adenosyl-L-
homocysteine (SAH) ratio and, eventually,
DNA methylation (Figure 4). Dietary restric-
tion in methyl donors (no folate and choline,
plus low methionine) as well as genetic poly-
morphisms in folate metabolism have been as-
sociated with abnormal DNMT expression,
global DNA hypomethylation, and increased
cancer risk (38, 46).

The first example of maternal diet enriched
in methyl donors affecting the phenotype of
offspring through epigenetic alterations was re-
ported by Wolff et al. (133) and relates to the
mouse model Agouti viable yellow (A¥). Dur-
ing epigenetic reprogramming in PGCs, some
transposable elements, such as intracisternal A
particles (IAPs), may escape demethylation and
remain methylated (69). However, the exam-
ple of the mouse Agouti A” revealed that these
regions enriched in CpG could be targeted by
nutritional factors. Indeed, in the A? model,
the Agouti gene has been mutated by inser-
tion of an IAP sequence into the 5 upstream
region of the A allele, causing constitutive ex-
pression of the gene. While the expression of
the wild-type Agouti gene (a) is restricted to
the skin and gives a brown coat color (wild-
type phenotype), the constitutively active mu-
tant AY is expressed in all tissues and gives a
yellow pigmentation to the coat. Interestingly,
the phenotype of individuals from the same
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inbred strain A”/a exhibited a coat color pheno-
type varying from yellow to brown, some being
mottled to different extents, depending on the
degree of IAP methylation. Moreover, IAP hy-
pomethylation was related to mouse obesity and
increased susceptibility to diabetes and tumori-
genesis. In contrast, fully methylated IAP is
associated with a wild-type phenotype. In addi-
tion, this so-called metastable epiallele was sen-
sitive to dietary methyl donors in the pregnant
mother’s diet. Dietary supplementation with fo-
late, vitamin B12, choline, and betaine shifted
the coat color to brown and prevented the early
onset of obesity.

Although there is no such example in the
human genome, maternal dietary exposure was
clearly proven to be a determinant in modu-
lating the susceptibility to diseases in adult life
(128). To date, few studies can attest categori-
cally that disease predisposition resulting from
restrictive maternal diets is related solely to epi-
genetic deregulation rather than organ malfor-
mation or vascular dysfunction caused by fetal
malnutrition (119).

Glucocorticoid excess in mice and humans
causes symptoms similar to those described in
the “metabolic syndrome”, i.e., obesity, hyper-
tension, insulin resistance, hyperlipidemia, and
hyperglycemia. In particular, upregulation of
hepatic peroxisome proliferator-activated re-
ceptor o (PPAR«) by glucocorticoids stimulates
fatty acid oxidation and facilitates metabolic
disorders. The maternal environment (130), in-
cluding diet (75), has been found to be critical
for imprinting the promoter of genes involved
in glucocorticoid metabolism. Specifically, pro-
tein restriction in the maternal diet was asso-
ciated with upregulation of hepatic genes en-
coding the glucocorticoid receptor (GR) and
PPARw of adult offspring. Hypomethylation of
the GR promoter possibly is related to a de-
creased level of DNMT1 activity and reduced
binding of MeCP2, which is associated with an
increase of gene transcription (76).

To date, attention has been focused pri-
marily on the methylation status of DNA ir-
respective to the histone code. Interestingly,
analysis of GR promoter revealed, as expected,
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high levels of acetylated histones (H3K9 and
H4K9) and methylated H3K4, and low lev-
els of dimethylated H3K9. As discussed else-
where (113), it is difficult to attribute the con-
sequences of a maternal protein-restricted diet
to direct alterations of one-carbon metabolism,
although folate supplementation can prevent
GR increase induced by the maternal diet (75).
However, these results establish a link between
maternal diet and altered gene expression in
adult offspring through epigenetic regulation
and, eventually, its impact on energy homeosta-
sis, assuming enhancement of glucocorticoid
responsiveness can be correlated with increased
GR levels.

TARGETING THE EPIGENOME
TO FIGHT CANCER

The growing interest in cancer epigenetics
came from the demonstration that epigenetic
modifications are involved in tumor devel-
opment and progression, creating a cancer-
predisposing “epigenotype” that is potentially
modifiable. Indeed, the reversibility of epige-
netic chromatin modifications by synthetic and
natural compounds has opened new avenues in
cancer chemoprevention research.

Aberrant Histone Modifications
in Tumors

In addition to the accumulation of genetic mu-
tations (i.e. changes in DNA sequence), cancer
etiology is characterized by aberrant patterns of
DNA methylation. Typically, the CpG islands
that are mainly located in the 5 regulatory
region of genes appear unusually hypermethy-
lated in tumors. Such promoter DNA hyper-
methylation is an efficient alternate mechanism
to mutations for silencing genes encoding
DNA repair proteins and tumor suppressors.
Global genome DNA hypomethylation, on
the other hand, results in gene activation and
chromosomal instability (31). Because the
histone code and DNA methylation cooperate
to organize chromatin, abnormal promoter
CpG hypermethylation in cancer cells is
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accompanied by a combination of histone
modifications commonly associated with
repressed promoters: hypoacetylated histones
H3 and H4 (41), hypomethylated H3K4 (110),
and hypermethylated H3K27 (66) and H4K20
(41). Contrary to the enrichment of methylated
H3K9 inssilenced heterochromatin, methylated
H3K9 has been located in active promoters
of various genes in human cancer cells
(121, 131).

Two main epigenetic pathways have been
implicated in the transformation of a normal
cell into a tumor cell. One consists of a cell de-
differentiation process, with alteration or loss
of the epigenetic patterning of differentiation-
specific genes during a deprogramming pro-
cess. This may eventually allow cells to regain
assets that are specific to pluripotency, such
as proliferation. A second possibility is a shift
of the pluripotent stem cells into transformed
cells. In the latter case, recent studies have high-
lighted that stem cell pluripotency is regulated
by the existence of a bivalent pattern of his-
tone modifications in regulatory regions of par-
ticular genes (6, 7). Indeed, the colocalization
of permissive histone modifications, such as
dimethylated H3K4 and acetylated H3K9, with
repressive modifications, such as trimethylated
H3K27, suggests that specific genes in stem
cells are maintained silent but in a transcrip-
tionally permissive state, allowing their rapid
derepression along with lineage induction. The
H3K27 methylation mark might help to main-
tain low gene expression, and be quickly re-
moved to facilitate gene expression and commit
the cell to one specific fate.

Although the absence of PRC2, along with
loss of H3K27 methylation mark, is able to
cause premature expression of lineage-specific
genes (7), the maintenance of such a histone
marker triggers other repressive histone marks
(126) that prevent lineage commitment, thus
maintaining pluripotency. The recent discov-
ery of similar bivalent patterns accompanied by
other repressive marks in promoters of tumor
suppressor genes (93) might favor the inappro-
priate hypermethylation and silencing of these
genes during tumorigenesis.

As chromatin remodels during cancer devel-
opment, aberrant activities of several histone-
modifying molecules occur (37). For exam-
ple, class I HDACs are over-expressed early
in the cancer process (57, 132), and Suv39H
knockout mice are predisposed to develop
B-cell lymphomas (96). Interestingly, target-
ing HDAC activity successfully derepresses
genes in cancer cells and is becoming a novel
therapeutic tool. Therapeutic agents, such as
SAHA (Vorinostat), have been identified as po-
tent HDAC inhibitors and are currently be-
ing evaluated in clinical trials (45). In addi-
tion, HDAC inhibitors cooperate with other
therapeutics agents, such as the DNMT in-
hibitor Decitabine (5-aza-2'-deoxycytidine), to
improve the epigenetic anticancer strategy (44,
122).

Epigenetic Reprogramming
by Dietary Agents

Investigations on the mechanism(s) of nutrient-
gene interactions are needed to understand how
diet modulates the risk of developing chronic
diseases, such as cancer. To date, certain dietary
agents have revealed an ability to target specific
nuclear receptors, whereas others may prefer-
entially affect the epigenome. An excellent ex-
ample of cooperation between a diet-derived
agent targeting a nuclear receptor and HDAC
inhibitors has been described in treatment
strategies for acute promyelocytic leukemias
(APLs). Abnormal targeting of HDAC, HMT,
and DNMT to promoters governed by retinoic
acid (RA), a vitamin A derivative, character-
izes these diseases. APLs are caused by re-
ciprocal chromosomal translocations involving
the promyelocytic leukemia (PML) gene and
the gene encoding the nuclear receptor of RA,
called RAR«. The fusion protein PML/RAR,
as well as the wild-type receptor, inhibits tran-
scription by binding to RAR-responsive ele-
ments in the promoter of target genes. Gene
repression is achieved through the recruit-
ment of several chromatin modifiers: the com-
plex HDAC-NCoR (5), histone methyltrans-
ferases Suv39H (17) and PRC2 (125), as well
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as DNMT (33) and MBD1 (124). Contrary
to the wild-type receptor, PML/RAR« appears
insensitive to physiological concentrations of
RA and thus maintains a stable repression
of target genes (such as RARb2) involved in
hematopoietic differentiation. Complete re-
mission of patients with APL is achieved by
treatment with pharmacological doses of RA.
RA binding to the RAR moiety leads to release
of HDAC proteins, and transcriptional coac-
tivators associated with HAT may then be re-
cruited. However, some RA-resistant leukemia
cells failed to respond to RA alone and re-
quired cooperation with other agents. Treat-
ment of RA-refractory APL blasts with RA plus
the HDAC inhibitors sodium phenylbutyrate,
TSA, depsipeptide, and valproic acid, as well as
demethylating agents, restored RA sensitivity
and cell differentiation (20).

Although HDAC:s are candidates for anti-
cancer drug design, a number of natural com-

pounds found in the human diet can influ-
ence HDACs and the acetylation status of
histones (Table 1). Three major dietary com-
pounds have proven to induce histone acetyla-
tion as well as growth arrest and/or apoptosis
in a number of cancer cell lines (reviewed in
25). Itis now three decades since the alterations
of gene expression induced by butyrate, an
end product of the gut fermentation of dietary
fibers, were first attributed to changes in hi-
stone acetylation (123). Recently, organosulfur
compounds from garlic, such as diallyl disulfide,
allyl mercaptan, and S-allylmercaptocysteine,
as well as the isothiocyanates sulforaphane and
6-methylsulfinylhexyl isothiocyanate from cru-
ciferous vegetables, demonstrated a capacity to
alter histone acetylation and/or HDAC activ-
ity in vivo and in vitro. Class IIT HDAC:s (sir-
tuins) have garnered much attention after they
were implicated in increasing life span and delay
aging-related diseases (including cancer) (118).

Table 1 Natural and/or dietary compounds modulating histone acetylation and/or HDAC/HAT

activities

Dietary components Examples of food/plant sources References
S-allylmercaptocysteine Garlic (Allium sativum 1..) (72)
6-methylsulfinylhexyl-isothiocyanate Japanese horseradish (wasabi) (87)
Allyl mercaptan Garlic (Allium sativum 1..) (70)
Anacardic acid Cashew nut (10)
Butein Rhus verniciflua (stems) (56, 99)
Butyrate Dietary fiber fermentation 24)
Copper Ubiquitous (62,77)
Curcumin Curcuma longa (tumeric roots) (11, 79)
Diallyl disulfide (DADS) Garlic (Allium sativum 1.) (35,71, 82)
Dihydrocoumarin Melilotus officinalis (sweet clover) 94)
Fisetin Rhbus toxicodendron (leaves) (56, 99)
Garcinol Garcina indica (fruit) ©)
Isoliquiritigenin Glycyrrhiza glabra (licorice) (56, 99)
Luteolin Sweet red pepper, celery, parsley 99)
Nickel Ubiquitous (63, 136)
Piceatannol Blueberries 99)
Psammapin A Marine sponges (64)
Quercetin Apple, tea, onion, nuts, berries (56, 99)
Resveratrol Red grapes, wines, eucalyptus, spruce (56, 99)
Sulforaphane Broccoli, broccoli sprouts (90)
Theophylline Black and green tea (21,59)
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Activation of sirtuins by dietary polyphenols,
such as resveratrol from red wine, mimics the
increase of life span by food restriction (56). A
recent study showed that resveratrol stimulates
mitochondrial function and prevents metabolic
disorders in mice fed a high-fat diet. The ef-
fect of resveratrol was mediated by the activa-
tion of PGCl« in a SIRT1-dependent way (68).
This finding highlights the need for additional
research on specific dietary agents and whole-
foods that may affect life span and cancer risk
in mammals.

HDAC inhibitors have a broad spectrum
of targets, including genes encoding DNA-
and histone-modifying enzymes (40). However,
the impact of HDAC inhibitors on epigenetic
modifications is, at least in part, the conse-
quence of the inter-dependence between his-
tone modifications. Recently, Nightingale et al.
(91) demonstrated that the degree of H3K4
methylation (mono-, di-, or trimethylation) was
dependent on the extent of acetylation on the
same histone tail. Subsequently, the use of bu-
tyrate in various cancer cell lines not only corre-
lated with histone H3 acetylation but also stim-
ulated the deposition of methyl marks at H3K4
by mixed-lineage leukemia (MLL) (91). A com-
parable result was reported when histone H4
hyperacetylation, induced in butyrate-treated
cells, was found to prevent trimethylation at
lysine 20 (105).

Although more recently investigated, hi-
stone methyltransferases could potentially
be targeted by dietary agents, specifically
those identified as modulators of one-carbon
metabolism and methionine-homocysteine cy-
cle (Figure 4). The impact of dietary methyl
donors on DNMTs has already been examined,
but very few studies have focused on HMT,
although they should also be affected by al-
terations of the SAM/SAH ratio. Recently, the

SUMMARY POINTS

impact of a methyl-deficient diet on histone
methylation in rodent liver has been investi-
gated (97). As mentioned above, it is believed
that such a diet promotes hepatocarcinogen-
esis in rodents by inducing DNA demethyla-
tion at centromeric heterochromatin and sub-
sequent chromosome instability (46). The au-
thors specifically reported a loss of H4K20
trimethylation at a DNA repetitive element
along with the depletion of H4K20-specific hi-
stone methyltransferase (Suv4-20hl) in both
preneoplastic tissues and tumors. These data
and others (98) confirm that methyl-donor
deficiency may rapidly affect histone marks,
inducing the intensive chromatin remodeling
implicated in the development of neoplasia.
Therapeutic strategies using dietary methyl
donors may prove to be useful at prevent-
ing carcinogenesis or halting tumor growth

(50).

CONCLUSIONS

Rules of the histone code, together with DNA
methylation status, remain to be fully charac-
terized in normal tissues and cancers. Thus,
there is considerable uncertainty about the pre-
cise impact of dietary factors on epigenetic pro-
gramming early in life, as well as on epigenetic
deprogramming during tumorigenesis. In the
future, a better understanding of the mecha-
nisms underlying the influence of nutrition on
the epigenome, and subsequently on the expres-
sion of the genome, may help to influence di-
etary habits and behaviors. A key aspect of this
work, which raises much excitement, is the po-
tential reversibility of aberrant epigenetic mod-
ifications in cancer cells. We are only beginning
to understand how epigenetic manipulations by
dietary compounds can help us to live a health-
ier and longer life.

1. Combinatorial interactions between histone tail modifications, DNA methylation, and
histone- and DNA-modifying enzymes constitute epigenetic mechanisms regulating

chromatin structure and function.
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. Extensive epigenetic re/deprogramming events occur during gametogenesis, fetal de-

velopment, and pathologies such as cancer, rendering these processes potentially more
susceptible to nutritional influences.

. Metabolic disorders as well as cardiovascular diseases may have their origins in fetal life. It

is hypothesized that epigenetic deregulations caused by environmental factors, including
maternal nutrition, may induce long-lasting consequences for adult health.

. It is likely that nutrition affects gene expression and disease susceptibility through epi-

genetic mechanisms. The best example is dietary manipulations of folate metabolism
that affect DNA methylation status and gene silencing. Dietary agents such as butyrate,
sulforaphane, and garlic organosulfur compounds inhibit HDAC activity and de-repress
epigenetically silenced genes in cancer cells. More research is needed on diet, epigenetics
events, and cancer prevention.

. Future research is needed to better understand the involvement of histone modifications

in the regulation of chromatin structure and gene expression, and to identify the nature
of metabolic pathways that are controlled by nutrition through epigenetic mechanisms,
both in early life and adulthood.
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Figure 1

Interactions between histone-modifying enzymes and histone modifications associated with the silencing of
gene expression. DNA methylation catalyzed by DNA methyl transferases and methyl-binding domain
proteins can recruit histone deacetylases and histone methyl transferases that further repress gene tran-
scription. DNMT, DNA methyltransferase; HDAC, histone deacetylase; HP, histone-binding protein;
PRC, Polycomb repressive complexes; Suv, suppressor of variegation; SWI/SNF, switch/sucrose nonfer-
mentable.
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Figure 2

Interactions between histone-modifying enzymes and histone modifications associated with the activa-
tion of gene expression. Gene activation requires the release of histone deacetylases, histone methyl
transferases, and other histone-binding protein such as HP1, and the recruitment of chromatin-
remodeling complexes including histone acetyl transferases and histone methyl transferases (such as
trithorax). HATS, histone acetyltransferases; HP, histone-binding protein; MLL, mixed-lineage
leukemia; SWI/SNEF, switch/sucrose nonfermentable.
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Epigenetic modifications associated with gametogenesis, fertilization, and preimplantation developmen-
tal steps.
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