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Abstract

Although genetics determines endocrine phenotypes, it cannot fully explain the great variability
and reversibility of the system in response to environmental changes. Evidence now suggests that
epigenetics, i.e. heritable but reversible changes in gene function without changes in nucleotide
sequence, links genetics and environment in shaping endocrine function. Epigenetic mechanisms,
including DNA methylation, histone modification, and microRNA, partition the genome into
active and inactive domains based on endogenous and exogenous environmental changes and
developmental stages, creating phenotype plasticity that can explain interindividual and population
endocrine variability. We will review the current understanding of epigenetics in endocrinology,
specifically, the regulation by epigenetics of the three levels of hormone action (synthesis and
release, circulating and target tissue levels, and target-organ responsiveness) and the epigenetic
action of endocrine disruptors. We will also discuss the impacts of hormones on epigenetics. We
propose a three-dimensional model (genetics, environment, and developmental stage) to explain
the phenomena related to progressive changes in endocrine functions with age, the early origin of
endocrine disorders, phenotype discordance between monozygotic twins, rapid shifts in disease
patterns among populations experiencing major lifestyle changes such as immigration, and the
many endocrine disruptions in contemporary life. We emphasize that the key for understanding
epigenetics in endocrinology is the identification, through advanced high-throughput screening
technologies, of plasticity genes or loci that respond directly to a specific environmental stimulus.
Investigations to determine whether epigenetic changes induced by today's lifestyles or
environmental “exposures' can be inherited and are reversible should open doors for applying
epigenetics to the prevention and treatment of endocrine disorders.

Introduction and background

The most simplistic view of an endocrine axis is one that involves the release of a hormone
from an endocrine gland, in response to a stimulus, into the circulation. The hormones reach
all body cells but elicit changes only in target organs that express cognate receptors, and
hormone—-receptor interactions transduce the message encoded in the hormone to cellular
responses. Thus, at least three levels of regulation govern the normal functioning of an
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endocrine axis: the proper synthesis and timely release of the hormone; the maintenance of
an effective hormone level in the circulation; and the expression of appropriate levels of
functional receptors in target organs. Positive- or negative-feedback loops operate to
accentuate or mitigate respectively the action of a hormone by modulating its release and/or
end-organ responsiveness. The malfunctioning or dysregulation at any of these three levels
of control or the disruption of a key feedback loop could result in the initiation or
progression of endocrine disease.

In this review, we describe current advances and understanding of epigenetics in
endocrinology by searching PubMed, GeneCards, and Entrez Gene databases for current
state of knowledge of epigenetics and endocrinology. This article addresses the topic from
the cellular and the organismal level. Specifically, it will review how epigenetics regulates
the three levels of hormone action (synthesis and release, circulating and target tissue
hormone levels, and target-organ responsiveness) and serves as a key mediator of endocrine
disruption, and will provide insights into why epigenetics is the missing link between
genetics, the environment, and endocrine functions.

Genetics as a key determinant of endocrine function

Genetics is traditionally viewed as the sole factor controlling the differentiation and function
of various endocrine axes. As such, mutations in key hormone-synthesis genes cause
endocrine disorders (Lobato et al. 1999, Scully & Rosenfeld 2002, Davis et al. 2009,
Montanelli & Tonacchera 2010). However, mutational events are rare and cannot explain
the high interindividual and interpopulation variability observed in the endocrine system.
Genetic polymorphisms are present in the population at a higher frequency than mutation
and are considered as normal variations in the genome. They are responsible for many of the
normal differences in endocrine function and susceptibility to disorders observed among
individuals or populations (Correa et al. 1999, Franceschi et al. 2005, Rubello et al. 2005,
Lee et al. 2008). A genome-wide association study recently identified and confirmed
multiple susceptibility variants in at least ten loci for type 2 diabetes (Scott et al. 2007).
Thus, the normal development and function of the endocrine system and its variability
among people are, without a doubt, highly dependent on genetic control. However, genetic
mutations and variability either are inherited from a parent or are acquired during one's
lifetime. The inherited variability is static and does not change in response to the
environment. The acquired variability can be caused by an environmental factor such as u.v.
radiation from the sun (exogenous) or reactive oxygen species generated during metabolism
(endogenous). But once acquired these effects are permanent and irreversible. Thus,
inherited and acquired variability, either alone or in concert, cannot fully explain the high
degree of variability and the reversibility of the endocrine system in response to the
environment.

Phenotype plasticity and developmental plasticity: bases of genotype by

environment interaction

The environment, endogenous or exogenous, plays a highly significant role in determining
the function and variability of an endocrine axis. Most cells or organs have various degrees
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of phenotypic plasticity, whereby the phenotype expressed by a genotype is dependent on
environmental influences (Feinberg 2007). This is best illustrated by studies in discordant
phenotypes in monozygotic (MZ) twins (Fraga et al. 2005) showing that the genetic
contribution to endocrine disorders such as type 1 diabetes and Graves' disease (Gale et al.
2001) is 30-50%, whereas acquired obesity — a change in endogenous environment —
contributes over 50% to the risk of insulin resistance in MZ twin pairs (Pietilainen et al.
2008). Collectively, these findings indicate that nongenetic factors, including the
environment, are important determinants of variability in endocrine function and risk of
disorders. Endocrine glands and their target organs, because they function to maintain
homeostasis in the body, must be highly responsive to environmental changes.

In addition to changing transcriptional programs in response to an environmental stimulus,
endocrine tissues can use developmental plasticity (Bateson et al. 2004) to establish adaptive
phenotypes that have a more long-lasting impact. Such responses are long-term adjustments
of an endocrine axis, which are based on present guesses about the probable demands in
later life. Plastic responses that evolved to confer benefits in later life are more likely to be
established during critical developmental periods such as in utero, during puberty, and
during pregnancy, times of great tissue differentiation (Kuzawa & Quinn 2009). These
adaptive traits are usually beneficial to the health of the individual. However, exceptions
arise when an individual who is developmentally adapted to one environment is exposed to a
contradictory environment. A high degree of mismatch between the adaptive trait and the
future environment, which includes aging, changes in lifestyle, or the introduction of new
chemicals, pathogens, and pollutants, may increase the risk of developing disease. Prime
examples are the strong correlations observed between hyponutrition and/or low birth
weight with many endocrine disorders related to thyroid function, calcium balance,
utilization of glucose, insulin sensitivity, and adrenal gland function (Vaag & Poulsen 2007,
Hyman et al. 2009, Latini et al. 2009).

The mechanisms underlying the interactions of genetics and the environment, which
produce an adaptive phenotype in an endocrine axis, remain elusive. However, a growing
body of literature suggests that the missing connection resides in epigenetics, a pivotal
mechanism of interactions between genes and the environment (Jaenisch & Bird 2003, Cook
et al. 2005, Jirtle & Skinner 2007, Tang & Ho 2007, Vaag & Poulsen 2007, Ling & Groop
2009; Fig. 1).

Epigenetic mechanisms that landscape the genome

Epigenetic modifications defined as heritable changes in gene function that occur without a
change in the nucleotide sequence (Bird 2007, Goldberg et al. 2007, Berger et al. 2009).
They are mitotically and transgenerationally inheritable (Rakyan et al. 2002, 2003, Hitchins
et al. 2007) and potentially reversible (Bannister & Kouzarides 2005, Weaver et al. 2005).
The most studied mechanisms known to affect the epigenome are DNA methylation, histone
modification, and aberrant expression of microRNAs (miRNAs; Esteller 2005). These
processes along with other epigenetic events determine when and whether various sets of
genes are expressed in a tissue or cell. They therefore play crucial roles in determining the
transcriptional programs of the endocrine glands and their target organs (Crews &
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McLachlan 2006, Deladoey et al. 2007, Musri et al. 2007, Tang & Ho 2007, Rampersaud et
al. 2008, Ling & Groop 2009, Blaustein 2010). Inherited or sporadic epimutations (Holliday
1991) or dysregulation of the epigenome in an endocrine gland or its target organs could
lead to disease development. In principle, epigenetic changes are reversible because no
primary DNA sequences or chromosomal changes are involved. This unique property
provides an explanation for the versatility of the endocrine system and affords great
opportunities for devising intervention strategies (e.g. lifestyle changes) and epigenetic
therapies (Ganesan et al. 2009).

DNA methylation involves the addition of a methyl group to the 5" position of the cytosine
pyrimidine ring and targets primarily the cytosine residues in CpG dinucleotides (Ooi et al.
2009). CpG dinucleotides are underrepresented in the mammalian genome (1-2%) but tend
to cluster as CpG islands in gene promoter regions. Hypermethylation of promoter CpG
island is commonly associated with transcriptional silencing, but exactly how this is
achieved is less clear. It has been proposed that the methylated promoter has reduced affinity
for transcriptional factors and that it tends to associate with methylated DNA-binding
proteins (e.g. MeCP2, MBD1, MBD2, MBD3, and MBD4; Bogdanovic & Veenstra 2009),
which further recruit histone deacetyltransferases and other corepressors. Methylated
promoters are also associated with unique repressive histone markers (see below, Tiwari et
al. 2008). DNA methylation requires the activity of DNA methyltransferases (DNMTS).
DNMT1 is responsible for reproducing the DNA methylation pattern of the parent cell in its
daughter cells (maintenance methylation), whereas DNMT3a and DNMT3b (de novo
methylation) can generate new methylation patterns in quiescent cells (Hermann et al. 2004,
Siedlecki & Zielenkiewicz 2006). The mechanism of DNA demethylation is less well
understood. Loss of binding to methylated DNA-binding proteins may allow the promoter to
enter into a state of transcription. However, the association of methylated DNA with MBD2
or MBD4 has been proposed to induce active DNA demethylation, a hypothesis that is still
under serious debate (Lal & Bromberg 2009, Patra & Bettuzzi 2009).

Histones are special proteins that facilitate the packaging of the DNA into nucleosomes, the
basic building block of the chromatin. Posttranslational modifications such as acetylation,
methylation, phosphorylation, sumoylation, and ubiquitination occur at specific residues in
histones N-terminal tails (Cosgrove et al. 2004). These modifications determine whether the
DNA wrapped around histones is accessible to the transcriptional machinery. Specific
histone modifications are associated with gene activation and silencing and also regulate
other chromatin remodeling events that control transcription, replication, recombination, and
higher-order chromosomal organization (Clapier & Cairns 2009). Chromatin structure is
now recognized as a primary target of signal transduction (Cheung et al. 2000) whereby
extracellular signals, including those encoded in hormones such as IGF1, are transduced to
genomic events via specific histone modifications (Sun & D'Ercole 2006). Histones are
modified by specific enzymes that include histone acetyltransferases, histone deacetylases,
and histone methyltransferases (Miremadi et al. 2007). In most instances, histone
modifications work hand-in-hand with DNA methylation to achieve short- and long-term
changes in transcriptional programs through transient or permanent reorganization of the
chromatin architecture (Kondo 2009; Fig. 2).
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miRNAs function as posttranscriptional regulators of cognate target gene expression
(Rodriguez et al. 2004). They are a class of small noncoding RNAs produced from either
their own genes or introns/exons of other genes. They bind to target mMRNAs with complete
or incomplete complementarities and/or degrade/modify target mMRNAS to suppress protein
translation (Cannell et al. 2008). Therefore, one miRNA may target multiple mRNAs and
one mMRNA may be regulated by different miRNAs. Because of the high false-positive rate
of current prediction programs for miRNA targets, the validation process of miRNA targets
is laborious and time consuming (Wang & Wang 2006). Thus, although the field is still in an
early stage of development, it holds great potential to reveal a new level of epigenetic
regulation.

With the rapid advances in technologies for high-throughput global analysis of DNA
methylation, histone modification, and miRNA profiling (Kong et al. 2009) and the advent
of next-generation sequencing technology (Metzker 2010), we expect an explosive phase of
growth in genome and epigenome science. Along with these advances will be a significant
deepening of our understanding of the interplay of genetics and epigenetics with the
environment in sculpting the endocrine system at the individual and population level and of
the etiology of endocrine disorders.

Epigenetic regulation of the action of steroid hormones, thyroid hormones,

retinoic acid, and calcitriol

A recent review has discussed certain aspects of epigenetic regulation of the expression of
genes involved in steroid biosynthesis and action (Martinez-Arguelles & Papadopoulos
2010). In this review, we have presented additional insights into this topic.

Steroid hormones, thyroid hormone (triiodothyronine and thyroxine), retinoic acid (vitamin
A), and calcitriol belong to a family of hormones that signal through the nuclear receptors
that act as transcriptional factors (Evans 1988). Calcitriol (Huhtakangas et al. 2004) is
derived from vitamin D from dietary sources or manufactured in the skin from sun exposure;
steroid hormones are synthesized by the adrenal glands and the gonads; and thyroid
hormones are synthesized in the thyroid gland. All of these hormones are small lipophilic
molecules that can pass through the cell membrane and even reach the chromatin directly.
Traditionally, these hormones have been thought to interact with their cognate nuclear
receptors, which form a superfamily comprising two broad classes (Evans 1988, Novac &
Heinzel 2004). Type | nuclear receptors reside in the cytosol through interaction with heat—
shock proteins. When these hormones bind to type | receptors, the receptors are activated,
released from the heat—shock complex, and translocated to the cell nucleus, where they bind
to DNA sequences known as hormone-responsive elements and initiate transcription. Type
Il receptors reside in the nucleus even in the absence of ligand and bind to cis-elements as
heterodimers.

Both the circulating levels of steroid hormones and the levels of active hormones in target
organs are dependent on the rate of biosynthesis, the levels of steroid hormone-binding
proteins in circulation, and the balance between metabolic activation and degradation in the
target tissues. Ultimately, the levels of free steroid present in the target organs determine the
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degree of hormonal stimulation. Genes encoding key enzymes in steroid biogenesis/
metabolic activation—degradation are the members of the cytochrome P450 (CYP)
superfamily (Miller 1988). CYPs in subfamilies 1-3 are involved primarily in the
metabolism of xenobiotic compounds, whereas the other subfamilies are responsible for the
metabolism of endogenous compounds, including steroid hormones (Rodriguez-Antona et
al. 2010). In addition to the CYPs, the steroidogenic acute regulatory or StAR protein that
regulates cholesterol entry to the mitochondria and ultimately cholesterol synethesis is
considered a gate-keeping molecule for steroidogenesis (Miller 2007). In our survey of the
literature for reports of possible epigenetic regulation of a total of 16 genes encoding StAR
and enzymes central to the biosynthesis or degradation of steroid hormones and responsible
for calcitriol synthesis, we found only 5 that have been studied for DNA methylation (Table
1).

A study of bovine follicles designed to study cell-type-specific methylation investigated
three key steroido-genesis enzymes (CYP11A1, HSD3B1, and CYP19A) and found that
individual but not islands of CpG dinucleo-tides located proximal from the transcriptional
start sites of these genes were differentially methylated (Vanselow et al. 2010). DNA
methylation was also shown to be involved in the permanent silencing of promoter 2-
directed CYP19A1 expression in lutein cells. The epigenetic shutdown of CYP19A1, the
enzyme responsible for the conversion of androgens to estrogens, is physiologically relevant
to luteinization. Other studies also found a role of DNA methylation in the CYP19A1
regulation in endometrial and endometriotic stromal cells (Feinberg 2007, Izawa et al.
2008), breast adipose fibroblasts, breast cancer cells (Demura & Bulun 2008, Knower et al.
2010), and human hepatoma cells (Dannenberg & Edenberg 2006). Similarly, DNA
methylation was found to regulate the expression of CYP17A1, which encodes a key
steroidogenesis enzyme in a human placental cell line and the rodent adrenal glands
(Missaghian et al. 2009). Collectively, these studies demonstrated the important roles DNA
methylation had in regulating the key enzymes of the hormone biosynthesis. However, the
expression of the STAR gene was found to be epigenetically regulated by histone
modifications (Hiroi et al. 2004).

Epigenetics also plays important roles in regulating thyroid hormone and retinoic acid
metabolism. For example, the expression of the sodium iodide symporter (SLC5A5), which
is responsible for the uptake of iodine in the thyroid, was shown to be regulated by cytosine
methylation of its promoter (Venkataraman et al. 1999, Smith et al. 2007). Similarly, the
transcriptional response of CYP26A1, a specific CYP hydrolase involved in retinoic acid
catabolism, is under epigenetic regulation through DNA methylation and histone
modification (Pozzi et al. 2006, Kashyap & Gudas 2010).

The final step in the bioactivation of vitamin D takes place in the kidney through the action
of 1a hydroxylase encoded by CYP27B1 (Omdahl et al. 2002). A recent study showed that
DNA methylation regulates CYP27B1 expression (Kim et al. 2009). However, the most
important contribution of the study was the identification of the mechanism underlying the
demethylation of this gene. While vitamin D represses CYP27B1 via the vitamin D receptor-
interacting repressor complex at the transcriptional level (Kim et al. 2007), parathyroid
hormone (PTH) stimulates expression of the gene via induction of demethylation of the
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CYP27B1 promoter. Further investigation uncovered the mechanism underlying the
demethylation process. It involved PTH-induced phosphorylation of the MBD4 glycosylase
to exert active DNA demethylation through the base-excision-repair pathway. These
findings illustrate the complex interplay between hormone and epigenetic factors in the
regulation of vitamin D biosynthesis via a dietary-hormonal feedback loop and provide a
mechanism by which a peptide hormone can induce epigenetic changes via activation of
chromatin remodeling enzymes.

Inappropriate expression of a steroidogenesis enzyme is now considered an important
etiological factor for endocrine-related cancer and its progression from dependency on
gonadal or adrenal steroids to an independent state. One example is provided by the
reactivation of permanently silenced steroidogenesis genes in prostate cancer. Intratumoral
testosterone levels were found to be higher in metastases removed from castrated men than
in primary prostate cancer from untreated eugonadal men. The ability of the cancer to
survive and progress to a higher grade in the absence of testicular androgens can be
attributed to the overexpression of various steroidogenesis enzyme genes (CYP17A1,
HSD3B1, HSD17B3, and CYP19A1) in the metastases tissues (Montgomery et al. 2008,
Chun et al. 2009, Knudsen & Penning 2010). One mechanism for the aberrant reactivation
could be a relaxation in epigenetic silencing. Indeed, promoter methylation contributes to
local downregulation of CYP7BL in prostate tissues, resulting in the accumulation of 5a-
androstane-3B,17f-diol, a purported estrogen receptor-f agonist (Olsson et al. 2007). The
question of whether the re-expression of steroidogenesis enzyme genes is mediated by
epigenetic changes will be an important future area of investigation.

Target-organ/cell sensitivity and responsiveness to these lipophilic hormones is mediated in
part by the levels of their receptors. We surveyed 14 common type | or type Il nuclear
receptor genes for evidence of epigenetic regulation. Most type | receptor genes have been
found to be regulated by DNA methylation and to a lesser extent by miRNA (Table 2).
Generally speaking, DNA methylation must work in concert with histone deacetylation and
histone methylation (most commonly methylation of histone 3 at lysine 9) to create a
repressed chromatin state for gene silencing (Fuks 2005). Thus, we were surprised to find
very little information on specific activation or repression histone marks (Peterson & Laniel
2004) associated with the regulation of these nuclear receptors. Owing to this data void, we
have not included histone modifications in our tables.

As a general observation, epigenetic dysregulation of the expression of type | receptor genes
is closely linked to endocrine-related disorders including cancers of the breast, prostate,
testis, and endometrium. DNA methylation dysregulates androgen receptor expression in
prostate and endometrial cancer (Kinoshita et al. 2000, Sasaki et al. 2000), estrogen
receptor-a in breast cancer (Yoshida et al. 2000, Archey et al. 2002, Adams et al. 2007,
Champagne & Curley 2008), estrogen receptor-f in ovarian, prostate, and breast cancer
(Zhao et al. 2003, Zhu et al. 2004, Zhang et al. 2007, Zama & Uzumcu 2009), and
progesterone receptor in endometrial cancer (Sasaki et al. 2003). Besides cancer, the
expression of mineralocorticoid receptor in the rat testis was found to be dysregulated by di-
(2-ethylhexyl) phthalate (Martinez-Arguelles et al. 2009). Meanwhile, acetylation of histone
H3K9 and hypomethylation in the glucocorticoid receptor (GR) promoter region were found
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to increase hypothalamic GR expression in fetuses of undernourished ewes that develop
obesity in later life (Stevens et al. 2010). Of late, an increasing number of miRNAs have
been identified, which regulate the expression of type I nuclear receptor. For example,
miR-206 is reported to decrease the levels of estrogen receptor-a mRNA and protein in
human MCF-7 breast cancer cells (Kondo et al. 2008). miR-124a reduces levels of GR
protein and GR-mediated responses during the stress hyporesponsive period of early brain
development (\Vreugdenhil et al. 2009).

In contrast, fewer type 1l receptor genes have been reported to be epigenetically regulated,
perhaps because fewer studies have been conducted on type Il than type | nuclear receptors.
Our in silico analyses using CpG island predicting programs (Li & Dahiya 2002, Wolfsberg
2010), however, reveal that type Il receptors have CpG islands in their promoters and could
be potential targets of DNA methylation-mediated transcriptional regulation. Apropos to
type Il receptors, aberrant promoter methylation was observed for the retinoic acid receptor-
a in leukemia (Chim et al. 2005) and for retinoic acid receptor-f3 in gastric and esophageal
cancer (Hayashi et al. 2001, Wang et al. 2003). Retinoic acid receptor-y (RARG), on the
other hand, was found to be a target of miR-182, which plays an important role in
downregulating RARG expression during stress-induced premature senescence in primary
cultures of human diploid fibroblast and human trabecular meshwork cells (Li et al. 2009a).
Furthermore, expression of retinoid X receptor-a was shown to be regulated by miR-27a
and miR-27b in liver sclerosis (Ji et al. 2009). Thus, type Il nuclear receptors appear to be as
susceptible as type | receptors to tissue-specific epigenetic regulation of expression, a key
determinant of hormone responsiveness in target tissues.

Collectively, epigenetics appears to be a common mechanism for regulating the expression
of the nuclear receptors in hormone-sensitive organs. An unscheduled or deviant expression
of regulatory miRNA or promoter methylation of the receptor gene can greatly affect end-
organ sensitivity for an endocrine axis. DNA methylation represents the most well-studied
mechanism, but studies of miRNA-mediated regulation are rapidly gaining ground.
Information on activation or repressive histone modifications associated with receptor
regulation or hormone biosynthesis is clearly lacking and should attract growing interest in
the future.

Epigenetic regulation of peptide hormone action

Peptide hormones are another major class of hormones, which have a broad spectrum of
action, including regulation of energy metabolism (e.g. insulin), adiposity (e.g. leptin),
growth (e.g. GH), and differentiation (e.g. FSH). These peptides are secreted by endocrine
glands/cells with high tissue specificity. The hypothalamus, pituitary, gastrointestinal tract,
and nonendocrine tissues such as adipocytes and neurons are the major sources of peptide
hormones.

Peptide hormones, similar to other proteins, are encoded by one or two genes for different
subunits (Pearson et al. 1993). They often are produced as pro-hormones, then turned into
the active forms through multiple steps of intracellular processing and posttranslational
modification, and released into the circulation as mature hormones. The release can be
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episodic (pulsatile) or may follow the circadian rhythm (Veldhuis & Bowers 2003,
Maywood et al. 2007). Response is mediated through the interaction with a cell membrane
receptor, which triggers a cascade of events within the target cells, which leads to peptide
hormone action. These cascades usually involve a second messenger (e.g. cCAMP, cGMP,
and calcium) and multiple steps of phosphorylation events to activate the final targets. The
action of peptide hormones is normally faster than that of steroid hormones at the target cells
because the immediate effects of peptide hormones are mediated by enzymatic processes in
the cytoplasm without involving gene transcription and the synthesis of new proteins
(Jansen 1984).

Genes encoding peptide hormones or their receptors are potential epigenetic targets in the
large scheme of peptide hormone action. A total of 18 representative genes encoding 18
peptide hormones/subunits that secret from different endocrine glands or nonendocrine
tissues were selected for analysis (Table 3). Although promoter CpG islands have been
identified in most peptide hormone genes, only a few of these genes were found to be
regulated by DNA methylation (somatostatin, vasopressin, melanocyte-stimulating
hormone, secretin, insulin, and leptin). Only the gene encoding insulin (INS) was also
reported to be regulated by miR-30d (Tang et al. 2009). Table 4 lists the corresponding
receptors for the peptide hormones listed in Table 3. With the exception of INSR, GHR,
PRLR, and leptin receptor (LEPR), all are G-protein-coupled receptors, a superfamily of
receptors that signal via the cAMP signaling pathway or the phosphatidylinosital signaling
cascade (Gilman 1987). Again, few of the genes encoding these receptors have been found
to be under the control of DNA methylation for gene expression, and no miRNAs affecting
their synthesis have been identified. Disruption of the synthesis of peptide hormones or their
cognate receptors by epigenetic events often leads to metabolic changes (e.g. obesity and
metabolic syndrome; Plagemann et al. 2009) and abnormalities in neuropsychological
behavior (e.g. autism and alcohol dependence; Gregory et al. 2009, Hillemacher et al. 2009),
as opposed to cancer, the predominant disorder for epigenetic dysregulation of steroid
hormones and their receptors (Widschwendter et al. 2004).

Notably, epigenetic regulation of genes encoding peptide hormones or their receptors is
largely related to developmental stage- and tissue-specific function or the development of a
metabolic or neural disorder. For example, in cultures of mouse embryonic stem cells, the
hypermethylated promoter of the insulin gene undergoes demethylation as these cells
differentiate into hormone-producing cells; and in both the mouse and human insulin gene
promoters, the CpG sites are demethylated in insulin-producing pancreatic p-cells but not in
other tissues without insulin expression (Kuroda et al. 2009). Leptin is an adipocyte
hormone regulating energy homeostasis. The hormone is not expressed in human
preadipocytes because the leptin promoter is hypermethylated and the gene is silenced
(Melzner et al. 2002). But as humans mature, the gene is switched on through promoter
demethylation. Both long-distance and promoter CpG methylation are associated with
regulation of gene expression (Stoger 2006). Disruption of these epigenetic programs leads
to a range of metabolic diseases and their related disorders, including osteoarthritis
(lliopoulos et al. 2007). The promoter of LEPR is also under epigenetic regulation through
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DNA methylation, as reported in a study with mesenchymal stem cells of adipose tissue
(Noer et al. 2006).

In a recent study of autism-spectrum disorders, hypermethylation of the gene promoter
encoding the oxytocin receptor was found to be associated with a reduced level of MRNA
expression and was significantly associated with autism (Gregory et al. 2009). In another
report, significant alterations of the mRNA expression and promoter-related DNA
methylation of vasopressin were reported in patients with alcohol dependence (Hillemacher
et al. 2009). Both vasopressin and oxytocin are now known as “social neuropetides',
regulating a multitude of prosocial behaviors (Rossignol 2009, Stein 2009). Although further
investigations and stronger evidence are required, these reports open new avenues for
research in epigenetic regulation of human behavior (Gurrieri & Neri 2009).

Endocrine regulation of key epigenetic-modifying enzymes

DNMTs, methyl-CpG (MeC)-binding proteins, and histone-modifying enzymes (see the
section “Introduction and background') are key epigenetic modifiers of the genome. These
enzymes belong to multiple enzyme families and are often part of multi-subunit protein
complexes that determine their binding preferences and catalytic activity (Dekker & Haisma
2009). Studies have shown that cross talk exists between the two epigenetic mechanisms of
DNA methylation and histone modifications through the formation of different permutations
of these protein complexes (Kondo 2009).

Epigenetic regulation of genes encoding these enzymes or the MeC-binding proteins by
hormones provides a reciprocal means of interplay between hormones and epigenetics. As
shown in Table 5, hormones have a profound impact on the expression of these epigenetic-
modifying genes. As discussed above, DNMT1 is a maintenance DNMT and DNMT3A and
DNMT3B function in de novo methylation. Studies of transgenic mice lacking Dnmt3a
and/or Dnmt3b and of human carriers of DNMT3B mutations have demonstrated that both
of these enzymes are crucial for mammalian development (Hansen et al. 1999, Okano et al.
1999, Xu et al. 1999). In humans, DNMT3B mutation results in immunodeficiency,
centromere instability, and facial anomalies (ICF) syndrome, which is associated with a
wide range of altered histone madifications (including acetylation and methylation) and
aberrant expression of genes regulating development, neuro-genesis, and immune function
(Jin et al. 2008b). Of significant interest to us is the observation that estrogen is the hormone
most commonly found to exert epigenetic influences on these epigenetic modifiers.
Evolutionary studies have suggested that estrogen is the most ancient form of hormone and
the one most widely distributed among animals (Thornton 2001, Jin et al. 2008b). An
estrogen receptor ortholog has been identified in the mollusk Aplysia californica (Thornton
et al. 2003). The antiquity of estrogen may explain its importance in the epigenetic
programming of these multi-families of proteins.

We noticed that histone-modifying enzymes belong to a larger family of epigenetic
modifiers than do the proteins involved in DNA methylation. However, relatively few genes
encoding histone-modifying enzymes have been identified as epigenetically regulated by
hormones, perhaps because many of these histone-modifying enzymes have been identified
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only recently and not enough time has passed for studies to be published. An analogous
argument can be made for the relatively few reports on the influence of hormones on
miRNA expression (not shown in Table 5). Recent reviews have covered the regulation of
miRNA expression by estrogen (Klinge 2009) and androgen (Shi et al. 2008a,b); therefore,
we will not expand on this topic in this review. However, the influence of hormones on
miRNAs will obviously be a rapidly developing field.

Multi-dimensional interaction shapes the epigenome landscape at the

organismal level: a possible explanation for the etiology of endocrine

disorders

At the organismal level, the functioning of an endocrine axis involves multiple endocrine
organs: for example, the hypothalamo-pituitary-gonadal axis comprising at least three
hormone-producing tissues and many target tissues. The coordination of the entire axis,
representing the first dimension of regulation controlled by genetic programs, is complex
and meticulously well controlled. The interaction of these programs with the environment
produces variable epigenomes, greatly amplifying the complexity of interaction and
outcomes. These interactions can be viewed as the second dimension of influence. In this
section, we will use a few examples to highlight the complexity of these interactions and
demonstrate how disorders arise when the coordination breaks down or when early-life
adaptive traits are in conflict with later-life demands. Finally, we will emphasize the effects
of lifespan events that have strong modifying influences on epigenetics and pay special
attention to windows of susceptibility during human development from conception to death.
This will be the third dimension of interactions. Collectively, these multi-dimensional
interactions provide insights into the challenges involved in maintaining normal endocrine
function and why endocrine regulation can go astray, leading to disorders at the organismal
level. Below, we will provide examples that apply to several thematic topics of interest to
illustrate these various dimensions (Fig. 3).

A widely studied area of epigenetics—environment- lifespan interactions is the relationship
between birth weight and disease in later life. Animal studies have demonstrated that
retardation of intrauterine growth results in progressive loss of B-cell function and the
eventual development of type 2 diabetes in the adult. This association directly links
chromatin remodeling with suppression of gene transcription (Simmons 2009). Studies of
the effects of war-time famine revealed persistent differences in methylation of the leptin
gene and imprinted |GF2 gene associated with prenatal exposure to famine that were both
timing- and sex-specific (Gluckman et al. 2009, Tobi et al. 2009). A review of human
studies also indicated an inverse relationship between birth weight and susceptibility to
endocrine metabolic disorders such as insulin resistance, type 2 diabetes, hyperlipidemia,
and obesity (Godfrey 2006). Studies in Pima Indian populations showed an association
between maternal diabetes and increased adult obesity in offspring (Pettitt et al. 1983),
which may have a transgenerational effect (Pettitt et al. 1991). Moreover, a review of birth
weight and the etiology of breast cancer indicated that improper imprinting of IGF2 may
affect intrauterine environment leading to higher birth weight and premenopausal breast
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cancer risk in daughters (Michels & Xue 2006). The relationship between birth weight and
prostate cancer is less clear (Platz et al. 1998, Ekbom et al. 2000, Cnattingius et al. 2009).

Discordance in phenotypes of monozygous twins provides a unique opportunity to study
these three levels of interaction. Monozygous twins share a common genotype but have
different epigenomes, especially in later life (Fraga et al. 2005, Kaminsky et al. 2009), thus
providing an excellent model for studying epigenetic-mediated endocrine disorders. Most
MZ twin pairs are not identical in their susceptibility to disease and anthropomorphic
features. Studies of type 1 and 2 diabetes in a population-based cohort of twins suggested a
significant role of both genetic and environmental effects (Kaprio et al. 1992). Additional
support is provided by the work of Fraga et al. (2005), which demonstrated an age-
dependent increase in epigenome disparity and in differences in disease susceptibility
between two MZ twins albeit the fact that they have the same genome. These data support
the current view that multiple epigenomes can evolve over time from one genome and are
dependent on a multitude of environmental inputs (Fig. 3).

To understand early-life impacts on the endocrine system one must consider events
upstream of in utero development and the obvious concern about the fidelity of the sperm
epigenome (Oakes et al. 2007, Carrell & Hammoud 2010). Recent studies have indicated
sperm-specific DNA methylation and revealed the unique nature of the sperm epigenome
(Trasler 2009). Although genetic abnormalities play a role in male infertility, in most cases
the cause of the infertility is unknown (Stouffs et al. 2009). Attention is now focused on
epigenetic changes. The first report on such changes, which used the global DNA
methylation analysis approach, showed that a broad spectrum of epigenetic defects is
associated with abnormal semen parameters (Houshdaran et al. 2007). Methylation was
elevated at numerous sequences in DNA from poor quality sperm. Thus, male infertility may
perhaps be added to the growing list of adult disorders with a fetal origin.

Epigenetics has an impact on the endocrine system throughout life. However, the sensitivity
of the epigenome to the environment is likely to decrease as the rate of growth slows
(Gluckman et al. 2009). Timing is an important factor in the effect of epigenetics on the
endocrine system during the lifespan. Early development, from conception at least to birth
(Gluckman et al. 2009), is considered the window of epigenetic reprogramming that
predisposes aging (Thompson & Einstein 2010) and later-life diseases such as metabolic
disorders (Simmons 2009) and cancer (Ho et al. 2006). Others have proposed that time
points in utero, during the neonatal period, and during puberty are critical developmental
windows sensitive to epigenetic modification (Prins 2008). In a rat study, neonatal
treatments with a low-dose bisphenol A (BPA) or estradiol induced persistent
hypomethylation of the phosphodiesterase Pde4d4 promoter and concordant gene
overexpression in the prostates of adult animals (Ho et al. 2006). Furthermore, these
epigenetic gene expression changes were associated with a higher risk of developing
premalignant lesions in the adult prostate. In a human study, transplacental exposure to
traffic-related polycyclic aromatic hydrocarbons (PAHSs) was shown to increase childhood
risk of asthma that was linked to aberrant methylation of the ACSL3 gene (Perera et al.
2009). As epigenetic alternation is inheritable, early-life epigenetic reprogramming may
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have transgenerational effects, as shown in a DES daughter and granddaughter study (Prins
2008).

Insulin resistance is another example of epigenetic dysregulation resulting in the loss of
function in an endocrine axis over time when it is constantly challenged by environmental
changes such as specific dietary deficits. It is the condition in which normal amounts of
insulin are insufficient to produce a normal insulin response from insulin-sensitive organs/
tissues such as the liver, muscle, and adipose tissue, which all play an important role in the
etiology and clinical course of patients with type 2 diabetes, high blood pressure, or
coronary heart disease (Reaven 1993). Recent studies of the effects of restricting the supply
of specific B vitamins and methionine in the periconceptional diet of mature female sheep
found altered methylation status in 4% of the CpG islands in the genome in the fetal liver.
These diet-induced epigenetic changes in the liver of the affected offspring were found to be
associated with increases in body weight and adiposity, hypersensitivity to allergens, insulin
resistance, and hypertension when compared with the offspring of ewes fed with a
nonrestricted diet (Sinclair et al. 2007). The data provide the first evidence that a deficiency
in specific dietary elements during early life can modify the disease susceptibility of
offspring during adulthood through epigenetic reprogramming (Sinclair et al. 2007). This
has moved the vulnerability window of early origin of disease close to orat the time
offertilization when paternal and maternal genetic information are re-shuffled and
segregated.

Puberty is initiated by increased pulsatile release of GnRH from the hypothalamus to the
gonads, resulting in sexual maturation. This process requires the participation of multiple
sets of genes within functionally connected networks. An optimal timing of sexual
maturation is critical for an individual to best benefit from the environment. A recent
genome-wide analysis of hypothalamic DNA methylation sequences revealed profound
changes in methylation patterns associated with the onset of female puberty (Ojeda et al.
2010). These findings indicated that epigenetic mechanisms might provide the coordination
and transcriptional plasticity in the control of the onset of puberty. In addition, reelin
(RELN), which plays a pivotal role in neural development, was found to undergo
pubertyinduced hypermethylation in its promoter and a decrease in gene expression in
temporocortical tissues (Lintas & Persico 2010). The surge in reproductive hormones during
puberty is believed to have triggered methylation of the RELN promoter. These findings link
reproductive hormones to the onset of puberty through epigenetic alteration of the RELN
promoter. The alteration may also explain why both the onset of schizophrenia and the
worsening of autism, both associated with loss of RELN expression, typically occur at
puberty (Lintas & Persico 2010). Figure 3 presents a three-dimensional model to illustrate
the same or different genetic background, and the interaction between epigenetics and the
environment over the lifespan of an individual to produce hormone-induced/dependent
phenotypes linked to critical windows of developmental susceptibility.

Epigenetics in endocrine disruptors

Endocrine disruptors are environmental chemicals that mimic hormone or antihormone
activities in the endocrine system and disrupt the physiologic function of endogenous
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hormones. Plants are the sources of some of these chemicals, such as phytoestrogens, and
others are natural substances such as heavy metals or synthetic compounds or drugs. Food is
a major source of exposure to endocrine disruptors. Other routes include water and air.
Notably, many synthetic compounds such as dichlorodiphenyltrichloroethane are
hydrophobic and can be accumulated from the environment into the fat tissue in the food
chain (Clarkson 1995). Although endocrine disruptors generally function as steroid
hormones and produce estrogenic, androgenic, and antiandrogenic actions, less is known
about their disruption of the signaling pathways controlled by other hormones, especially
peptide hormones. Table 6 summarizes endocrine disruptors with known epigenetic effects.

As discussed previously, estrogens, including xenoestrogens and phytoestrogens, are the
most primitive hormones and also the most widely distributed among organisms. Our
literature showed that this class of endocrine disruptor has epigenetic effects on a wide
variety of cellular and physiological functions and may also disrupt many different animal
species.

Phytoestrogens are a diverse group of compounds produced by plants as a part of a defense
system believed to provide protection against insects (Rochester & Millam 2009) and to act
as modulators of herbivore fertility (Hughes 1988, Rochester & Millam 2009). Because of
their structural similarity with the natural estrogens estradiol-17p, estrone, or estriol,
phytoestrogens may impose both risks and beneficial effects on health, depending on the
types, concentrations, and target organs (Adlercreutz 2002). Epidemiologic studies have
demonstrated that genistein, a phytoestrogen abundant in soy products, is linked to a low
occurrence of prostate cancer, with epigenetics playing an important role (Molinie &
Georgel 2009). On the other hand, the same compound may have either a protective effect or
the potential for tumor growth promotion, depending on its concentration (Moiseeva &
Manson 2009). We recently demonstrated that neonatal exposure of mice to genistein or
DES induced unscheduled expression of nucleosome-binding protein 1 (Nsbpl), which plays
a role in nucleosome positioning in the mouse uterus via hypomethylation of its promoter
(Tang et al. 2008). Phytoestrogens also cause hypomethylation of the promoter of
telomerase reverse transcriptase (TERT), chromatin remodeling in MCF-7 breast cancer
cells, and demethylation of the promoter of tumor suppressor gene B-cell translocation gene
3 (BTG3), a gene encoding a putative tumor suppressor in prostate cancer (Majid et al.
2010).

Another type of endocrine disruptor, which is becoming more prevalent, is xenobiotic
endocrine disruptor, including xenoestrogens. Many of them have been linked to epigenetic
modifications of chromatin and aberrant activation or inactivation of specific genes. Most
synthetic compounds have not been present in our biosphere until very recently in human
and vertebrate evolutionary history. Therefore, biological evolution has not had enough time
to evolve mechanisms against the adverse effects of the disruption caused by these
chemicals. The worst scenario is that many of them exert significant epigenetic action; thus,
the adverse effects may persist and even be transgenerational. The latter effect should truly
raise serious concern about the safe use of such synthetic products in our modern society and
their contamination to our environment.
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One excellent example of such a compound is vinclozolin, a common fungicide used in
vineyards and other agricultural settings. It has been shown to cause transgenerational
transmission of induced epigenetic changes transmitted through the sperm (Anway et al.
2005). Several generations of offspring display disorders such as adult-onset male infertility,
accelerated aging, abnormal behavior, and increased frequency of prostate disease in aged
males. Similarly, the xenoestrogen DES, once used for the treatment of prostate cancer or
habitual miscarriages, exhibits chronic toxicity in a manner that can pass its effects to
subsequent generations via epigenetic memories (Prins 2008).

Recently, DES has been shown to induce hyper-methylation and chromatin repression in
miR-9-3 promoter in breast epithelial progeny derived from mammospheres. The action of
the xenoestrogen can be explained mechanistically by the observation that repressive
chromatin marks were recruited to the miR-9-3 locus along with DNMT1 (Hsu et al. 2009).
DES also silences the homeobox gene, HOXAL0, in endometrial cells of animals that have
been exposed to DES in utero (Bromer et al. 2009).

BPA is another epigenetically active xenoestrogen. It is widely used in the manufacture of
polycarbonated plastics and the epoxy lining of canned food. BPA was found in the urine of
92.6% of American men and women (Calafat et al. 2008). Neonatal exposure of rats to
environmentally relevant doses of BPA induced hypermethylation of the promoter of a
cAMP-regulating gene Pde4d and overexpression of the gene in the prostate. These aberrant
changes were associated with an increase in the risk of developing prostate lesions in the
adult rats (Ho et al. 2006). Notably, a recent study conducted by Lamartiniere et al.
demonstrate that oral prenatal exposure to BPA increases mammary cancer susceptibility in
offspring and shifts the window of susceptibility for dimethylbenzanthracene-induced
tumorigenesis in the rat mammary gland (Betancourt et al. 2010). Moreover, maternal
exposure of Agouti mice to BPA was shown to decrease CpG methylation in an
intracisternal A particle retrotransposon upstream of the Agouti gene in offspring, a change
that could be reversed by maternal dietary supplementation with either methyl donors or a
phytoestrogen (Dolinoy et al. 2007). Finally, it is still controversial as to whether early-life
exposure would increase risks of obesity and diabetes in later life (Ryan et al. 2010, Sharpe
& Drake 2010), an important topic that warrants further investigation. In March 2010, the
US Environmental Protection Agency (www.epa.gov) formally listed BPA as a “chemical of
concern'.

Other estrogenic epigenetic pollutants include polybrominated diphenyl ethers, fire
retardants, that reduce global DNA methylation in hippocampal neurons (Siddigi et al. 2003,
Ceccatelli et al. 2006, Chen et al. 2010); dioxins that disrupt H19/IGF2 imprinting in the
preimplantation embryo and induce a host of miRNAs in the liver of adult rats (Safe &
Wormke 2003, Wu et al. 2004, Boverhof et al. 2006, Moffat et al. 2007); and heavy metals,
such as cadmium, that transactivate via estrogen receptor-a and promote the growth of
cancer cells by inducing hypermethylation of Ras association domain-containing protein 1
(RASSF1A) and the p16 promoter (Benbrahim-Tallaa et al. 2007, Jiang et al. 2008, Denier
et al. 2009).
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The list provided in Table 6 is by no means complete. We expect that many more untested
chemicals or pollutants will be found to disrupt endocrine function through epigenetic
mechanisms. Unfortunately, the effects of endocrine disruptors are not readily discerned and
often are ignored. Their long-lasting adverse effects on human health and wildlife are
distressing. The fact that many of their effects are observed at very low doses in a nonlinear
manner makes it difficult for regulatory agencies to set guidelines. Future research must
continue to focus on revealing their actions through the use of high-throughput, unbiased
technologies.

Summary and perspectives

It has become apparent that genetics alone is insufficient to explain the dynamic and
complex interdependent relationships between the endocrine system and endogenous and
exogenous environmental changes. Genetics alone also fails to address issues related to the
progressive changes in endocrine functions over an individual's lifespan, the early origin of
endocrine disorders, phenotype discordance between MZ twins, and rapid shifts in disease
patterns among populations experiencing major changes in lifestyle, such as immigration.
Mounting evidence now suggests that epigenetics is the missing link between genetics, the
environment, and endocrine function. In this regard, genetics provides a basis for epigenetic
modifications and a blueprint for hormone action. However, the great variability in
endocrine function and susceptibility to endocrine-related diseases among individuals or
populations is clearly determined by epigenetics. Epigenetics serves as a mechanism
mediating the continuous “editing' of the genome or epigenetic marks laid down in early life
by exposures and experiences during later life. This paradigm has expanded the static and
gene-centric view of phenotypic attributes to a more plastic and adaptive view molded by
epigenetics. To fully understand the impacts of epigenetics on endocrine function and vice
versa, we need a genome-wide search for plasticity genes or loci directly responsive to a
specific environmental stimulus. To achieve this goal, current research is applying high-
throughput investigative technologies to uncover global changes in the methylome(s),
miRNA signatures, and the histone codes defining the interplay and advanced informatics to
produce biologically meaningful data and conclusions. To advance these investigations, our
focus should be placed on two commonly raised questions: 1) whether epigenetic changes
induced by environmental exposures or lifestyle choices in one generation can be passed to
the next and 2) whether these “inherited' changes can be reversed upon removal of the
exposures or through lifestyle modifications. Answers to the first question are of paramount
importance to the primary prevention of endocrine disorders such as obesity, and answers to
the second would open doors to the use of epigenetic drugs or interventions for the reversal
of endocrine disorders with a strong epigenetic etiology. The opportunities of applying
epigenetics to the prevention and treatment of endocrine disorders are limitless and certainly
will emerge rapidly in the near future.
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Figure 1.
Epigenetics links genetics with the environment in endocrine function. Hormone levels vary

in response to internal and external environmental changes. Epigenetics, in response to
exogenous and endogenous environmental cues, defines active and repressed domains of the
genome. These responses explain the high phenotypic plasticity observed in the endocrine
system, in which different genetic programs are executed from the same genome based on
changes in the environment. The endocrine system is more plastic during certain
developmental periods such as in utero, during puberty, and with aging. A dysregulation in
epigenetic and/or genetic control of endocrine function is frequently the cause of disease
pathogenesis. On the other hand, the effects of the environment or the hormonal milieu on
genetics are limited, with nucleotide or chromosomal changes induced by radiation as an
example.
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Figure 2.
DNA methylation and histone modification are two major epigenetic mechanisms that

corroborate in regulating endocrine-related gene expression. Packaging genes into active or
inactive chromatin determines whether they are transcriptionally accessible or not. The N-
termini of histones have specific amino acids that are sensitive to posttranslational
modifications, which contribute to chromatin status. Moreover, hypermethylation of
promoter is associated with transcriptional silencing due, in part, to the loss of affinity for
transcriptional factors such as the nuclear receptor (NR) and accessibility by the
transcriptional machinery as represented by RNA Pol Il complexes. The inactive chromatin
has increased affinity for methylated DNA-binding proteins (MBPSs), which further recruit
histone deacetylases (HDACs), DNA methyltransferases (DNMTS), and histone
methyltransferases (HMTSs), and other corepressors. Methylated promoters are associated
with unique repressive histone markers, which classically include trimethylation of histone 3
(H3), lysine (K) 9, and H3-K27. In contrast, unmethylated promoters are associated with
gene transcription. They have increased affinity for histone acetylases (HATS), histone
demethylases (HDMs), DNA demethylases (DMEs; e.g. DNA N-glycosylase), and histone
marks associated with active chromatin, including acetylated H3-K9 and trimethylated H3-
K4. Nucleosome remodeling such as repositioning and ejection in promoter results in gene
transcription (bent arrow). Me, histone methylation; Ac, histone acetylation; black filled
circle, methylated CpG dinucleotides; white filled circle, unmethylated CpG dinucleotides;
filled purple circle, hormone or endocrine disruptors that bind to NR.
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Figure 3.
Genetics, environment, and stages of lifespan development interact in a three-dimensional

space to create discordant endocrine phenotypes (epigenomes) from an identical genetic
background (a single genome). Here, we use five pairs of monozygotic twins, in a schematic
representation, to illustrate our understanding of this model. We applied the concept of
principal component analysis to generate this diagram. The traditional view that an
individual's phenotype is controlled solely by genetics (x-axis) is represented by two twin
pairs A and B. According to this gene-centric view, the two twin pairs will have identical
phenotypes despite continuous changes in their environment (z-axis) and over
developmental time (y-axis). The more contemporary view argues that the interactions
among genetics, the environment, and the developmental stages during the lifespan produce
two different epigenomes, hence phenotypes, over developmental time in the twin pairs,
albeit their identical genome at conception. The divergence of the phenotypes (epigenomes)
of the twin pairs varies depending on the degree of environmental variations. Phenotype
discordance is greatest in the E twin pair as compared with the C and D twin pairs (smallest
variation), in agreement with their environmental variation. With advance in age
(developmental time), their divergence in phenotype also expands. This model gives the
various stages of lifespan development different weights to reflect their susceptibility to
epigenetic modifications.
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Table 1

Epigenetic regulation of steroidogenesis and degradation genes

Page 33

Key enzyme Gene Methylation control  miRNA control  Related tissue/cell References
StAR STAR u U
P450scc CYP11A1l Yes U Ovarian follicles Vanselow et al.
(2010)
3pB-Hydroxysteroid dehydrogenase HSD3B1  Yes U Ovarian follicles Vanselow et al.
(2010)
HSD3B2 U U
21a-Hydroxylase CYP21A2 U U
11B-Hydroxylase CYP11B1 U U
Aldosterone synthase CyP11B2 U u
17a-Hydroxylase CYP17A1  Yes U Hepatoma cells; Dannenberg &
adrenal cortex Edenberg (2006)
and Missaghian
et al. (2009)
17B-Hydroxysteroid dehydrogenases HSD17B3 U
Aromatase CYP19A1 Yes Ovarian follicles, Dannenberg &
endometrial, and Edenberg (2006),
endometriotic stromal Demura & Bulun
cells; breast adipose (2008), Izawa et
fibroblasts; hepatoma al. (2008),
cells Vanselow et al.
(2008) and
Knower et al.
(2010)
5a-Reductase SRD5A1 U
SRD5A2 U
Vitamin D synthesis CYP27A1 U
CYP27B1  Yes U Mouse kidney Kim et al. (2009)
proximal tubule-
derived MCT cells and
human embryonic
kidney-derived 293F
Steroid degradation/bile acid synthesis CYP3A4
CYP7AL

As a general reference, the substrate(s) and product(s) of the enzymes can be found at http://en.wikipedia.org/wiki/Steroid (accessed 1 September

2010).

U, unknown or unclear, denotes no or very few papers reported as of 1 August 2010.
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Table 2

Epigenetic regulation of type I and type Il nuclear receptors

Type
I

M ajor receptor

Gene

M ethylation control

miRNA control

Related disorders

Page 34

References

Androgen receptor

Estrogen receptor 1

Estrogen receptor 2

Progesterone receptor

Glucocorticoid receptor

Mineralocorticoid receptor

Retinoic acid receptor-a

Retinoic acid receptor-

Retinoic acid receptor-y
Retinoid X receptor-a
Retinoid X receptor-p

Retinoid X receptor-y

Thyroid hormone receptor-a

Retinoic acid receptor-$

AR

ESR1

ESR2

PGR

NR3C1

NR3C2

RARA
RARB

RARG
RXRA
RXRB
RXRG
THRA
THRB

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes

CcC C Cc Cc c cC

U

miR-206

U

miR-124a

miR-124 and -135a

miR-182
miR-27a and -27b
U

U
U
U

Prostate; endometrial

Breast

Prostate; breast; ovary

Endometrial; prostate

Brain disorder; obesity

Testes

Leukemia

Gastric and esophageal
cancer

Senescence

Liver fibrosis

Kinoshita et al.
(2000) and Sasaki
et al. (2000)

Yoshida et al.
(2000), Archey et
al. (2002), Adams
et al. (2007),
Champagne &
Curley (2008) and
Kondo et al.
(2008)

Zhao et al.
(2003), Zhu et al.
(2004), Zhang et
al. (2007) and
Zama & Uzumcu
(2009)

Sasaki et al.
(2003)

Vreugdenhil et al.
(2009) and
Stevens et al.
(2010)

Martinez-
Arguelles et al.
(2009) and Sober
et al. (2010)

Chim et al. (2005)

Hayashi et al.
(2001) and Wang
et al. (2003)

Li et al. (2009a)
Jietal. (2009)

U, unknown or unclear, denotes no or very few papers reported as of 1 August 2010.
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Table 3

Epigenetic regulation of peptide hormone genes

Page 35

Gland/tissue Hormone Gene Methylation control  miRNA control  Related tissue/cell References
Hypothalamus ~ GnRH GNRH1 U U
TRH TRH u U
Somatostatin SST Yes U Esophageal Mori et al. (2006)
carcinogenesis; colon and Jin et al. (2008a)
cancer
Vasopressin VAP Yes U Alcohol dependence Hillemacher et al.
(2009)
Oxytocin OXT U
Pituitary FSH FSHB No Whitfield &
Kourides (1985)
LH LHB No U Whitfield &
Kourides (1985)
TSH TSHB No U Whitfield &
Kourides (1985)
MSH POMC Yes u Anorexia nervosa; Newell-Price (2003),
ectopic ACTH Ye et al. (2005) and
syndrome; Cushing's Ehrlich et al. (2010)
syndrome
GH GH1 u U
Prolactin PRL U U
Gastrointestine  Gastrin GAST U U
Cholecystokinin ~ CCK U U
Secretin CT Yes U Cell lines Lee et al. (2004)
Insulin INS Yes miR-30d Pancreatic $-cell and - Kuroda et al. (2009)
cell line and Tang et al.
(2009)
Glucagon GCG U
Adipocyte Leptin LEP/OB  Yes Osteoarthritic Melzner et al.
chondrocytes; adipose (2002), Stoger
and leukocytes; (2006) and
preadipocytes Iliopoulos et al.
maturation (2007)
Adiponectin ADIPOQ U U

U, unknown or unclear, denotes no or very few papers reported as of 1 August 2010.
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Table 4

Epigenetic regulation of peptide hormone receptor genes

Page 36

Hormone Receptor gene Methylation control ~ miRNA control Related tissue/cell References

GnRH GNRHR U U

TRH TRHR U U

Somatostatin SSTR1 U U

Vasopressin AVPRIA U U

Oxytocin OXTR Yes U Temporal cortex in Gregory et al. (2009)

autism

FSH FSHR Yes U Male gonad Griswold & Kim
(2001)

LH LHCGR U U

TSH TSHR Yes U Thyroid tumors Xing et al. (2003)

MSH MC1R U U

GH GHR U U

Prolactin PRLR U U

Gastrin CCKBR U U

Cholecystokinin  CCKAR U U

Secretin SCTR U U

Insulin INSR U U

IGF2 IGF1IR/IGF2R Ulyes miR-223/hsa-miR-657  Neutrophils/HEK 293 Stoger et al. (1993),

and Hep G2 cells Johnnidis et al.

(2008), Lv et al.
(2008) and Schayek et
al. (2010)

Glucagon GCGR U

Leptin LEPR No Adipose tissue Noer et al. (2006)

Adiponectin ADIPORVADIPOR2 U

U, unknown or unclear, denotes no or very few papers reported as of 1 August 2010.
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Table 5

Endocrine regulation of epigenetic-modifymg gene expression

Enzyme

Gene

DNA methyl-transferases

Methyl-CpG-binding proteins

Histone-modifying enzymes

De novo methylation
(DNMT3A/3B);
methylates
hemimethylated DNA
(DNMT1)

MECP2, MBD1, MBD2,
and MBD4

Histone acetyltransferase
(HATS, a large family)

Histone deacetylase
(HDAC:S, a large family)

Histone
methyltransferases
(HMTs, a large family)

Genetranscriptiona

Global regulation by hormoneb

Repression

Repression

Activation

Repression

Activation/repression

DNMT1, DNMT3A, and DNMT3B
expressions are downregulated by
progesterone and estrogen in
human endometrium; estrogen
upregulates the expression of
DNMT3B in Ishikawa endometrial
adenocarcinoma cells

A direct regulation of MeCP2
mRNA via the estrogen receptor
pathway in MCF-7 cells

RAR a and RXR a negatively
regulate CLOCK gene expression
in vascular cells; androgen
deprivation increases EP300
expression in prostate cancer cells

MCEF-7 treated with estradiol
showed increased expression of
HDAC6

U

Page 37

References

Cui et al. (2009)
and Yamagata et
al. (2009)

Muller et al.
(2003)

McNamara et al.
(2001) and
Heemers et al.
(2007)

Saji et al. (2005)

U, unknown or unclear, denotes no or very few papers reported as of 1 August 2010.

aGeneral description, may have exception. For example, MeCP2 is found bound to promoters that are actively expressed (Yasui et al. 2007).

Other factors such as signaling pathways, transcription factors, and posttranslational modifications may also be involved in the gene regulation.
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Epigenetic effectC

Table 6

Epigenetic effect of endocrine disruptors
Endocrine disruptora Routes of exposure Major hormonal effe«ctb
Phytoestrogens such as genistein Soybean Estrogenic; anti-estrogenic
Diethylstilbestrol (DES) Drug Estrogenic
Bisphenol A (BPA) Food/plastic Estrogenic
Polybrominated dipheny! ethers House dust/flame retardants ~ Estrogen; thyroid hormone
(PBDEs) imbalance
Dioxins such as TCDD Food, air, water/combustion  Estrogenic; anti-estrogenic
Polychlorinated biphenyls (PCBs) Food/coolants and lubricants  Estrogenic; anti-

androgenic; thyroid
hormone homeostasis

Perfluorooctanoic acid (PFOA) Surfactant Estrogenic

Heavy metals such as cadmium Industry, cigarette, food, soil  Estrogenic

J Mol Endocrinol. Author manuscript; available in PMC 2014 June 26.

Hypomethylation of
Nsbpl in uterine;
hypomethylation of
TERT promoter and
chromatin
remodeling in
MCEF-7 cells; BTG3
promoter
demethylation and
histone modification
in prostate cancer

Hypermethylation
and chromatin
repression in
miR-9-3 promoter in
breast;
hypermethylation of
the HOXA10 in
endometrial cells

Hypomethylation of
Pde4d in prostate;
maternal exposure
decreased CpG
methylation in an
intracisternal A
particle
retrotransposon
upstream of the
Agouti gene in
offspring

Decrease global
gene DNA
methylation in
hippocampal
neurons

Exposure at the
preimplantation
stage increased
methylation at H19/
1gf2 imprint control
region at embryonic
day 14; miRNAs are
unlikely to play a
significant role in
dioxin toxicity in
adult rodent liver

U

U

Hypermethylation of
RASSF1A and p16
promoter in prostate
cells; increased
genomic DNA
methylation in
embryo lung
fibroblast cells
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References

Tang et al.
(2008), Li et
al. (2009b)
and Majid et
al. (2010)

Prins (2008),
Bromer et al.
(2009) and
Hsu et al.
(2009)

Hoetal.
(2006) and
Dolinoy et
al. (2007)

Siddigi et al.
(2003),
Ceccatelli et
al. (2006)
and Chen et
al. (2010)

Safe &
Wormke
(2003), Wu
et al. (2004),
Boverhof et
al. (2006)
and Moffat et
al. (2007)

Sikka &
Wang (2008)
and Salay &
Garabrant
(2009)

Tilton et al.
(2008)

Benbrahim-
Tallaa et al.
(2007), Jiang
et al. (2008)
and Denier et
al. (2009)
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Endocrine disruptora

Polycyclic aromatic hydrocarbons
(PAHS)

Dichlorodiphenyltrichloroethane (DDT)

Vinclozolin

Routes of exposure

Air, food

Food/pesticide

Fungicide

Major hormonal effectb

Epigenetic effect®

Steroid metabolism

Anti-androgenic

Anti-androgenic

Hypermethylation of
ACSL3 in asthmatic
children

Inverse correlation
with global
methylation levels in
human; DNA
methylation in the
hypothalamus of
young male rats

Altered DNA
methylation patterns
related to
transgenerational
male infertility
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References

Yang et al.
(1961),
Rocha
Monteiro et
al. (2000)
and Perera et
al. (2009)

Kelce et al.
(1995),
Rusiecki et
al. (2008)
and Shutoh
et al. (2009)

Anway et al.
(2005)

U, unknown or unclear, denotes no or very few papers reported as of 1 August 2010.

a“I'hese compounds may also have other effects. Phytoestrogens exhibit both risks and benefits to health, whereas most other endocrine disruptors

are risk factors to health.

b L - .
Including direct, indirect, or metabolites effect.

The effect of endocrine disruptors on miRNA expression and histone modification are less reported.
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