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Abstract

Epigenetic events establish a particular gene expression signature for each cell type during
differentiation and fertilization. Disruption of these epigenetic programs in response to
environmental stimuli during prenatal exposure dysregulates the fetal epigenome, potentially
impacting susceptibility to disease later in life (the fetal basis of adult disease). Maternal dietary
modifications during gestation and lactation play a pivotal rolein the period of fetal
(re)programming. Recently, many studies have demonstrated the impact of maternal nutrition on
the fetal epigenome. In this review, we discuss the complex interplay between various
environmental factors and epigenetic mechanisms which have been found to affect the human and
anima models. We summarize here the impact of various dietary phytochemicals capable of
modulating the epigenome in diverse human cancers and childhood cancer with potential
environmental etiology through maternal consumption during pregnancy and lactation and discuss
other dietary agentsthat are still untested as to their effectivenessin transplacental studies. Recent
developments discussed here enhance our understanding of how chemopreventive agents act, their
potential to impact the prenatal epigenome and to identify dietary interventions that can be
beneficial in treating and preventing disease.
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Introduction

Epigeneticsis broadly defined as the field of research which studies changesin gene
expression without underlying changesin DNA sequence. Epigenetic changes mediate
global alterationsin DNA methylation, posttranslational modifications of histones,
chromatin remodeling enzymes and microRNA (miRNA) that produce widespread changes
in gene expression and can play afundamental rolein tumor development. Epigenetic
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regulation in multicellular organisms produce a particular signature, which changes during
differentiation or fertilization and for each cell type during development. Disruption of these
epigenetic signatures, by internal factors and environmental stimuli, can result in
hypomethylation, hypermethylation of gene promoter enriched CpG islands (CGls), histone
modifications, deregulated miRNA profiles and result in altered epigenetic programming
that promotes genomic instability. These epigenetic alterations do not cause changesin the
underlying DNA sequence and, moreover, most are reversible and provide promising
therapies to restore “correct” epigenetically control to neoplastic genomes. A number of
dietary factors have been investigated as effective chemopreventive agents that can target
the epigenome and potentially reduce the risk of developing various chronic diseases.

Epigenetic alterations play an important role in the risk of developing cancer, the leading
cause of death worldwide. Epigenetic modifications have the potential to be inherited and
thereby impact the health of future generations. Despite modern advances in adjuvant,
surgical, chemo- and pharmacotherapies, cancer is still achallenge and also aburden on a
world-wide scale. The WHO estimates that the number of cancer deaths will increase by
45% over the next decade with 12 million newly diagnosed cancer cases per year by 2030.
Cancer isthe second leading cause of death in children, after accidents, in the United States,
among which leukemia and lymphomas are the most common and account for about 31% of
al cancersin children.1:2 The etiology of malignant tumors of childhood is largely
unknown, but several epidemiological studies conclude that childhood cancers are
attributed, in part, to maternal exposure to environmental factors, e.g. polycyclic aromatic
hydrocarbons (PAHs).3-6 Research seems to indicate that plant-based dietary agents, given
in maternal diet, have an ability to target the epigenome, particulary DNA methylation, and
provide protection to the devel oping fetus which carries into adulthood.” Excellent reviews
on the epigenome, as a therapeutic target, have been published.8-19 In this review, we
discuss the possible environmental etiology of childhood cancer with afocus on
chemopreventive strategies of supplementation of maternal diet with phytochemicals. We
will also consider other dietary agentsthat are still untested in the context of transplacental
studies and that target the epigenome of the fetus for reducing risk and mortality and
highlight potential new directions for the field of cancer prevention and research treatment.

Epigenetic Mechanisms

Maternal nutrition and environmental exposure induce changes in the epigenome of the
developing fetus. The most widely recognized epigenetic regulatory mechanismsinclude
DNA methylation, histone modifications and small interfering RNAs (SSRNAS) (Fig.1).
Diet, lifestyle and other environmental factors have been shown to induce epigenetic
alterations and thereby effect changesin cell phenotype and gene expression that leads to an
altered risk of various diseases including cancer.11 DNA methylation, predominantly at 5'-
CpG-3’, regulates various developmental processes and is thought to be amajor factor in
differentiation and embryogenesis. CpG-dense sequences, known as CGls are around
300-3000 bp in length and are randomly distributed at or near the transcription start site of
many genes and overlap with the promoter region of 50-60% of total human genes,
including most house-keeping genes.

In mammals, the first phase of epigenetic reprogramming occursin primordial germ cells
(PGCs). In mice, after embryonic day 7.25 (E7.25), PGCs migrate into the genital ridges and
start to proliferate and differentiate. Genome-wide demethylation is thought to occur on
E12.5. At thistime, highly methylated PGCs undergo compl ete demethylation. This phase
of demethylation coincides with erasure and reestablishment of imprinted differentially
methylated regions (DMRs). The second phase of methylation programming occurs between
fertilization and formation of the blastocyst. After fertilization, active demethylation occurs
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in the paternal pronucleus followed by a step-wise decline in methylation until the morula
stage, known as passive demethylation. Then de novo methylation occursin the inner cell
mass of the blastocyst and the new DNA methylation pattern is established and copied
through successive cell divisions.1213 Environmental exposures and maternal diet are
significant factors for at least three generations, the FO female, the F1 embryo and the F2
germline (Fig. 2).

DNA methylation is essential for embryonic development and cell differentiation however,
in normal cells CpG islandsin promoter regions are primarily hypomethylated, with the
exception of imprinted genes and those islands located on the inactive X-chromosome.
Methylation of CpG islands in the promoter recruits methyl-CpG binding domain proteins
(MBDs) that interact with histone deacetylases (HDACSs). This complex network between
MBDs and chromatin remodeling factors also bring about chromatin condensation and thus
make promoter regions inaccessible to various transcription factors. Several studies have
clearly revealed that DNA hypermethylation stably alters gene expression and is
predominantly associated with gene silencing.

Theimportance of CpG island methylation in cancer has been well recognized. To date,
inadequate data exist on methylation of genesin childhood cancer. There is some evidence
in the literature emphasizing the importance of maternal diet.”-14-16 Maternal diet during
pregnancy, placental insufficiency, psychosocial characteristics and other factors such as
stress, anxiety and fatigue induce changes in the epigenome of the embryo.1” Experimental
studies have been conducted in animal models by feeding pregnant mice with genistein
which results in shifting the coat color from yellow to brown due to increased methylation of
the Agouti viable yellow (Avy) intracisternal A particle (IAP). The expression of the agouti
gene protects the offspring from obesity later in life.” Sandovici and Sapienzal8 also
demonstrated in rats that the transcription factor Hnf4a, required for pancreatic p-cell
differentiation and glucose homeostasis, is epigenetically regulated by maternal diet.
Prenatal exposure to maternal smoking and to other persistent environmental agents also
modifies the epigenetic machinery and was associated with subsequent adult diseases.1’

Gene methylation patterns are frequently dysregulated and affect the clinical outcome of
patients with ALL (Acute Lymphoblastic Leukemia). Many reports have been published on
methylation status of tumor suppressor genes (e.g., p73 p16, p15, p14, RASSF6, RASSF10
and E-caaherin), DNA repair (O°MGMT), cyclin dependent kinase (CDK) inhibitors,
Cdkn2a (p16'VK43), Cdkn2b (p15NVK4), Cdkn2c (p18'NK40), p21and DARKinasein
childhood AL L1921 and a broad range of other cancers such as colon, kidney, liver,
pancreas, stomach and thyroid. Dunwell et al.22 studied the pathogenesis of ALL and
identified cancer-specific novel methylation markersin childhood leukemiathat could be
used for prognosis and potentially therapy. The authors found methylation hotspots on
chromosome 3 by Aot/ microarray in cells of T cell-lineage (T-ALL) and B cell-lineage
leukemia (B-ALL). Direct readouts of genome-wide methylation studies can be used to
identify epigenetic predictors of malignant transformation.

Genomic imprinting is one phenomenon for control of expression of maternal and paternal
alleles. Few studies have provided information about dysregulation of imprinted genesin
development of leukemia. Promoter CpG methylation of multiple genes on the inactive X
chromosome is responsible for silencing the inactive maternal alele. The active materna
allele has a so been shown to be silenced by promoter hypermethylationin ALL and
Burkitt’s lymphoma.23 Doherty and colleagues®* identified another possible mechanism of
imprinting, disruption in the early embryo by environmental influences. They found aberrant
expression of H19, agenefor long non-coding RNA (ncRNA), in the mouse preimplantation
embryos when cultured in Whitten’s medium. Lane and Gardner2® showed that addition of
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ammonium to the culture of mouse zygotes in the blastocyst stage elevated H19 expression.
Loss of imprinting and aberrant DNA methylation of the /GF-2 (insulin growth factor-2)
locus has been associated with various tumors such as Wilms tumor and chronic

myel ogenous leukemias?, ovarian?’ and nasopharyngeal carcinoma.2® Kuerbitz e a/.2°
have observed complete loss of the imprinted neuronatin (MAV/A 7) gene in 69% of acute
lymphoid and myeloid leukemias. Maternal nutrient depreviation during pregnancy has also
been documented in the context of imprinted genes. Gallou-Kabani et a/.39 observed sex-
specific epigenetic aterations within CpGs in offspring of dams fed high fat diets during
pregnancy. Prenatal exposure to maternal low protein and folic acid diets infuences
expression of H19and /grf2in liver of day O rat male offspring.31

miRNAs are small endogenous non-coding RNAs that are believed to control the translation
or stability of mRNAs and play an important role in development, cell proliferation,
differentiation and apoptosis. An increasing body of evidence has shown that deregul ated
mMiRNA expression isinvolved in many cancer types. However, in childhood cancer, littleis
known about the molecular alterations of these functional non-coding sequences. A recent
study provided a more comprehensive view on medulloblastoma, a solid tumor of
childhood, by identifying somatic mutations of miRNA genes. Most interestingly, 16% of
the medull oblastoma patients had inactivating mutations in histone-lysine N-
methyltransferase genes (ML L 2and ML L 3).32 |t should be particularly informative to
evaluate the methylation status of CGls of these genes and to study their loss of activity. Mi
et al.33 sheds light on the molecular mechanisms involved in leukemogenesis by genome-
wide miRNA analysis using a bead-based flow cytometric method and by using large-scale
genome-wide miRNA expression profiling in which expression signatures of 27 miRNASs
were differentially expressed between ALL and acute myel oblastic leukemia (AML).

A nucleosome consists of small amounts of DNA (200 bp) wrapped around a histone core of
four proteins (H2A, H2B, H3 and H4), and it's conformation regulates transcription. The
tight association of histone proteins to the DNA result in chromatin condensation and a
series of posttranslational modifications includes methylation, acetylation, phosphorylation,
biotinylation, sumoylation and ubiquitination, among which histone acetylation and
methylation are the major playersin epigenetic regulation. Modification of amino acid
residues by acetylation and methylation in core histones H3 and H4 is also a common
hallmark of human cancer.

Prenatal Exposure to Environmental Pollutants

Exposure to inhaled carcinogens, such as PAHSs, tobacco-specific N-nitrosamines, aromatic
amines, dietary factors such as alcohol, aflatoxin B1 (AFB1) and high fat or cholesterol often
result in pre-malignant changes including hyperplasia and metaplasia that precede
malignancy. Througout the /n utero devel opment of the fetus, the placentais of utmost
importance to ensure proper growth and development. Although much effort has been
focused on gene-environment interactions, epigenetic ateration in response to /n utero
nutritional and environmental factors also deregulates histone modifications, microRNAs
and alters the CpG methylation thus playing an important role in disease susceptibility.
Observations of how the environment influences epigenetic mechanisms has been well
demonstrated in animals3+3° and plants.36:37 There is a growing body of evidence that
alteration of the epigenome is associated with prenatal exposure to dietary and
environmental factors. Exposure to dietary and environmental compounds can impact the
epigenome of future generations. It is assumed that during fetal development, pollutants that
can cross the placentaimpact fetal target organs by altering the expression of genes. The
guestion we face is: what is known about transplacental and translactation exposure of these
dietary phytochemicalsto the fetus/neonate? Many studies have shown that dietary
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phytochemicals also cross the placenta such as genistein’ and quercetin.38 But are these
concentrations high enough to impact DNMT or HDAC activity? In this review we focus on
how food and environmental factors function as epigenetic modifiers that may lead to
alterations in the epigenome resulting in increased disease risk in offspring later in life.

Prenatal exposure to maternal alcohol consumption has been reported to be associated with
an increased risk of various development disorders collectively known as Fetal Alcohol
Spectrum Disorder (FASD).3° Research suggests that alcohol consumption resultsin altered
recruitment of transcriptional machinery and abnormal gene expression associated with
various cancers. Many studies in rodent models have shown that transplacental ethanol
exposure alters gene expression during development. The mouse model of gestational
ethanol exposure resulted in the transcriptional silencing of an epigenetically sensitive alele,
AV, in the offspring and aso postnatal growth restriction in the siblings of A% mice.40
Previous work in rats indicates that alcohol exposure /n uteroincreases the risk of mammary
tumorigenesis in female offspring by inducing changes in mammary gland morphology and
gene expression. !

Cytochrome P450 2E1 (CY P2EL), plays a mgjor role in the detoxification of various
xenobiotics including a cohol. Jones et /.42 observed no CYPZE1 expression in fetal tissues
(lung, liver, kidney and placenta) collected at the termination of pregnancy from mothers
that had consumed alcohol. The authors also documented methylation of the 3 region of the
CYP2E1 genein feta liver. However, Tong et a.*3 found that chronic gestational exposure
of rat damsto 18% and 37% ethanol significantly reduced the expression of alcohol
dehydrogenase (ADH), aldehyde dehydrogenase 2 (AL DH2) and catalase and significantly
increased CYPZE1 expression in rat pup cerebellar tissue. Higher expression of CYP2E1in
fetal tissues could lead to an increased formation of DNA and protein adducts and also to an
increased mutational burden in the fetus. Infante-Rivard et a/.*4 observed a protective effect
for leukemiain offspring by maternal alcohol consumption during pregnancy and suggested
that the reduced risk is due to the potential chemopreventive effects of flavonoids present in
red wine and beer. Chronic paternal alcohol use has been correlated with reduced DNA
methyltransferase (DNMT) expression in sperm and also linked to imprinting disturbances
which may have an effect on fetal development.#> Another study by Guo er &.6 found that
fetal alcohol exposure affects the CREB binding protein (CBP) which is critical for the
activation of neuronal gene expression and normal brain devel opment.

Drugs and Pesticides

The effects of prenatal drug use, such as cocaine, opiates (heroin and methadone),
amphetamine and methamphetamine, phencyclidine hydrochloride (PCP), permethrin, insect
repellent N,N-diethyl-meta-toluamide (DEET) and marijuana, can have many detrimental
effects on devel opment of the offspring. Various experimental studies have used animal
models to test the effects of several other toxic chemicals at early life exposure, e.g., the
hormonally active substances, diethylstilbestrol, tributyl tin, bisphenol A (BPA) and
genistein produce enhanced susceptibility to reproductive abnormalities, metabolic disorders
including obesity and diabetes, and cancer through epigenetic mechanisms. The first
trimester of the pregnancy is considered as the most critical period to exposures of
environmentally induced epigenetic transgenerational inheritance. Manikkam et al .4’
investigated the effect of various environmental mixtures including pesticides (permethrin
and DEET) on F1-F3 generations and identified unique epigenetic signature (363 DMRsin
pesticides exposure group) in the F3 generation. Robinson et &/.8 reported that prenatal
exposure from maternal use of marijuanais highly associated with monocytic leukaemiain
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children under 5 years of age. Recently, Desaulniers et a.*9 revealed that high doses of
polychlorinated biphenyls (PCBs) and a mixture of organochlorine pesticides,
methylmercury chloride and PCBs, given to the pregnant rats from gestational day 1 (GD1)
until postnatal day 21, reduces the global genome DNA methylation in hepatic tissue and
also reduces the level of S-adenosylmethionine. The data were also validated by
pyrosequencing which showed that the high dose group had a reduction in promoter
methylation of the tumor suppressor gene p16/NK42

Numerous experimental studies have shown that transplacental exposure to toxic metals may
alter the epigenome and thus effect gene expression and fetal growth mechanisms. Toxic
metals are widely dispersed in the environment from numerous sources and remain a major
human health risk. Cadmium is classified as a human carcinogen by the International
Agency for Research on Cancer (IARC) %0. In rodent models, exposure to cadmium
produces a variety of abnormalitiesin development of the offspring.51°2 Ronco er /.53
demonstrated that cadmium exposure affects cortisol production and changes expression of
11B-hydroxysteroid dehydrogenase type 2 (118-HSD2), an important enzyme in protecting
the fetus from elevated level of maternal glucocorticoids, by DNA methylation of the
promoter region. These results suggest that accumulation of cadmium in the placenta alters
gene expression related to fetal development. Prenatal exposure to methylmercury from a
high fish diet is related to delayed developmental milestones and neurological abnormalities
in the Seychelles child development study.>* Lead exposure produces awide range of health
effectsin children and also appears to be related to prenatal and postnatal exposures.>®
Studies in rodents revealed that exposure to lead during brain development elevated the
expression of amyloid precursor protein (APP) and its proteolytic product, g~amyloid (Ap),
involved in Alzheimer’ s disease pathogenesis in later life.56 Wu et /.57 reported the
upregulation of Alzheimer’s disease-related genes and also reduced expression of DNMT
activity in monkeys exposed to lead as infants. Pilsner and colleagues®® examined the
impact of lead stored in mother’ s bone on fetal development by analyzing DNA methylation
in umbilical cord blood samples of two important repititive elements, A/uand L/NE-1,
which constitute about 50% of the human genome and are highly methylated in normal
tissues. DNA methylation of A/uand L/NE-1 decreased asthe level of lead increased in
maternal bone suggesting how prenatal exposure influences gene programming. However,
more research is required to confirm these early findings and to investigate whether early-
life exposure influences epigenome-wide or gene-specific DNA methylation. Exposure to
arsenic in relation to epigenetic changes can also lead to various human diseases such as
pulmonary diseases, cardiovascular diseases, diabetes and obesity as well as cancer of the
liver, bladder, lung and skin (reviewedin 59 and 60) g djes have shown an association between
these diseases in terms of /n utero exposure to arsenic. Arsenic accumulation in the placenta
might have toxic effects on fetal development. Fetal exposure to arsenic has been shown to
cause skin cancer in amouse model and also tended to increase the number of cancer stem
cells.81 These results clearly indicate that attempts should be made to develop preventive
approaches that target stem cells asthese are a critical target in transplacental
carcinogenesis. /n utero arsenic exposure results in significant reduction in global
methylation levels at GC-rich regions and causes aberrant transcription and gene silencing
related to insulin like growth factors and CY P enzymes in liver tissue of new-born mice.%2

PAHs (Polycyclic Aromatic Hydrocarbons)

PAHSs are ubiquitous environmental pollutants and are released into the air during burning of
coal, ail, wood, gasoline, and tobacco and from residential uses such as heating and
cooking.53 Humans are exposed to some PAHs through diet also, especially, overcooked,
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grilled, smoked food and vegetable oils. PAHs are thought to require metabolic activation to
exert their tumorigenic effect.54 Preliminary evidence suggests transplacental exposure to
PAHs affects the fetal epigenome and is arisk factor for various diseases?®6 that may
potentialy result in cancer. Accumulation of PAHs in the placenta poses a toxicological
threat to the growing fetus. In asmall cohort of 56 pregnant women, methylation of the acyl-
CoA synthetase long chain family member 3 (ACSL3) gene, expressed in both lung and
thymus tissue, was associated with childhood asthma. The most striking difference seen was
the increased methylation of the ASCL 3gene promoter in 81% of asthmatic children born to
mothers with high PAH exposure, compared to the 23% of the children born to mothers with
low PAH exposure.57 In another study of aNew Y ork City (NYC) cohort, prenatal exposure
to PAHs was associated with altered global methylation in umblical cord white blood cells
(UCWBC) which suggest that maternal airborne PAH exposure may influence the degree of
methylation.®8 Previous studies on animal models by Andersen er a.%° and Miller’® have
shown that exposure of the dam during third trimester to the PAH, 3-methylcholanthrene,
produced lung and liver tumor in her offspring. Our laboratory has also demonstrated that
exposure of preghant mice to a single dose of DBC (dibenzo[ def,f chrysene), a PAH, during
third trimester results in offspring mortality due to an aggressive T-cell lymphoblastic
leukemia. The 10 months survivors had a 100% incidence of pulmonary tumors and 70% of
the males had liver lesions.”! These studies indicate that the fetal genome and epigenome
are sensitive to PAH exposure and thus this stage of development is of importancein
assessing the efficiency of chemopreventive agents.

Bisphenol A

BPA isamonomer used primarily in the manufacture of polycarbonate plastics (used in
food and drink containers, dental materials) and epoxy resins (commonly used for lining and
protective packaging such as toys, food and drink cans, bottle tops and water supply pipes).
Due to extensive use of BPA, human exposure to the chemical isincreasing, according to
the Center for Disease Control and Prevention (CDC).”2 Studies have detected’374 BPA in
urine in 95% of adult human samples, suggesting human exposure to BPA is widespread.
The CDC studies have shown that children have higher body burdens of BPA than do

adol escents and adults. BPA exposure in the womb can also exert an adverse effect on
development of mammary gland, the immune system, brain and male and female
reproductive tracts. Pre- and perinatal exposure to BPA in rodentsis associated with
increased body weight, reduced sperm concentration, altered pituitary and reproductive
functions and also to the formation of breast and prostate cancer. "> BPA exposure can result
in altered phenotype through an epigenetic mechanism. Dolinoy et a/.1°> examined the shift
in coat color from yellow to brown in AYY mouse offspring after maternal exposure to BPA
and also documented the association of this phenotypic change with DNA hypomethylation
inthe IAP of the Agouti gene. Bromer et a.”° further demonstrated that /7 utero exposure to
BPA leads to aberrant methylation in the Hoxal0gene, responsible for embryo viability and
regulation of hematopoietic lineage commitment. Neonatal exposure at low doses of BPA
induces hypomethylation in the phosphodiesterase type 4 variant 4 (PDE4D4) genein
prostate tissue and increased susceptibility of prostate cancer with aging.”® These findings
help in understanding the mechanisms of epigenomic dysregulation during pre- and neonatal
exposure to BPA in acritical period of devel opment.

Epigenetic targeted therapy

Several therapeutic drugs and dietary phytochemicals are under consideration that target the
epigenome, identify epigenomic biomarkers and have promising resultsin cancer
prevention. Recent advances in molecular diagnostics have highlighted DNA methylation
machinery, histone modifications and miRNAs as highly promising targets for epigenetic
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therapy. However, there are many as-yet undiscovered molecules that play arolein the
cross-talk between different epigenetic pathways. Unlike conventional chemotherapy, the
goal of epigenetic treatments are not to kill the cancer cells directly but to restore the
expression and function of epigenetically silenced genes.

Gene silencing can be reactivated by using inhibitors of DNMTs which include nucleoside
and non-nucleoside inhibitors. Many studies have shown great potential in treatment of a
variety of cancers, particularly prostate, breast, colorectal, lung and leukemias with
nucleoside inhibitors like 5-azacytidine (Vidaza), 5-aza-2 -deoxycytidine (Dacogen), 5-
fluorouracil (Adrucil), arabinofuranosyl-5-azacytosine (Fazarabine), 1-5-D-
ribofuranosyl-2(1H)-pyrimidinone (Zebularine) and 2’,3’-dideoxycytidine (Zalcitabine).’’
5-Azacytidine and 5-aza-2’ -deoxycytidine are FDA-approved drugs for the treatment of
Myelodysplastic Syndrome (MDS). These agents arrest the release of DNMTs during
replication and thus result in reduction in the level of DNA methylation. Sequential
administration of demethylating drugs reactivates epigenetically silenced tumor suppressor
genes and thus the reversible nature of DNMT inhibitors makes an attractive tool for
epigenetic therapy. However, at higher concentration, these drugs induce chromosomal
aberrations and contribute to cytotoxicity due to their incorporation into both DNA and
RNA. Despite exciting results from nucleoside inhibitors, which have raised hopes for
cancer therapy and especialy for MDS, the clinical applications of these drugs are currently
limited due to their toxicity. Non-nucleoside inhibitors have drawn much attention in recent
years as they cause less toxicity and are not incorporated into DNA but still reactivate
transcriptionally silenced genes by demethylation of the promoter region. These include
procaine, procainamide, N-acetyl-procainamide, mitoxantrone, hydralazine, disulfiram’8,
RG-108, antisense oligodeoxynucleotides and natural compounds such as
epigallocatechin-3-gallate (EGCG), psammaplins and polyphenols. The most promising
ones are procaine and procainamide which inhibit DNMT activity by direct binding to CpG
rich sequences. For clinical applications, the challenge is characterizing the role of DNMT
inhibitors in combination with HDAC inhibitors and assessing the long-term efficacy and
safety of these agents. HDAC inhibitors (HDACI) are emerging as a new class of therapeutic
agents with promising applications for the treatment of cancer and non-cancer diseases.
Histone acetylases (HATs) and HDACs play amajor role in the regulation of gene
expression.”® HDAC inhibitors induce cell cycle arrest and cellular differentiation, increase
the expression of apoptotic genes and downregul ate the expression of angiogenic markers
such as vascular endothelia growth factor (VEGF) and the gene products that participate in
angiogenesis and metastasis.8%81 An imbal ance between these enzymes leads to
deregulation of transcriptional regulators and results in chromatin condensation (Fig. 3).
Various HDACis have been advanced for the treatment of different carcinomasin /n vitro
and /n vivomaodels. Belinostat and Panobinostat (small hydroxamic acid HDACis),
Mocetinostat and Entinostat (benzamide HDAC inhibitors) are being investigated for the
treatment of solid tumors82:83 and haematol ogical malignancy®* either alone or in
combination with other agents. VVorinostat, also known as SAHA, isthe first anticancer
agent receiving FDA approval for the treatment of T-cell lymphomaB®; and it has been used
in clinical trialsin patients for the treatment of solid tumors including ovarian cancer® and
non-small cell lung cancer (NSCLC).8” Romidepsin, anatural product derived from the
bacteria Chromobacterium violaceum, is FDA-approved for treatment of cutaneous T-cell
lymphoma (CTCL).

miRNAs have also been implicated in gene regulation, in addition to DNA methylation and
histone modification, and have recently gained attention as potential therapeutic targets.
Severa studies have explored therapeutic strategies for these deregulated tiny non-coding
RNAs in cancer. Epigenetic therapy based on DNMT and HDAC inhibitors could be used to
reactivate epigenetically silenced miRNA. The advantage of using miRNA therapy is that
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individual miRNA reexpression targets multiple genes/pathways. For example, miR-29
targets not only DNMT3a and DNMT3b but also DNMT1. Restoration of functional miR-29
family into alung cancer cell line reduced cytosine methylation in the promoter region of
tumor suppressor genes and reactivated the epigenetically silenced genes.88

Although experimental studies have shown DNMT and HDAC inhibitors are effective at
low doses, thus offsetting toxicities associated with them, there’ s still alot more to be
improved. One major concern about DNMT inhibitorsis the return of an aberrant DNA
methylation pattern once the treatment period terminates.3% Secondly, HDAC inhibitors-
induced DNA damage in normal cells also.% Other concerns are that DNMT and HDAC
inhibitors can potentially activate oncogenes due to lack of specificity.®! Further studies are
needed to characterize the epigenetic regulation of miRNAS by these chromatin modifying
drugs. Thus there is aneed for the devel opment of safe epigenetic chemopreventive agents
in terms of long term protection and for future generations.

Dietary Agents and Cancer Chemoprevention

Alkaloids

Severa dietary factors are well known for their chemopreventive effects, anong which
dietary phytochemicals constitute a distinct group with anti-cancer activity. Phytochemicals
are nonessential nutrients and can play amajor role in disease prevention. Many
phytochemicals, such as polyphenols, flavanoids, allyl sulfides and carotenoids, exhibit
strong antioxidant and anticarcinogenic activities.9

Phytochemicals, such as saponins, damage cancer cells by blocking cell replication and by
stimulating cancer-fighting enzymes. Thereis a need to identify novel and promising
approaches that use either pharmaceutical or natural agents that can suppress or prevent the
premalignant lesions from developing or becoming invasive cancer. Epigenetic therapy by
dietary phytochemicalsis an emerging area of cancer research that could be an effective and
valuable approach in fighting cancer at the level of gene expression. Studies conducted to
date have shown significant effects from many dietary agents that target epigenetic
pathways in preventing cancer and still many more agents are in the pipeline. The present
article will summarize the epigenetic chemopreventive role of existing dietary
phytochemicals in various human cancers and in the transplacental model developed by our
research group.1:93.94 We discussed some of the early findings that /1 utero exposure to
carcinogens may contribute to the development of chronic disease including cancer. A key
guestion arises as to whether the exposure to dietary phytochemicals during lactation and
pregnancy could modify the fetal epigenome providing protection to the offspring. Figure 4
gives asummary of dietary phytochemicals used in various human cancers and in
transplacental studies.

Alkaloids are naturally occurring compounds, derived from bacteria, fungi, plant sources
and animals, and contain one or more basic nitrogen atoms. They possess antitumorigenic
properties as well as antiaging and antiviral possibilities. Examples are: colchicine, piperine,
quinine, emetine, brucine, caffeine and coniine. Among these, caffeic acid (3,4-dihydroxy-
cinnamic acid) and chlorogenic acid (3-(3,4-dihydroxycinnamoyl)quinate), are naturally
occurring dietary polyphenolic phytochemicals, widely distributed in many plants including
coffee beans, that also act as antioxidant and carcinogenic inhibitors and are studied as DNA
demethylating agents.%> Suppression by caffeic acid is more effective than chlorogenic
acid.Caffeic acid may have utility in chemoprevention against skin cancer.% Caffeic acid
and chlorogenic acid inhibited DNA methylation through the formation of S-adenosyl-L -
homocysteine (SAH).7 Interestingly, caffeic acid also revealed an ability to reduce HDAC
activity in HT-29 human colon carcinoma® and Hel a cells. %9
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Recently, Han er a/.190 showed that caffeic acid 3,4-dihydroxy phenylethyl ester (CADPE)
also has tumor-shrinking properties. The authors of this study observed that CADPE
suppresses matrix metalloproteinase-9 (MM P-9) activity by inhibiting phosphorylation of
FAK, MEK and ERK 1/2 kinases in gastric carcinoma. Castro et a.%3 developed a mouse
model of transplacental induction of lymphoma, lung and liver cancer by the PAH,
dibenzo[ g/]pyrene (DBP), and observed significant protection against T-cell lymphoma
mortality when dams were administered caffeine in their drinking water. However, Bakker
et al.101 studied the effect of caffeine intake in 7346 pregnant women from early pregnancy
and found that high caffeine intake (>6 units/d) during pregnancy is associated with
impaired fetal growth. Cytochrome P450 1A2 (CY P1A2), an enzyme involved in caffeine
metabolism, is absent in the placenta and fetus. Caffeine and its metabolites can easily pass
through placental barrier and adversely influence fetal programming.192 This helpsin
understanding how maternal diet during critical periods of development can have life-long
conseguences.

Therisk to the fetus from gestational caffeine exposure remains the most immediate concern
but the available literature suggests no harmful effects in babies born to mothers consuming
moderate amounts of caffeine.193 However, the underlying mechanism of the adverse effect
of high caffeine intake in offspring during early development remains to be fully
established.

Flavanoids

Curcumin

Quercetin

Curcumin, a component of the perennial herbaceous plant Curcuma /longaand also a caffeic
acid derivative, has been shown to reverse epigenetic alterations that play arolein
development and progression of tumors. Recent evidence has suggested that curcumin is
able to activate genes which were silenced by hypermethylation in colon cancerl%4 and also
induce global hypomethylation in leukemia. 102

Studies provide evidence that curcumin suppresses HDAC activity both /n vitroand in vivo
cancer models. Lee e &.1% reported that curcumin supressed HDACA4 activity, increased
tubulin acetylation and induced apoptosis and cell cycle arrest in medulloblastoma cells.
These authors have also shown an antitumor effect of curcumin in a xenograft model, which
suggests that it has chemopreventive potential for medull oblastoma.

There is mounting evidence that curcumin may regulate expression of various genes which,
in turn, can influences various cancer-associated pathways, e.g. PI3K/Akt, apoptosis,
STAT3, NF-kB, MAPK and Wnt signalling pathways!97-199, and may also regulate
miRNAs. Dueto its low oral bioavailability, a concentration of 10M may not be
acheivable /n vivo. Interestingly, miRNA expression profiling in curcumin treated
pancreatic cancer cells at a concentration of 10 wM/L revealed 11 upregulated and 18
downregulated miRNAs, which in turn, regulates many genes critical for tumorigenesis. 110

Neonatal exposure during lactation to curcumin modulated the hepatic detoxifying
machinery in lactating dams and F1 generation by inducing the expression of glutathione-S-
transferase (GST), cytochrome b5, and CYP aswell as acid soluble sulfhydryls 111112,

Quercetin, aflavanoid found in large amounts in apple skin, onion, tea and red wine, has
been studied extensively as a chemotherapeutic model for various cancers. The mutagenicity
of quercetin has been known for along time. Recently, this flavanoid has also drawn greater
attention for its chemopreventive properties due to its antioxidant and antitumor potential.
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Quercetin induces growth arrest by regulating cell cycle and apoptotic genesin human
esophageal squamous cell carcinomal!3, breast114, lung1® and liver!16 cancer cells. Tan et
al117 found reversal of hypermethylation and reactivation of the p16INK4agenein a
guercetin-treated human colon RKO cancer cell line. Quercetin also mediates decreasesin
histone H3 acetylation in prostate cancer, resulting in reduced expression of survivin, a
member of afamily of inhibitors of apoptosis.118 These results suggested an interference of
guercetin with methylation patterns and histone alterations that contributes to the initiation
and progression of human cancers.

Maternal diet containing quercetin significantly enhanced expression of Cyplal, Cypibl,
Ngoland Ugtia6in mouse fetal liver tissues at GD14.5 which aso persisted into adulthood
in atissue- and gender-dependent manner.119 Prenatal quercetin exposure also produced
hypomethylation of repetitive elements (S/INVEBI) in liver of adult female mice. Vanhees e
al.16 have also shown that transplacental exposure to quercetin introduces double-stranded
breaks into DNA and also causes rearrangement of the mixed-lineage leukemia (MLL) gene
in humanized transgenic mice (homozygous/heterozygous expressing human ATM
mutation, Atm-ASRI). There are still some unanswered questions regarding ideal dosage
and whether quercetin is a safe supplement in cancer therapy.

(—) Epigallocatechin-3-gallate

EGCG, a green-tea-derived polyphenol derived from the Camellia sinensisplant, has
potential clinical applications for preventing various diseases and as a chemotherapeutic
agent in several cancers. EGCG has been reported to efficiently block the growth of cancer
cell lines, and so isapotential tool for cancer prevention. Berletch er &.120 observed
decreases in promoter methylation in human telomerase reverse transcriptase (hnTERT),
increased histone H3Lys9 acetylation in MCF-7 breast cancer cells and HL60 promyelocytic
leukemia cells with EGCG treatment. Reduced DNMT1, DNMT3aand DNMT3b
expression, histone deacetylase activity and increased acetylated activity of H3 and H4 was
observed in EGCG-treated /n vitroand in vivomodels of skin cancer.121

Little research has been undertaken on the impact of green tea and EGCG on the fetus. The
transplacental chemoprevention for lymphoma by green teain our murine model appeared to
be due to caffeine although decaffeinated green tea and EGCG alone decreased lung tumor
multiplicity by 40%.92 It has also been shown that maternal tea intake, not caffeine, during
the preconceptual period is associated with developmental neural tube defects'?2. Some
maternal toxicity was also seen after the administration of >91% pure EGCG to pregnant
rats during organogenesis, however, there was no evidence of embryotoxicity123, Park et
al.124 studied the effect of green tea extract on fetal skeletal abnormalitiesin rats induced by
cyclophosphamide. Pregnant rats were given 100 mg/kg green tea extract by gavage and 11
mg/kg cyclophosphamide by intraperitoneal injection. Administration of cyclophosphamide
along with green tea extract caused body weight loss and fetal abnormalities. Furthermore,
repeated green tea treatment resulted in increased expression of CY P2B and reduced the
expression of CYP3A. The practical consequence of this observation suggests that repeated
intake of green tearesultsin fetal deformity by altering the expression of CYP2B and
CYP3B genes. Theseinitia studies raise important question/concern(s) of whether
epigenetic mechanisms contribute substantially to toxicity.

Monoterpenes

Limonene

M onoterpenes are naturally occurring compounds that contain many plant essential oils.
Limonene (also known as d-limonene) from orange peel; perillyl alcohol from lavender and
peppermint have been widely used in cancer chemoprevention. Elegbede et a/.12° found that
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rats treated with 7,12-dimethylbenz[a] anthracene (DMBA), along with 5% orange pedl oil,
had a significantly lower risk of developing mammary cancer than with DMBA alone.
DMBA transplacental and translactation carcinogenesis models, devel oped by Rao and
Hashimal28, observed reduction in multiple-site tumor incidence in the F1 generation. The
chemopreventive action of the food seasoning spice mixture garam masala (Indian spice),
containing monoterpenes significantly reduced the tumor incidence in F1 progeny from 62%
to 19% when dams were fed garam masala during GD13-19 and to 10% when fed during
GD15-17. A similar trend in tumor incidence at multiple sitesin F1 progeny was also seen
in atrandactational carcinogenesis model when garam masala was given to lactating mice at
concentrations of 10 and 30 mg/day during the first 15 days of lactation. The mechanism by
which limonene has chemopreventive effect is still unclear. This transplacental and
tranglactational chemopreventive model has been shown to effect F1 generation, but the
transmission across multiple generations has not been thoroughly studied. Reports on
transgenerational inheritance in humans are also very limited. While unanswered questions
till remain, evidence points to awindow of susceptibility early in life when the developing
fetusis particularly vulnerable to environmental influences. Whether there is any connection
between epigenetic and genetic regulation by limonene has not been well established. More
detailed mechanistic studies are required to assess the potential usefulness of monoterpenes
in cancer chemoprevention.

Isoflavones

Daidzein and Genistein

| soflavones from soybeans, daidzein and genistein, show tremendous potential as anticancer
agents. These naturally occurring compounds, widely distributed in many soy products and
certain herbs such as red clover and have attracted much attention recently due to their
antioxidant and antitumor properties in prostate, breast, colon, pancreas and cervix.12?

I soflavones, from soybeans, exhibit estrogenic and antiestrogenic effects and have provided
beneficial effects among postmenopausa women.128 Daidzein conversion by intestinal
bacteriato equol, another isoflavone, has been shown to be more potent than estradiol in
inducing the expression of the estrogen-responsive pS2 gene and in effecting cellular
proliferation in MCF7 breast cancer cells.12° Guo et a.130 highlighted the antiproliferative
effects of daidzein on estrogen positive (MiaPaCa-2) and estrogen negative (PANC-1)
pancreatic cancer cells. Effects of daidzein and genistein were al so reported by Singh-Gupta
et a.131 in mice bearing a PC-3-derived prostate tumor; daidzein inhibited metastasis to
lymph nodes and act as a radiosensitizer.

Fang er a.132 found a strong effect of genistein on reversal of epigenetic silencing of RARB
and an additional role in inhibiting DNMT and HDAC activity as compared to daidzein and
Biochanin A in androgen-responsive human prostate carcinoma (LNCaP) and PC-3 prostate
cells. The demethylating effect of daidzein and genistein was also observed on BRCA,
EPHBZ2and GSTPI genes in human prostate cancer DU-145 and the PC-3 cell lines.133

Diadzein and genistein can cross the placenta and have been found in breast milk and animal
studies have shown protection against cancer when given during early stages of
development.134.135 gypplementing the maternal diet with genistein during gestation alters
the coat color of heterozygous A'Y/aoffspring toward pseudoagouti due to increased
expression of the Agouti gene.” Hypermethylation of repetitive elements was observed
during prenatal exposure of genistein which also effects fetal erythropoiesis. 136 All of these
results suggest that genistein, daidzein and other isoflavones may produce additive or even
synergistic effects in inhibiting cancer growth.
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Carotenoids

B-carotene

Lycopene

Carotenoids are yellow/orange/red pigmentsin fruits, vegetables and whole grains. -
Carotene, the main source of vitamin A and its derivative retinoic acid, has been reported to
have beneficial effectsin patients with asthma, cataracts and heart disease!37-139 and it also
has been linked to reduced prostate cancer risk. The effect of maternal B-carotene
supplementation, during pregnancy and lactation, in the hope of improving fetal loss and
infant survival, was assessed in 43,559 women in Nepal. Compared with control, B-carotene
supplementation did not have any discernable effect in reducing fetal 1oss and early infant
death140, Evidence of such an effect has also been reported in Bangladesh, where the weekly
use of vitamin A or B-carotene did not reduce fetal loss or infant mortality4L, It remainsto
be seen whether p-carotene, in combination with other vitamins and dietary components can
improve fetal and infant survival and has the potential for epigenetic reprogramming.

Lycopene, a carotenoid, has been found to possess antioxidant and antitumor properties. The
highest source of lycopenein the typical diet istomato, although other food sources such as
guava, apricot, watermelon and papaya also provide lycopene but in smaller amounts.142
King-Batoon et al.143 have shown that lycopene at 2 uM alters GSTPI, RARB and HIN-1
gene expression in non-cancer fibrocystic breast cells by demethylating the promoter region.
The results of some epidemiological studies suggest that higher intake of lycopene reduces
the risk of cancer!#* and cardiovascular diseases.138

The lycopene content in the maternal diet has also been proven to prevent inadequate growth
of the fetus!4>, but the underlying mechanism is still unclear.

Isothiocyanates

Sulforaphane

Indoles

| sothiocyanates, such as phenethylisothiocyanate (PEITC) and sulforaphane (SFN), have
been shown to prevent tumorigenesis in /n vitroand in vivo models.146:147 The major source
of isothiocyanates, are cruciferous vegetables such as broccoli, Brussels sprouts, kale,
radish, cabbage, watercress and turnip. Several lines of evidence provide a strong case for
SFN-mediating chemoprotection through various cellular (apoptosis and cell cycle arrest)
and epigenetic mechanisms. Recently, the ability of SFN to inhibit DNMT activity has been
discovered in breast cancer stem cells. 148 Our laboratory has aso found that SFN treatments
in human T-cell acute lymphoblastic (T-ALL) cells significantly reduce DNMT1 and
DNMT3b activity (unpublished data) which supports other studies providing key evidence
for SFN impacting epigenetics. The effect of SFN on HDAC activity has also been shown in
cancer models.146:147 gyiforaphane has the ability to inhibit breast cancer stem cells and it
aso plays arole in downregulating the Wnt signaling pathway.148 Meeran er a.14° also
tested this compound as a demethylating agent. Although research on SFN asa
chemopreventive agent is very promising for many cancers, determining the degree of
chemoprotection by SFN for the fetus during /n utero and lactational exposure to
carcinogensis till achallenging task.

Indole-3-Carbinol (I3C) and Diindolylmethane (DIM)

I3C isacommon dietary constituent present in almost all cruciferous vegetables. 13C is
known to induce estrogen metabolism and has been demonstrated to reduce the risk of

Nutr Rev. Author manuscript; available in PMC 2014 July O1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kaur et al.

Stilbenes

Resveratrol

Page 14

breast1®0 and cervical 15! cancers as well as having asignificant effect in reducing prostate
tumors!®2 /n vitroand in vivo. 13C is converted in the gut into a variety of condensation
products. 153 DIM, a phytonutrient also found in cruciferous vegetables, is derived from
digestion of 13C and is aso known to possess cancer chemopreventive and
chemotherapeutic properties. 13C and DIM supplementation increase the activity of certain
detoxification enzymes and facilitates elimination of carcinogens.1>2 Gene expression
profiling studies have revealed that 13C and DIM regulate the transcription of genes
involved in cell cycle regulation, cell proliferation, signal transduction and other cellular
processes in prostate cancer cells.152 Our lab has also examined the risk/benefit of these
chemoprotective phytochemicals in the transplacental mouse carcinogenesis model
employing the PAH dibenzo[ def, 4 chrysene (DBC, aso known as dibenzo[ g/ pyrene).
Maternal diet supplementation with 13C from GD?9 till weaning significantly reduced lung
cancer mortality in offspring to 10 months of age’!, which suggests that offspring born to
mothers consuming chemoprotective phytochemicals exhibit significant protection against
PAH-dependent cancer. Recently, Li ef &. examined the effect of DIM on HDAC activity in
colon cancer cells and observed the proteasome—mediated degradation of HDAC 1, 2, 3 and
8 with increased protein expression of p21 and p27genesin HT-29 cells following DIM
treatment. Growing evidence suggests that isothiocyanates and cruciferous vegetables
provide an avenue for epigenetic therapy to fight cancer.

Resveratrol (3,5,4’ -trihydroxystilbene) is a potent dietary antioxidant compound present in
grapes, peanuts, berries and red wine. Resveratrol possesses promising cancer
chemopreventive properties against the three mgjor carcinogenesis stages, initiation,
promotion and progression, by inducing phase I drug metabolizing enzymes and inhibiting
cyclooxygenases and peroxidases. Resveratrol induces human promyelocytic leukemia cell
differentiation.154 Dietary administration of all-trans retinoic acid (ATRA), vitamin D3 and
resveratrol alone, or in combination, to MCF-7 and MDA-MB-231 breast cancer cellswas
associated with reduced PTEN promoter methylation due to DNMT downregulation and p21
upregulation which shows the promise of plant-based dietary agents for cancer
prevention.155 Maternal exposure to awide variety of endocrine disruptors including
resveratrol showed transient effects on the reproductive tracts and mammary glandsin
offsprings.1%6

Conclusion

Epigenetic mechanisms function as an interface between environmental factors, dietary
factors and the genome, and are effective in altering cellular machinery during early
embryonal, neonatal development, onset of puberty and old age. The early devel opment
stage is highly sensitive to combinations of genetic and environmental insults since the DNA
replication rate is high and establishment of the DNA methylation pattern occurs during
embryogenesis. With respect to long-term effects on human health and for further
generations, epigenetic dysregulation is a hallmark of various diseases and cancer. Various
dietary and lifestyle factors and environmental variation experienced by parents, before
mating, may have an influence on offspring behavior and devel opment, inherited by
germline cells. Recent findings indicate that alterations in the /n utero environment promote
a permanent change in the gamete epigenome and may have an impact on the transcriptomes
of developing organs which perpetuates in successive generations. For instance, BPA
exposure in rats during gestation (Fg generation) alters expression of testicular steroid
receptor coregulatorsin Fy, F, and F3 generations.!>’ Vinclozolin exposure leads to an
atered DNA methylation pattern of imprinted genes in subsequent generations®® and also
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increases infertility by reducing sperm count which lasts for four generations. 129 If these
environmental agents can reprogram early development and induce transgenerational
diseases then protective phytochemicals given in maternal diet may be able to prevent future
generations from diseases and cancer. Experimenta animal studies have proven that
maternal diet isan important factor in shaping the epigenome of her offspring.

The exciting field of nutritional epigenomicsis particularly concerned with how nutrients
affect the epigenome and potential as a chemotherapy medication for prevention and
treatment of various diseases including cancer. Although individual dietary components
targeting DNA methylation, HDAC activity and miRNAs discussed in thisreview article,
have chemopreventive potential, the effect of a combination of dietary components, which is
still at early stage, could be a promising strategy for chemoprevention and therapy (Fig. 3).

Despite significant advances, little is known about the mechanism of action of cancer
protection by many phytochemicals and many questions remain to be answered such as:

»  Although, these dietary phytochemicals are considered to be safe, what dosages/
concentrations are likely to be effective in humans and by what mechanism(s)?

» Intransplacental studies, what isthe critical time window in /n utero exposure and
during certain growth phases?

»  What isthe bioavailability of dietary supplements?

Nanomaterials encapsulation technology enhances bioavailability and offers significant
promise for chemoprevention. Recently, afew studies attempted nano therapies in human
cancer cdll lines by encapsulating various dietary phytochemicals such as curcumin,
resveratrol, EGCG and genistein (reviewedin 160) jn nanoparticles to circumvent the issues of
poor bioavailability with dietary agents.

Reliable high throughput approaches such as methylation microarrays, transcriptomics and
proteomics profiling to identify diet modulated signatures, which might serve as surrogate
biomarkers, have implications for cancer chemoprevention and can also be used in
transplacental fetal therapy.
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Abbreviations

ALL Acute Lymphoblastic Leukemia
Avy Agouti viable yellow

BPA Bisphenol A

CYP2E1 Cytochrome P450 2E1

DIM 3,3’-Diindolylmethane

DNMT DNA methytransferase

EGCG Epigallocatechin-3-gallate

GD1 Gestational Day1
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13C Indole-3-carbinol
MiRNA microRNA
PAHs Polycyclic Aromatic Hydrocarbons
SFN Sulforaphane
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Fig.1. Impact of maternal diet on fetal epigenetic mechanisms

Maternal dietary, lifestyle and environmental factors have an important impact on fetal
epigenetic mechanisms (DNA methylation, histone modifications and RNA interference),
regulating the epigenome, which in turn contributes to phenotypic and genotypic change.
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Fig. 2. Epigenetic consequences of fetal programming

In mammals, epigenetic reprogramming occurs in two phases. Primordial Germ Cells
(PGCs), derived from epiblast, start to migrate to the germinal ridge after E7.25 and
proliferate and differentiate. Highly methylated PGCs undergo loss of methylation after the
arrival of PGCsin the genital ridge. Thisfirst phase of demethylation also coincides with
erasure and reestablishment of imprinted differentially methylated regions (DMRs). The
second round of reprogramming occurs between fertilization and blastocyst formation. After
fertilization, active demethylation of paternal pronucleus occurs in the zygote followed by
the step-wise decline in methylation until the morula stage which is known as passive
demethylation. De rnovo methylation occurs at the blastocyst stage and the new DNA
methylation pattern are established and copied through successive cell divisions. Exposure
of the pregnant female to environmental toxicant affects the F1 generation embryo and F2
generation germline.
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Fig. 3. Dietary phytochemicalsimpacting three epigenetic codes

Schematic view showing possible effects of epigenetic changes of gene silencing during
carcinogenesis. Epigenetic processes are important in regulating gene activity and are
susceptible to epigenetic dysregulation by environmental toxicants. This dysregulation
involves the aberrant methylation of CpG sites which in turn recruits CpG binding protein
(methyl binding protein) and HDACs and changes the chromatin structure. miRNA
interference leads to inhibition of MRNA tranglation. Strategies to reverse the epigenetic
changes by the combination of dietary components, could be a chemopreventive approach to
control tumorigenesis.
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Fig. 4. Various dietary phytochemicalswith chemical structure and rolein general cancersand
transplacental models
This figure depicts major dietary phytochemicals with epigenetic targets having effect on
various cancers and in transplacental studies. Dietary agents which are still untested for
epigenetic targets are shown with question mark (?). For illustrative purpose only, these
images were taken from different websites.
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